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Abstract

With increasing concerns about the environmental impacts and the sustainability of man-

ufacturing processes and products, biopolymers are currently receiving strong interest as

alternatives to petroleum-based polymers. One example is expanded polylactic acid (E-

PLA) bead foams being developed to replace expanded polystyrene (EPS). A method to

convert polylactic acid (PLA) into foamed articles has been developed by the Biopoly-

mer Network Limited (BPN) using liquid carbon dioxide (CO2) as a blowing agent. The

technology was initially based on mostly amorphous grades of PLA. The research work

presented here aimed at getting a deeper understanding of the CO2-PLA interactions in

the BPN process, in particular the effects related to crystallinity.

The temperature at which the liquid CO2 impregnation was performed was shown to

be the major factor controlling the CO2-induced crystallisation of PLA and the subsequent

foaming behaviour. Crystallinity was generally known to strongly affect the foamability of

polymers. Three distinct crystallisation regimes, and consequently three foaming regimes,

were identified over the whole temperature range spanned by liquid CO2. Impregnation

above 10◦C led to the formation of a cohesive network of spherulites in the impregnated

PLA which blocked foam expansion. Impregnation between -35 and 10◦C resulted in the

formation of smaller dispersed crystals which allowed foaming, but only to high densities

for highly crystallisable PLA grades. Impregnation below -35◦C prevented crystallisation

and low density foams were produced. This critical impregnation temperature originated

from PLA’s initial Tg and the CO2-induced plasticisation of PLA. When impregnation

was performed below -35◦C, molecular motion was too limited to allow crystallisation.

However, a mesomorphic ordering was observed in PLA. This mesophase melted upon

re-heating above Tg and therefore was not detrimental to foaming.

Semi-crystalline PLA foamed beads produced after impregnation at -50◦C were suc-

cessfully moulded into blocks. The mechanical properties of the semi-crystalline foams,

tensile strength in particular, were lowered compared to amorphous PLA foams. How-

ever, the semi-crystalline foams exhibited high level of crystallinity generated through

strain-induced crystallisation during expansion. This provided the foams with enhanced

dimensional stability at elevated temperature. At least 15◦C improvement over amor-
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phous PLA foams was recorded. Further increase of heat stability is expected by opti-

mising the moulding step of the process. The new-developed foams are therefore very

promising, although additional work is required to scale-up the process and optimise the

final properties.
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1
Introduction

The word “biopolymer” is nowadays frequently found in the literature. Some degree of

ambiguity exists around this word as it can be defined in several ways. In particular, a

biopolymer can be a polymer made from biological or renewable resources (biobased), or

a polymer that is can be degraded by living organisms (biodegradable). In this work,

the word biopolymer will refer to biobased polymer, derived from biological resources and

used for plastic applications [1]. They can either be produced by direct use of natural

polymers, polymerised from bio-based monomers (obtained by fermentation for example)

or even synthesised by micro-organisms. This class of material has been around for many

years with the first laboratory examples produced in the 19th century. However, they

have been subject to fast development over the last 20 years. These biobased plastics

are mainly starch-based products, commonly used for compostable packaging such as

bags and loose filling [2]. The interest for biopolymer was driven by two main issues.

The first one was the need to find an alternative to petrochemical materials, which was

triggered by the petroleum crisis in the 1970s. The second reason was the landfill problem,

to which biodegradable polymer (which does not necessarily mean biobased polymer)

were thought as a possible solution. These two reasons are still important as biobased

polymer offer a sustainable alternative to oil-based ones and often are biodegradable

or compostable, or both. In 2007, biobased polymers represented a small proportion

(approximately 20 Mt [1] including 15 Mt of starch-based polymers) of the world polymer

production (over 300 Mt [3]). Emerging biopolymers, i.e. biobased plastics excluding

1
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starch, cellulose polymers and alkyd resins, represented only 0.36 Mt in 2007. However,

they are only at the early stage of their development and a fast production growth is

expected [4]. The total biopolymer production in 2020 is expected to be between 1.47

and 4.41 Mt [1].

Poly(lactic acid) (PLA) is one of the most important emerging bioplastics. PLA is a

biobased and compostable thermoplastic [5] often prepared via ring-opening polymerisa-

tion of lactide. PLA was first mainly used in biomedical applications (implants or drug

delivery systems), but is currently being used more and more as a commodity polymer

for packaging or fibre and textile applications. According to NatureWorks and Purac,

PLA has a high potential to replace many commodity polymers such as polyethylene,

polypropylene or polyamide [1].

Expanded polystyrene (EPS) is the most widely known low density plastic material

manufactured. Its most common fabrication process consists in a suspension-polymerisation

step where pentane is incorporated into the polystyrene beads. Alternatively, pentane can

be incorporated through melt extrusion. In a foam manufacturing plant, when heat is

applied to the beads, the pentane expands and generates a cellular network within the

polymer. Pre-expanded beads can then be moulded into various shapes. EPS currently

occupies a large market with about 5 Mt produced in 2007 [6]. The applications for EPS

are mainly packaging and construction where low weight, shock absorption and thermal

insulation are required properties. Recently, there has been a growing concern about the

environmental issues associated with EPS. Pentane emissions during the manufacturing

and use of EPS products is one of them. EPS production in 2007 is estimated to have

released close to 300,000 tonnes of volatile organic compounds into the atmosphere [6].

EPS can also potentially release harmful residual styrene monomer [7]. In addition, EPS

has been accused of being problematic to recycle (contamination, difficulties due to its

low density) and also to dispose of in landfill (again due to the low density and result-

ing volume). However, the collecting and recycling system for EPS is efficient and its

manufacturers claim the landfill issues to be minimal [6, 8].

PLA is being trialled as a more environment-friendly alternative to polystyrene for the

making of foam products, due to its compostability and the renewability of the feedstock

it is derived from. The increasing production capacity of manufacturers and the improve-

ment in polymerisation techniques are also making PLA economically competitive with

polystyrene [1]. The target applications for such foam products are the same as for EPS

since they share similar final mechanical and thermal properties. These possible fields of

applications are packaging, building insulation, sporting goods and others. The expanded

PLA foam (E-PLA) process developed by the Biopolymer Network Ltd. (BPN) uses car-

bon dioxide (CO2) as blowing agent instead of pentane usually involved in EPS making.

This process is protected by an international patent [9] and can be described as follows:
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• The technology can use commercially available PLA beads. However, PLA beads

can also be re-extruded, allowing blending of PLA grades, compounding with po-

tential additives and modifying the beads size to suit different applications. The

process was initially designed around low-crystallinity PLA or amorphous PLA.

• The PLA beads are impregnated with liquid CO2 in a pressure vessel, under con-

trolled temperature and pressure. The use of liquid CO2 is one of the main features

differentiating the BPN process from other PLA bead foaming processes [10–12].

The liquid state of the CO2 offers the advantage of higher impregnation rates, lead-

ing to shorter impregnation cycles than under gaseous or supercritical conditions.

• After being unloaded from the impregnation vessel, the beads contain up to about

30% of carbon dioxide in weight and can be stored before further use. During storage

(typically in a cold environment to prevent any undesired foaming), the CO2 content

drops overtime. The CO2 release rate does depend on the storage temperature and

the size of bead used.

• The beads can be prefoamed using a heat source such as steam or hot water. This

prefoaming step is also referred as pre-expansion. The temperature induces the

nucleation of cells within the polymer matrix. These cells, fed with the CO2 stored

in the polymer, grow and make the polymer bead expand. This process is eased by

the presence of CO2, plasticising PLA. Carbon dioxide concentration, temperature

and time control this expansion and the density of the prefoamed beads (also called

pre-expanded or pre-puffed).

• The prefoamed beads, with CO2 still remaining in them, can then be fed into a

mould. By applying heat, the beads will continue their expansion, filling the gaps

between them and fusing together. After cooling, the shaped product can be re-

moved from the mould.

The process described above has been shown to be applicable on commercial EPS

moulding equipment [13]. Although some adjustments are required (in terms of tem-

peratures and processing times mainly), conventional machines for EPS prefoaming and

moulding can be used to make moulded shapes with satisfactory quality. Some prelimi-

nary tests performed on the PLA foams made using the BPN technology also showed that

E-PLA and EPS have similar properties, in terms of mechanical behaviour and thermal

insulation [14].

However, as the technology is in an early stage of development, there is still room for

optimisation and improvements. For instance, the influence of the impregnation temper-

ature and pressure on the properties of the final foam has not been studied in great detail

yet and could potentially lead to improvements in the process. Some phenomena observed
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during the CO2 impregnation and the foaming are still not completely understood. Some

aspects of the interaction between CO2 and PLA and the effects of the polymer morphol-

ogy are still unclear, even if they are known to have a crucial role and a strong influence

on the foam quality. In particular, the role of crystallinity in the BPN E-PLA process

has not been explored yet.

The initial aim of this work is therefore to understand the fundamental mechanisms

involved in the E-PLA foaming process, including the interactions between PLA and

CO2 and the effects of material and process parameters on the foaming behaviour of

PLA (density, cellular structure, etc). The influence of crystallinity will be a point of

focus. Through a deeper understanding of the process, the relevant parameters will be

determined and their influence evaluated. Based on these findings, the process will be

optimised and the properties of the resulting foamed products will be characterised. This

work will provide a better fundamental knowledge of the technology and the fundamental

mechanisms at play and consequently help improve the properties of E-PLA.
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CO2 foaming of polylactic acid:

literature review

2.1 Poly(Lactic Acid)

2.1.1 Manufacturing

Lactic acid

Lactic acid, also know as 2-hydroxypropanic acid (CH3CHOHCOOH), was discovered

in 1780 by Scheele when studying the chemistry of milk [15]. Lactic acid is naturally

occurring, being a major metabolic intermediate in living organisms. It is also widely

used industrially, first produced commercially in 1881. Traditional uses of lactic acid

are mainly food-related. Such applications include food acidulant or manufacturing of

emulsifying agents. Lactic acid is also used in the pharmaceutical, cosmetic and textile

industry. Using lactic acid for commercial production of polymers is a relatively recent

process [16].

Production Lactic acid can be manufactured using chemical synthesis or fermenta-

tion of carbohydrates. The majority of the current lactic acid production is based on

fermentation as synthesis has limitations, mainly in terms of production capacity [16].

Many carbohydrates can be used in the fermentation method. Currently, the most

5
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widely used source of carbohydrate is corn, from which starch can be extracted and con-

verted into dextrose by enzymatic hydrolysis [17]. The corn feedstock needed to produce

PLA is said to represent a negligible part of the annual corn crop, and other plant sources

including plant waste material are expected to be used in the future as the fermentation

techniques are improved [18].

Fermentation of the carbohydrates is performed using bacteria in relatively low pH

conditions and in low oxygen atmospheres. Other nutrients are required by the bacteria.

Calcium carbonate or calcium hydroxide is added to the solution to keep the acidity

at an optimum level and produce calcium lactate. After 2 to 6 days of fermentation

(typically leading to a yield of approximately 90%), the solution is filtered. Sulfuric acid

is added, converting calcium lactate into lactic acid and insoluble calcium sulfate. After

a purification step, lactic acid is obtained. For higher purity lactic acid an additional

separation stage (esterification, distillation and hydrolysis) is required.

Stereoisomers and lactide The resulting lactic acid has two stereoisomers (L-lactic

acid and D-lactic acid). They are shown in Figure 2.1. The two optically active config-

urations can be produced by fermentation, with ratio depending of the bacteria species.

Current commercial fermentation preferentially leads to L-lactic acid [18,19].

OH

O

OH

OH

O

OH

(a) (b)

Figure 2.1: L-lactic acid (a) and D-lactic acid (b).

By removing water under gentle conditions, dimers of lactic acid, called lactides, are

produced. Three types of lactide (shown in Figure 2.2) can be made depending on the

chirality of the two constituting lactic acid molecules:

• L-lactide, constituted of two L-lactic acid molecules.

• D-lactide, constituted of two D-lactic acid molecules.

• Meso-lactide, constituted of one L-lactic acid molecule and one D-lactic acid molecule.

The term D,L-lactide usually refers to an equimolar mixture of D-lactide and L-lactide [20].
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Figure 2.2: L-lactide (a), D-lactide (b) and meso-lactide (c).

Polymerisation

Two main methods can be used to produce PLA: direct condensation that polymerises

lactic acid directly, and ring-opening polymerisation that uses lactides. Depending on the

method of polymerisation, several appellations may be used to name the final polymerised

product. Direct condensation leads to poly(lactic acid), which can be either poly(L-lactic

acid) [21], poly(D-lactic acid) or poly(D,L-lactic acid) [22]. Ring-opening polymerisation

leads to polylactide, which can be more specifically called poly(L-lactide) [23] or poly(L-

lactide-co-meso-lactide) [24] for instance. All these chemically equivalent polymers are

referred as polylactic acid or PLA. Acronyms such as PLLA, PDLA or P(DL)LA can

also be used to refer to PLA polymerised with different enantiomers. PLLA and PDLA

are shown as examples in Figure 2.3. Most of PLA currently produced on a commercial

scale is predominantly composed of the L-lactic acid monomer as this is the form of lactic

acid preferentially produced by most bacteria employed in the fermentation process. The
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stereocomposition of the PLA is therefore often defined as the amount of D-lactic acid

present in the chain. This is referred to as D-content in this thesis.

O

O

n

O

O

n

(a) (b)

Figure 2.3: Poly(L-lactic acid) or PLLA (a) and poly(D-lactic acid) or PDLA (b).

Direct condensation Direct condensation polymerises PLA from lactic acid in solu-

tion. This method produces low molecular weight polymer. However, Mitsui Toatsu

Chemical proposed a variation of this method, using an azeotropic distillation technique,

that yields much higher molecular weights polymers [25].

Ring-opening polymerisation In this method, used by NatureWorks LLC in particu-

lar, lactic acid is first polymerised by condensation into a pre-polymer with low molecular

weight. This pre-polymer is then depolymerised into lactides and the mixture purified.

PLA is then produced by ring-opening polymerisation of the lactide using catalysts [26].

Among the possible catalysts, tin octoate appears as a good candidate thanks to its solu-

bility in the lactide melt and its high activity. The polymerisation mechanism suggested

for this catalyst is a coordination-insertion mechanism, where lactide units are opened

and added to the end of a growing PLA chain [27]. This process does not require the use

of solvents, has a yield superior to 90% and produces high molecular weight PLA [5].

2.1.2 Thermal properties

Glass transition temperature

PLA typically has a glass transition temperature (Tg) of around 55 to 60◦C [19, 25].

NatureWorks LLC, currently its main manufacturer, state glass transition temperatures

ranging from 50 to 65◦C for their various grades [28]. Several factors, chemical structure

or processing conditions, can however affect its value.

D-content has a noticeable effect on Tg. Bouapao et al. observed that the Tg of melt-

quenched PLLA was 6◦C higher than the one of melt-quenched P(DL)LA [29]. Others
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authors also reported similar observations [30,31].

Jamshidi et al. studied the effects of molecular weight on the Tg of PLA. They found

that Tg increased with increasing molecular weight according to the following Flory-Fox

relationship:

Tg = T∞g −
K

Mn

(2.1)

where Mn is the number-averaged molecular weight, T∞g the glass transition temperature

at infinite molecular weight and K a constant [31]. They found K=55 kDa and K=73 kDa

for PLLA and P(DL)LA respectively. In particular, this means that most commercial PLA

have a Tg close to T∞g . Similar observations were also made by others [30, 32].

The glass transition is also significantly affected by the thermal history of PLA. For

instance, many researchers studied the effects of physical ageing at temperature below

Tg [33–37]. Pan et al. showed an increase of Tg with increasing ageing time at 40◦C. This

was also associated with an increase of the endothermic peak at Tg, reflecting the enthalpy

relaxation of PLA during ageing [34]. Mano et al. showed that the presence of crystals

in PLA increased slightly the Tg of the amorphous component [38]. This was attributed

to a restriction of the mobility of the amorphous chains by the crystalline regions. X-ray

diffraction experiments also seemed to confirmed this hypothesis by showing that during

crystallisation, the amorphous fraction adopted a more ordered conformation [39].

Melting temperature

The melting temperature (Tm) of PLA varies tremendously depending on its chemical

structure. For example, the melting temperature of the PLA grades produced by Nature-

Works LLC spans from 120 to 170◦C [1].

The composition of the PLA has a tremendous effect on its crystallisation behaviour.

The D-content as well as the exact distribution of the stereomonomers will influence

crystallisation rate and melting temperature of the crystals. Fischer et al. prepared

poly(L-lactide-co-meso-lactide) copolymers with various meso-lactide contents [40]. They

observed that copolymers with more than 15% of D-units could not be crystallised. They

also measured a decrease of the melting temperature with increasing meso-lactide content.

Their experimental results were in good agreement with Flory’s theory on the crystalli-

sation of copolymers [41], assuming a random distribution of the D-monomer units. The

incorporation of D-units within the PLLA chains disrupts the order in the crystals. Kol-

stad measured the same effect of the meso-lactide content on the melting point, stating a

decrease of 30◦C per 10% meso-lactide used in the polymerisation [24].

The molecular weight also influences Tm but to a lower extent [31,32]. As for Tg, this

effect plateaus when reaching typical commercial molecular weights.
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2.1.3 Crystallisation

The crystallisation behaviour of PLA is very important, because of its influence on the

final properties of the material (mechanical properties for example [42]) and because of

the effects on the processing of the polymer. In particular, foaming of PLA is strongly

affected by its crystallinity [43].

PLA is known as a slow-crystallising polymer, compared to polypropylene for example.

Rapid cooling from the melt (quenching) inevitably results in a polymer in an amorphous

state [44]. This slow crystallisation often results in some ambiguity in the terms “crys-

talline”, “semi-crystalline” or “amorphous”. For instance, semi-crystalline grades of PLA

can be amorphous depending on the processing conditions [44]. Such ambiguity is not

an issue for semi-crystalline polymers such as polyethylene since it crystallises to a high

degree in most cases. On the contrary, the degree of crystallinity in PLA is highly de-

pendant on its processing. In this thesis, the term “semi-crystalline” will refer to PLA

material which has the ability to significantly crystallise upon thermal annealing within

an acceptable period of time (a few hours). Therefore, the word “crystallisable” would

be a good definition. However, semi-crystalline PLA can also be made “amorphous”,

through quenching from the melt for example. In this case, “amorphous” refers to the

actual state or morphology of the polymer, where the molecular chains are not ordered

into crystals. The term “amorphous” will also refer to a PLA material that is not semi-

crystalline, that is, not crystallisable by thermal annealing within an acceptable period

of time. The exact meaning of amorphous will therefore be dependant on the context in

which it is used. For most commercial grades, the amorphous or semi-crystalline nature of

PLA is determined by their D-content. Fischer et al. reported that at 15%D and above,

PLA was not crystallisable [40]. Commercial PLA grades with 10%D or more such as

NatureWorks Ingeo 8302D are stated as amorphous grades [45]. In this thesis, this vague

limit between amorphous and semi-crystalline is set at 10%D.

Typically, PLA reaches a crystallinity of around 40% [44]. However, these values can

significantly change as they are deeply affected by the exact structure of PLA, such as

the D-content in the polymer chains.

Factors influencing crystallisation

With the exception of stereocomplex PLA which will be discussed later, optimum crys-

tallisation is achieved by annealing PLA at temperatures between 100 and 120◦C [24,32].

This range of temperature was shown to be independent of the molecular weight [32].

The D-content of PLA strongly influences its crystallisation rate. Kolstad measured

a 40% increase in the crystallisation half-time per percent of meso-lactide [24]. These

facts are well known in the PLA processing industry [44]. The crystallisation rate is also
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affected by PLA’s molecular weight. Pan et al. showed an increase of the crystallisation

rate with decreasing molecular weight due to a higher mobility of the shorter polymer

chains [32]. Chain branching was also claimed to increase the crystallisation rate and the

final crystallinity of PLA [46].

Due to the lower crystallisation rate of PLA compared to other commodity polymers,

much work been devoted to improve it. Many papers can be found on the use of nucleating

agents such as talc [24, 42, 46, 47], organic additives [48]. PDLA can also be blended into

PLLA to enhance crystal nucleation [49–52]. Plasticisers can also be used to increase the

mobility of the chains and therefore their ability to crystallise [53].

Finally, strain-induced crystallisation of PLA, due to alignment of the polymer chains,

has been reported by several authors in solid samples [54,55], films [56–58], and foams [59,

60].

Crystalline forms of PLA

Many efforts have been made in order to determine the crystalline structure of PLA.

A large number of papers are available on the subject, which use infrared and Raman

techniques [61–64] or X-ray spectroscopy [29, 39, 63, 65–67]. To date, several crystalline

forms have been identified, each of them produced under specific conditions.

α form The α-form is the most commonly observed crystalline form for PLA. It was first

observed by De Santis and Kovacs in 1968 [66]. Using X-ray diffraction, they determined

that the α crystals were organised in a pseudo-orthorhombic unit cell, with two molecular

chains per cell, folded in a 103 helix conformation (10 monomeric units in 3 turns). They

calculated the following cell parameters: a = 10.7 Å, b = 6.45 Å and c = 27.8 Å, the

c-axis along the chain axis. These cell dimensions were confirmed by Hoogsteen et al.

(a = 10.6 Å, b = 6.1 Å, c = 28.8 Å) [65] and Marega et al. (a = 10.7 Å, b = 6.1 Å,

c = 28.9 Å) [68]. This form is produced under a wide range of processing conditions and

was observed by many other authors [29,69].

The enthalpy of melting of the α PLA crystal sample was first calculated by Fischer et

al. [40]. They obtained a value of approximately 93 J/g which has been re-used in many

other publications [5, 29, 38, 43, 47]. This value seems largely accepted but variations can

be found in the literature: 86 J/g [70], 106 J/g [71] or even 149 J/g [72].

α′ form The α′-form of PLA, sometimes referred to as δ-form [64,73], is similar to the

α-form in terms of X-ray diffraction. However, small differences such as the absence of

some weaker diffraction peaks [74] or the shifting of some peaks to lower angles [63,75] led

to describe the α′ crystal as a “disordered” [75] or “loose” [63] version of the α. Infrared

measurements have revealed differences in the chain conformation of the two forms [76].
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A singular crystallisation behaviour from the melt was reported by several others.

The spherulite radius growth exhibit two peaks when plotted against crystallisation tem-

perature, showing the existence of two crystallisation regimes, with a transition around

100-120◦C [21,32]. Samples crystallised below 100◦C form α′ crystals while samples crys-

tallised above 120◦C form the ordered α crystals [21]. This temperature separating the

two crystallisation regimes was found unaffected by the molecular weight [32] or the pres-

ence of PDLLA in PLLA for example [29]. Upon heating, the α′ crystals transform into

the more stable α-form [21,75].

Uncertainties remain on the melting enthalpy of the α′ crystals. A value of approxi-

mately 60 J/g has been reported on two occasions. Kalish et al. extrapolated the melting

enthalpy using the heat capacity step at the glass transition as a measurement of the amor-

phous fraction in PLA [77]. Rathis et al. extrapolated the melting enthalpy to infinite

molecular weights [78]. Although questionable, these methods provided consistent results

and a yielded melting enthalpy for the α crystals comparable to what was calculated by

Fischer et al. [40]. Most often, researchers use this later value without clarifying if their

PLA samples are crystallised into α or α′ crystals [38, 43], even when the crystallisation

parameters used imply that α′ crystals are most likely generated [47].

α′′ form Several authors have reported singular changes in the X-ray diffraction of

PLA exposed to compressed CO2 [59, 70, 79, 80]. In particular, the main diffraction peak

of the α and α′ diffraction patterns appeared to be shifted to lower angles, suggesting a

significant re-organisation of the crystalline structure. Marubayashi et al. named this new

structure the α′′ when the samples were fully degassed under vacuum. They attributed

it to the introduction of CO2 molecules within the usual α unit-cell, thus widening the

d-spacing between the molecular chains [70]. They also observed that the crystal structure

strongly depended on the desorption after CO2 exposure and showed that the main X-ray

diffraction peak progressively shifted to higher angles during desorption and degassing as

a result of the CO2 molecules migrating out of the crystals [64].

β form Eling et al. showed the existence of another crystalline form of PLA, named

β, using wide-angle X-ray diffraction on PLLA fibres obtained by ring-opening polymeri-

sation of L-lactide [81]. They described it as an extended-helix conformation without

providing more information. Hoogsten et al. studied this new crystalline form in drawn

PLA fibres and concluded the unit cell to be orthorhombic with six chains per cell in

a 31 helix conformation. The calculated parameters were a = 10.31 Å, b = 18.21 Å,

c = 9.00 Å [65]. Other authors also observed this crystalline form [67,82–84]. Hoogsteen

et al. observed that the β/α ratio increased with the drawing ratio of the PLA fibres.

De Oca and Ward [67] showed that the transition between α and β crystals was governed
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by the shear induced during the drawing of the fibres.

γ form The γ crystalline form was discovered by Cartier et al. [85]. This crystalline

form was grown by epitaxial crystallisation of PLLA on a hexamethylbenzene substrate.

It featured two antiparallel polymer chains in a 31 helix conformation. The orthorhombic

unit cell had the following dimensions: a = 9.95 Å, b = 6.25 Å, c = 8.8 Å.

ε form The ε form was recently defined by Marubayashi et al.. This form is the result

of the complexation of PLA with solvents molecules such as tetrahydrofuran (THF) or

N ,N -dimethylformamide (DMF). The PLA chains were found to be arranged as 103 he-

lices packed in an orthorhombic unit-cell [86]. Similar complexation has been extensively

studied for polystyrene (PS) in various solvents [87].

PLA stereocomplexes Ikada et al. first reported the formation of a stereocomplex in

PLA in 1987 [88]. This stereocomplex was formed by mixing poly(L-lactide) and poly(D-

lactide) in equal proportion. Differential scanning calorimetry (DSC) and X-ray scattering

experiments showed that the arising crystalline structure was clearly different to the one

usually observed with poly(L-lactide) or poly(D-lactide) homopolymers. In particular,

they reported a melting point around 230◦C, much higher than for the homopolymers

(approximately 180◦C) [88,89]. Using X-ray diffraction and energy calculations, they also

determined the corresponding crystal packing to be triclinic: a = 9.16 Å, b = 9.16 Å,

c = 8.70 Å and α = 109.2◦, β = 109.2◦, γ = 109.8◦. In each unit cell, a chain of poly(L-

lactide) is paired with a chain of poly(D-lactide). The two chains are parallel and each of

them conformed as a 31 helix [90].

Mesomorphic structure Recently, a mesomorphic structure of PLA has been de-

scribed and was observed either upon stretching [91,92], quenching from the melt [93] or

physical ageing [94]. The most comprehensive work originated from Stoclet et al. who

studied the development of a mesophase when stretching PLA at temperatures slightly

above its Tg, for example at 70◦C [92, 95–97]. They explained the development of this

mesophase as a molecular ordering of PLA due to chain orientation, but at a temperature

too low to trigger crystallisation of the α or α′ structures [96]. They also showed that

this mesophase was nearly as cohesive as the crystalline phase [92]. More interestingly,

they stated that the mesophase “melted” just above the glass transition temperature

with a specific melting enthalpy of about 70 J/g. These conclusions were supported by a

combinations of DSC, WAXS and FTIR.
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2.2 Polymer-CO2 interactions

2.2.1 Absorption, diffusion and swelling

Permeability and diffusion of gas molecules are very important aspects of polymers. Dif-

fusion has direct consequences in many polymer applications. Polymer foaming is a major

application where gas diffusion is involved during processing [98] or even during the prod-

uct’s life [99]. In a process such as the BPN EPLA process, diffusion is involved during the

impregnation step as well as during the expansion. Therefore, diffusion, and the effects of

processing parameters and material morphology on it, have to be considered. Applications

other than foaming include packaging where barrier properties are expected [100] or gas

separation using polymer membranes [101] for instance. This area has been extensively

studied, building base theory as well as measuring permeability and diffusion coefficients

for numerous gas-polymer systems.

Many models have been developed to describe the transport of small molecules into

polymers, either at a microscopic or molecular level [101]. Many of them are based on the

concept of “free-volume” which represents free space between the polymer chains [101,

102]. Thran et al. statistically studied the correlation between free-volume and diffusivity

for different gases and a large number of polymers, using data based on the literature [103].

They concluded that the diffusivity was strongly driven by the free-volume for a given

penetrating molecule (log(D) varying linearly with the inverse of the free-volume) but

other polymer properties such as the chain stiffness induced some scattering in the data.

The van der Waals volume of the molecules was also shown to affect the diffusivity. Free-

volume theories are mainly applicable to rubbery polymers, i.e. above their Tg. In the case

of glassy polymers, “dual-mode sorption” models were developed. Although diffusion can

involve complex phenomena (time or concentration dependence, polymer relaxation, etc),

diffusion problems are often satisfactorily described by a Fickian behaviour and many

authors used this model [104, 105]. This type of diffusion is mathematically described

using the following equation:

F = −D∂C
∂x

(2.2)

In this equation, C is the concentration of the diffusing molecule, F the diffusing

flow through a unit area of section perpendicular to the diffusion direction (x). The

mathematics derived from this single equation are described by Crank [106].

The morphology of the polymer has an important role in the diffusion process. First

of all, the crystallinity reduces the solubility of a gas in a polymer as the crystals are

considered impermeable [107, 108]. Their presence also adds some tortuosity to the path
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followed by the diffusing molecules, slowing them down and thus reducing the overall rate

of diffusion [109]. Cross-linking was also reported to reduce the diffusivity [110].

PLA is known to possess a strong affinity to CO2, allowing it to absorb significant

amounts [111]. This affinity is thought to be caused by the interaction between CO2 and

the carbonyl group of PLA, likely to be a Lewis acid-base interaction [112]. This affinity to

CO2 has been reported for other polymers with a carbonyl group including poly(methyl

methacrylate) (PMMA) [113, 114]. Studies have been conducted on the diffusivity of

gases in PLA and the induced swelling. These studies were driven by the increasing use

of PLA in films for packaging applications as well as in foaming processes. Using films

and a membrane cell, Lehermeier et al. showed that branching and D-content did not

affect the permeation of gases (CO2, O2, N2 and CH4) through PLA [115]. However,

they showed that increasing crystallinity (produced by biaxial stretching) led to lower

permeation. Bao et al. showed similar results in another study [116]. In particular,

annealing the PLA films led to a significant decrease in permeability of PLA. They also

measured the relationship between temperature and CO2 diffusivity and permeability

in PLA, finding that diffusivity increased and solubility decreased with increasing testing

temperature. These results are in agreement with other studies which used pressure decay

methods [111] or magnetic suspension balances [105]. In the later study, Aionicesei et al.

observed a strong influence of the CO2 concentration on the CO2 diffusivity. With 0.7 g

of CO2 per gram of PLA, the diffusivity was measured to be an order of magnitude lower

than with 0.2 g of CO2 per gram of PLA. They also observed swelling of PLA under CO2,

increasing with pressure but decreasing with temperature. Unfortunately, all the research

efforts seem to have been focused on CO2 as a gas, and not on liquid CO2 which is the

form used in the BPN foaming process. Moreover, the changes of morphology occurring

in PLA under CO2, although known from other works [117, 118], are not always taken

into account when studying diffusion processes.

2.2.2 CO2 and thermal behaviour

With the increasing interest for CO2 in polymer processing, the interactions between CO2

and polymer have gained increased importance. In particular, many papers looking at

PLA have published on the subject (related to foaming or not), usually using DSC as the

main investigation tool [59,70,117,119].

It is known that, when absorbed by a polymer, CO2 induces its swelling and also

causes its plasticisation and reduction of glass-transition temperature (Tg). For example,

Chiou et al. measured the reduction of Tg in poly(methyl methacrylate)-poly(vinylidene

fluoride) blends impregnated with CO2. Their samples, impregnated at 35◦C under var-

ious pressures and then sealed in a pan, were tested using a conventional DSC. They

observed reductions of Tg up to 50◦C under their experimental conditions. Their results
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were satisfactorily modelled with Chow’s theory [120] describing the depression of Tg

caused by a diluent.

Takada et al. measured this depression of the Tg for PLA using a high-pressure

DSC [117]. They observed a linear relationship between the CO2 pressure and the Tg

reduction (the reduction was about 7◦C at 2 MPa CO2). The depression of the melting

point was also observed in the same study. This was lower than the depression in Tg

with about 5◦C decrease at 2 MPa CO2. Yu et al. [121] also reported decreases in glass-

transition (Tg), cold-crystallisation (Tcc) and melting temperatures (Tm). They also used

a high-pressure DSC to undertake their measurements.

This reduction in Tg leads to a higher mobility of the polymer chains, allowing the

polymer to crystallise at lower temperatures than would be possible at atmospheric pres-

sure. Of course, this phenomenon is not specific to PLA and has been observed with

others polymers [122–124]. While many papers show the CO2-induced crystallisation of

PLA [118, 121], a particularly interesting paper was published by Takada et al. [117].

They performed annealing experiments under pressurised CO2 and therefore could deter-

mine the crystallisation curves. These curves, fitted using the theory of Avrami [125],

allowed the calculation of the crystallisation kinetic constant k. They showed that this

constant increased with increasing CO2 pressure. They also showed that the bell-shaped

curve obtained when plotting ln(k) against the crystallisation temperature shifted to

lower temperature with increasing CO2 pressures. They modelled this behaviour using

the depression of Tg and Tm. They also showed that the final crystallinity of the samples

increased with increasing CO2 pressure.

While Takada et al. did not see any change in the crystal structure compared to

a conventional annealing, many authors observed some modifications in the crystalline

morphology of PLA treated with CO2. Mihai et al. observed a change in the XRD

spectrum of PLA samples treated under pressurised CO2 [59]. Initially developing the α

crystalline structure, the samples exhibited an unusual peak appearing after a few minutes

of treatment. They attributed this new peak to a “re-organisation in the crystalline struc-

ture” without further explanation. Zhai et al. also observed the same phenomenon [79].

Recently, Marubayashi et al. published a comprehensive study on the CO2-assisted crys-

tallisation of PLA [64, 70]. This study was based on DSC, X-ray diffraction and light

scattering of PLA films annealed in air and in CO2 under a wide range of pressures and

temperatures. Not only did they study the crystal morphology but also the crystalline

superstructure of PLA (e.g. spherulites). They observed the same unknown crystal struc-

ture as was seen in the two previous papers and named it the α′′ form, as discussed

in the previous section. They described this crystalline form as disordered with a poor

chain packing compared to the α form. The suggested explanation for the poorer chain

packing of the α′′ form was the presence of CO2 molecules, trapped within the crystals
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unit cells during crystallisation, leading to a larger d-spacing in the crystals. Even when

CO2 is removed from the samples, the spaces previously occupied by it partly remained

as cavities. The lack of order in the crystals was explained by the exclusion of the CO2

during the crystal growth. They stated that, under CO2, the α form was formed under

7-15 MPa at 50-70◦C. The α′′ form was formed under 3-15 MPa at 0-20◦C and under 7-

15 MPa at 30◦C. They also observed a transition between spherulites and rod-like crystal

superstructures. The spherulites were said to be formed at high temperature whereas the

rod-like structures were formed at low temperature. The transition was found to be at

15◦C under 7-15 MPa and 30◦C under 3 MPa.
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2.3 The Biopolymer Network Limited (BPN) foam-

ing process

In this section, the solid-state foaming of thermoplastic polymer using CO2 will be pre-

sented in detail with an emphasis on the effects of crystallinity on foaming. Such a

process is characterised by a impregnation step in a pressurised vessel, followed by an

expansion step, with or without an intermediate conditioning/storage step. The Biopoly-

mer Network Limited (BPN) foaming technology which is used throughout this thesis is

an example of this type of foaming process. Although foaming is initiated by heat in

the case of the BPN process, examples where foaming is performed upon depressurisation

will also be presented. Other research using non-solid-state methods (such as extrusion

foaming) will be used as examples when relevant as some fundamental foaming aspects

are similar between solid-state and extrusion foaming.

The substance used to produce the cellular structure to the polymer being foamed is

called the blowing agent (BA). Two main families of blowing agents exist, the chemical

blowing agents (CBA) and the physical blowing agents (PBA) [126]. Chemical blowing

agents undergo a chemical decomposition during the processing of the polymer (typically

during extrusion foaming) and are converted into a gas. Physical blowing agents are gases

that undergo a change of their physical state during foaming due to a thermodynamic

instability (pressure drop or temperature increase). For example, during extrusion foam-

ing using CO2, the CO2 dissolved in the polymer melt dissociates from the matrix upon

a pressure drop at the die and expands [127]. Physical blowing agents can be inert gases

such as CO2, hydrofluorocarbons or hydrocarbons [99,126]. As the BPN process uses liq-

uid CO2, the examples taken from the literature will be mainly references using physical

blowing agents, preferentially CO2. However, references based on other physical blowing

agents will be reported when relevant.

2.3.1 Liquid CO2

One of the features of the BPN process that make it unique is the use of liquid CO2 as

a blowing agent [6, 9]. At atmospheric pressure, CO2 can only be found as a gas or a

solid (dry ice), which sublimes at -78.5◦C. CO2 needs to be pressurised to form a liquid.

The temperature range at which liquid CO2 can be formed goes from its triple point at

-56.6◦C (5.2 bar) to its critical point at 31.0◦C (73.8 bar). The gas-liquid equilibrium line

is shown in Figure 2.4.

CO2 is readily available in its liquid state as this is its most convenient form for storage

and handling. Liquid CO2 is used in many applications such as essential oil extraction from

plants [130,131], dry-cleaning of textiles [132] or polyurethane foaming [133]. However, in
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Figure 2.4: Vapour pressure of CO2. Gas-liquid data from the CRC Handbook of Chemistry and
Physics [128]. Gas-solid and liquid-solid data from Span and Wagner [129].

the field of thermoplastic foams, most the the research effort is focused on CO2 as a gas

or a supercritical fluid [134]. In extrusion-foaming processes using CO2 [59, 80, 135–138],

the pressure and temperature involved imply that CO2 is in its gas or supercritical state.

Supercritical CO2 is also used to foam PLA through batch-processes, for instance for the

manufacturing of biomedical scaffolds [139]. In the case of bead foaming processing of

PLA, CO2 only appears to be used as a gas. The examples detailed in recent patents

from Synbra Technology bv [12] or JSP Corporation [10] indicate that gaseous CO2 is

favoured. MicroGREEN also chose gaseous CO2 as a foaming medium for foaming poly-

mer films [11]. This preferential use of the gaseous phase is probably justified by the

increased crystallisation of PLA with pressure and its detrimental effect on foaming [140].

2.3.2 CO2 absorption and desorption

CO2 impregnation of the polymer in a pressurised vessel is the first step of a solid-state

foaming process. During this step, the blowing agent is forced into the polymer matrix

using pressure. Diffusivity and solubility of CO2 in PLA are important factors that

have to be understood to control the process. Moreover, the polymer can be subject to

morphological changes due to the exposure to CO2. Whether the foaming is performed

directly after the impregnation or not, CO2 desorption will happen when the samples are

removed from the pressurised vessel. The same fundamental CO2 transport phenomena

are also involved here. When removed from the impregnation vessel, the PLA beads have
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a CO2 concentration too high for optimum foaming. This is thought to be due to an

over-plasticisation of the polymer.

CO2 uptake over time can be directly correlated to the diffusivity and the solubility

of CO2 in the chosen matrix. Understanding it has direct practical consequences, for

example in terms of processing time. However, in many studies, although the absorption

is considered, the details of it are omitted. For example, Baldwin et al., when studying the

micro-cellular processing of polyethylene terephthalate (PET), used thin sheets (0.4 mm

thick) that were fully saturated with CO2 [141, 142]. The foaming was performed in a

glycerine bath straight after the saturation process. In these conditions, they assumed the

CO2 concentration profile in their samples to be approximately uniform, thus neglecting

any resulting density or cellular structure gradient. In another example study, Dumon

and Ruiz foamed several thermoplastics using supercritical CO2 [143]. Unlike Baldwin,

their samples were foamed upon depressurisation after saturation, but they too neglected

any CO2 gradient in their samples.

A few published studies addressed this gradient issue. Among them, a paper from

Wessling et al. discusses the concentration profile in polycarbonate (PC) saturated with

CO2 in a batch foaming process [98]. In their experiments, the samples (0.1 mm thick

sheets) were saturated with CO2 and foamed immediately after pressure release using

a glycerol bath. Whereas Baldwin et al. considered their samples to have a uniform

CO2 concentration under similar experimental conditions, Wessling et al. considered the

diffusion of CO2 out of the sheet between depressurisation and foaming. According to

their calculations, even short desorption times (e.g. 10 seconds) led to a drop of CO2 in

the outer layer of the samples, resulting in an increase of the glass transition temperature

of the polycarbonate. If the Tg was too high, the material would not expand and produce

a skin in the foamed sample. Their model, using a linear relationship between the CO2

concentration and the polymer’s Tg, was in close agreement with the measured desorption

time-skin thickness relationship. Guo et al. conducted similar work [144], using PC and

ABS. They claimed that they could control the concentration profile and therefore the

gradient structure of the foamed sheets to meet mechanical or thermal requirements.

The effect of the initial crystallinity of the samples was observed by Doroudiani

et al. [145]. They compared semi-crystalline and amorphous samples of high density

polyethylene (HDPE), polybutylene (PB), polypropylene (PP) and polyethylene tereph-

thalate (PET). In order to produce samples with various levels of crystallinity prior to

foam processing, the samples were compression-moulded and then cooled down at various

cooling rates. Quenched samples were nearly completely amorphous whereas those slowly

cooled developed significant crystalline content. For each polymer, they observed a linear
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relationship between crystallinity and CO2 absorption:

K = K? · (1−Xc) (2.3)

with K the solubility of CO2 in the sample, K? the solubility in a 100% amorphous sample

and Xc the crystalline fraction. This relationship was supported by Shieh et al. [107,108].

More interestingly, Doroudiani et al. showed that the diffusivity was also decreasing with

increasing Xc. They described this reduction of the diffusivity D using the following

equation:

D =
D?

τ · β
(2.4)

with D? the diffusivity in the amorphous polymer, τ a “geometric impedance factor” and

β a “chain immobilization factor” which is a function of the penetrating gas. They stated

that crystallites created a more tortuous path for the diffusing CO2.

These remarks about the effects of the crystallinity on solubility and diffusivity leads

to consider the morphological changes that can occur during the saturation process, and

in particular the CO2-induced crystallisation. Doroudiani et al. observed an unusual

shape in the absorption curve for some of their samples (PET in particular), where the

level of CO2 absorbed seemed to suddenly drop after a while. They attributed this to a

partial re-crystallisation of the samples due to the plasticisation effect of CO2 [145]. The

CO2 induced crystallisation has been observed in many plastics [107, 122, 123], including

PLA [121], and has been described earlier in Section 2.2.2. When happening during the

impregnation process, this increase of crystallinity results in a decrease of the absorbed

CO2 as the gas is not soluble in the crystals. It is assumed that the CO2 is gradually

expelled from the growing crystallites. This may create a gradient in CO2 concentration

around them and therefore a non-homogeneous CO2 distribution in the polymer samples.

Reignier et al. discussed this possibility in their experimental work on the foaming of

poly(ε-caprolactone) [146]. They claimed, using some calculations based of CO2 diffusivity

and spherulite growth rate, that such a gradient of CO2 is unlikely around the polymer

crystals. This is rather intuitive as the diffusion of a small molecules such as CO2 is faster

than the diffusion of a polymer macromolecule. However, the simultaneous growth of

several neighbouring crystals could result in CO2 trapped in the amorphous inter-crystal

regions. Such mechanism has been observed in partially miscible blends of polymer and

formation of voids between spherulites has been reported for polypropylene [147].
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2.3.3 Cell nucleation

After CO2 saturation, nucleation is the process by which the cells appear in the polymer

matrix. This is achieved by using the thermodynamic instability resulting from the sat-

uration of the polymer with CO2, and a sudden pressure drop or temperature increase.

In the case of the BPN process, the nucleation is not initiated upon depressurisation of

the vessel but upon a rapid heating of the beads (using steam or hot water). A typical

example of pressure drop-induced nucleation is extrusion foaming, where the shape of the

nozzle at the end of the extrusion line controls the rate of depressurisation and therefore

the nucleation rate and cell density [127].

In the classical nucleation theories, not only used for foaming but also in other fields

such as metal solidification, two main types of mechanisms are considered: homoge-

neous and heterogeneous nucleation. These two types, as well as an additional mixed-

mode nucleation, are discussed by Colton and Suh in their theoretical and experimental

work [148,149], based on Youn and Suh’s model [150].

In the homogeneous nucleation theory, only the dissolved CO2 and a homogeneous

polymer matrix are considered without any third phase involved. In this theory, the free

energy ∆Ghomo associated to the creation of a gas bubble can be expressed as:

∆Ghom = −V ·∆P + Aγ (2.5)

where V is the volume of the bubble, ∆P the gas pressure in the bubble, A its surface

area and γ the surface energy of the bubble-polymer interface. Assuming the bubble is a

sphere of radius r:

∆Ghom = −4

3
πr3∆P + 4πr2γ (2.6)

The evolution of ∆Ghom as a function of r is shown in Figure 2.5. It can be seen that

a bubble is thermodynamically unstable if its radius r is lower than the critical radius

r? = 2 γ
∆P

(∆Ghom positive). Above this critical value, the growth is favourable (∆Ghom

negative). The associated free energy for the critical nucleus is:

∆G?
hom =

16π

3∆P 2γ
3 (2.7)

Colton and Suh assumed that ∆P was equal to the saturation pressure used for the

impregnation of the polymer.

In order to include the effects of the free volume in the polymer on the nucleation,

they modify the latter equation as follows:

∆G??
hom = ∆G?

hom −∆U (2.8)
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Figure 2.5: Free energy variation due to the creation of a gas bubble, as a function of radius r. The
critical radius (r?) and the associated free energy (∆G?hom) are indicated.

∆U represents the decrease in polymer potential energy due to thermal expansion,

dissolved CO2 or another solute that increases the intermolecular distance and therefore

lowers the chain-to-chain interactions. The number of critical nuclei is given as:

C? = C0 · e−∆G??hom/kT (2.9)

where k is the ideal gas constant, T the temperature and C0 the concentration of CO2

molecules in the polymer. The nucleation rate is given as:

Nhom = f0C0 · e−∆G??hom/kT (2.10)

with f0 the frequency at which a nucleus is converted into a stable bubble.

In this model, the density of cell nuclei increases with increasing saturation pressure,

CO2 concentration and amount of additive provided the latter is dissolved in the poly-

mer. If the additive is introduced in the polymer above the solubility limit, particles or

aggregates will form and heterogeneous nucleation can appear, with bubbles growing at

the polymer-particle interface. Using as a model a bubble nucleus as shown in Figure 2.6,

the critical radius (which is equal to the one found in the case of homogeneous nucleation)
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and the free energy of the critical nucleus can be calculated:

r? = 2
γ

∆P
(2.11)

∆G?
het =

16π

3∆P 2γ
3S(θ) (2.12)

where S(θ) is a function of the wetting angle θ:

S(θ) =
1

4
(2 + cosθ) (1− cosθ)2 (2.13)

Figure 2.6: Scheme of a gas bubble nucleating at the surface of a particle.

The nucleation rate is now:

Nhet = f1C1 · e−∆G?het/kT (2.14)

where f1 is a frequency similar to f0 in Equation 2.10 and C1 the concentration of potential

nucleation sites.

Colton and Suh compared their model with experimental data based mainly on polystyrene

and CO2 system using zinc stearate as a nucleating agent [149]. They observed a qualita-

tive agreement between theory and experimental. When a small amount of zinc stearate

is introduced in polystyrene, i.e. below the solubility limit, the number of nucleated bub-

bles increases with increasing nucleating agent content and saturation pressure. When an

amount of zinc stearate higher than the solubility limit is introduced and zinc stearate

particles are formed, the density of nucleated bubbles is reduced since the number of het-

erogeneous nucleating sites (which is related to the number of particles) is lower than the

number of homogeneous nucleating sites. It was also observed that above the solubility

limit, the saturation pressure has a negligible effect on the final number of bubbles, as this

one is determined by the number of particles. Around the solubility limit, the two nucle-

ation modes are competing, resulting in a mixed mode. The favoured nucleation around

particles leads to a reduction of the CO2 concentration in the matrix, thus reducing the
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driving force of the homogeneous nucleation.

Even if no nucleating agent is used, heterogeneous nucleation can happen using im-

purities as sites. It has also been suggested that crystals could act as nucleating agents.

Baldwin et al. studied the foaming behaviour of PET with CO2. They observed an in-

crease in the cell density and a decrease in the cell size in crystalline foams, which they

attributed to an increase in heterogeneous nucleation [151]. They suggested nucleation

at the crystalline/amorphous phase interface. Reignier et al. studied the influence of the

crystallinity in poly(ε-caprolactone) on its foaming with CO2 [146]. Using a batch method

where the foaming was achieved upon depressurisation and an ultrasonic measurement

technique, they showed crystallinity led to an increase in the degassing pressure (pressure

at which nucleation occurs during depressurisation) proving that the crystals enhanced

the bubble nucleation. However, they did not think that the nucleation was due to the

presence of the crystalline/amorphous interface. On the contrary, they suggested the

role microvoids and negative-pressure pockets of material appearing between crystallites

during the CO2-induced crystallisation process.

Ramesh et al. developed a theory of nucleation based on the presence of microvoids

as precursor for the foam’s bubbles [152,153]. In their experiments, they produced these

microvoids by blending polybutadiene rubber into polystyrene. Due to the higher thermal

expansion coefficient of polybutadiene compared to polystyrene, voids were created around

the rubber particles upon cooling. They claimed a better agreement of their model with

experimental nucleation data than classical nucleation models, especially at low saturation

pressure.

Wessling et al. also suggested a microvoid-induced nucleation based on the existence

of frozen free volume in glassy polysulfone [98]. They showed that quenched samples,

starting from a temperature above glass transition, developed a higher cell density than

slowly cooled down samples. They attributed this to increased heterogeneous nucleation,

caused by large free volume fluctuations.

2.3.4 Cell growth and foam expansion

Once the radius of the nuclei has increased above the critical radius r?, the cells grow as it

is thermodynamically favourable. This growth is only possible if the polymer is at least in

a rubbery state [98]. Many parameters control this cell growth. The most important ones

include the degree of supersaturation of the polymer with CO2, the diffusion rate of the

CO2 molecules towards the growing cells, the external pressure applied to the expanding

sample and also the viscoelastic behaviour of the polymer [142]. For example, Ramesh

et al. showed, experimentally and using several mathematical models, that increased

foaming temperature led to an increase in cell growth rate due to a higher diffusivity of

the blowing agent and a lower viscosity of the matrix [154]. The initial cell nucleation
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density has a strong effect on the cell growth as the neighbouring cells compete for the

blowing agent available.

In the case of EPS using pentane as the blowing agent, it is known to the manufacturers

that multiple expansions, with maturing periods after each expansion, produce lower

densities than single expansion [6]. During the maturing steps, pentane remaining in

the beads can re-condense (its boiling point being above room temperature), creating a

vacuum in the cells which will be progressively filled with air diffusing in from the outside.

Baldwin et al. studied the foaming behaviour of amorphous and semi-crystalline

polyethylene terephthalate (PET) using CO2 in a solid-state batch process [141,142,151].

They found that in the case of the amorphous polymer, cell growth was largely controlled

by the rate of CO2 diffusion towards the cells. On the contrary, in the case of the semi-

crystalline polymer, cell growth was unlikely to be controlled by the CO2 diffusion. They

showed that the stiffness of the polymer-CO2 system was the main factor controlling the

expansion of the foam. Doroudiani et al. made similar observations using several poly-

mers with various degrees of crystallinity, also using CO2 in a solid state process [145].

The effect of crystallinity in extrusion foaming is rather different as the polymer is in the

molten state. However, crystallisation occurring during the expansion at the die needs to

be controlled. Too rapid crystallisation may hinder cell growth [155].

The typical structure of a fully grown cell in a foamed polymer is shown in Figure 2.7.

The main features that will be referred to in this work are: the cell walls (or faces)

separating two neighbouring cells, the cell edges (or struts) at the intersection of three

cell walls, and finally the vertices where edges meet. The foam shown here is referred to

as a closed-cell foam since intact cell walls separate neighbouring cells. In an open-cell

foam, walls are absent and only the cell edges and vertices are present.

Achieving foam stabilisation during and after expansion is essential. With cell growth,

the gas diffusion from cell to cell is made easier through thinning of the cell walls or

through coalescence of neighbouring cells [155,156]. This accelerated diffusion can trans-

late into the blowing agent escaping out of the sample and the expansion ratio is affected.

This can also result in shrinkage or collapse of the foam structure. Several strategies are

available to control coalescence and shrinkage, most of them involving the control of the

melt-strength of the polymer matrix. Reducing the foaming temperature (the die temper-

ature in the case of extrusion foaming) leads to a decrease of the blowing agent diffusivity

and therefore a decrease of blowing agent loss through the skin of the foamed product. It

also increases the melt strength of the polymer, making the cell walls less likely to rup-

ture and limiting cell coalescence. However, too low temperature can also induce a faster

crystallisation in extrusion foaming and thus reduce the overall expansion [156]. Other

strategies include chain branching or extension [136,155,157] and cross-linking [158] again

in order to increase the melt strength of the polymer.
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Figure 2.7: Typical grown cell in expanded PLA.

The rheological behaviour of commercial PLA is unfortunately not ideal for extru-

sion foaming due to a low melt strength compared to other commodity polymers [136].

Therefore, chain extension or branching has been studied by several research groups to

improve the foamability of PLA [80,136,157,159] and is also recommended by PLA man-

ufacturers [160]. Controlling the crystallisation of PLA during foaming is also crucial as

crystals, in addition to be beneficial for the melt strength, stabilise the cellular struc-

ture post-foaming and provide better final properties [59, 80, 136]. This crystallisation

during foaming is thought to be mainly induced by biaxial stretching of PLA in the cell

walls [59,60,161]. The same principles are applied for PLA films and fibres [56–58,162].

Finally, once the cells have reached their final size, typically when all the blowing

agent available has been utilised, the foam structure is stabilised. This is achieved by

the introduction of crystallinity during expansion or by freezing the matrix into a glassy

state.

2.3.5 Moulding

The moulding step is only relevant for bead foaming technology such as EPS manu-

facturing or the BPN EPLA process. Contrary to extrusion foaming, the moulding of

pre-expanded beads allow making a great variety of shape, from complex small articles

like helmets [163] or shapes for the casting of metallic parts in the “lost foam” pro-

cess [164, 165] to large blocks for insulation or ground stabilisation [6]. The method also
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allows co-moulding with other materials such as metal inserts [166].

The most common foam prepared by moulding of pre-expanded beads is EPS. Mould-

ing is performed after a maturing period of a few hours up to a few days. As said earlier,

this maturing step is essential to ensure re-condensation of the remaining pentane and

diffusion of air into the cells. Its also allows drying of the beads which reduces the amount

of energy required to heat the material during fusing [167]. A mould, typically aluminium,

is filled with the pre-expanded material. The bulk density of the pre-expanded polymer

therefore determines the density of the final product. Steam is then applied through a

multitude of small vents. The heat leads to softening and further expansion of the beads

which can therefore fill the gaps and fuse together. The heat transfer in the samples is

facilitated by the presence of channels at the beads boundary [168]. Water or air is then

circulated to cool down the article before it can be demoulded. The bead size is chosen

depending on the shape and size of the product.

The moulding of EPS can be altered in many ways by adjusting steam temperature and

pressure, fusing time, use of vacuum post-steaming, cooling time, etc. Mihlayanlar et al.

studied the effects of some of these processing parameters on the properties of EPS boards.

They found that density was the main factor influencing the final properties and that the

moulding parameters comparatively had a limited impact (less than 10%). However,

bending strength, thermal conductivity and to a lesser degree compression strength were

significantly influenced by the moulding parameters [169]. On the contrary, Schellenberg

and Wallis found a strong effect of the degree of fusion of the beads, which was adjusted

by varying the steam pressure, on bending and compression strength [170]. Rossacci and

Shivkumar found a clear relationship between degree of fusion and tensile strength [164].

This degree of fusing is dependent on fusing time, temperature and blowing agent content

(on which depends the Tg of polystyrene) [171]. Generally, fusing increases with moulding

time. However, if performed for too long, the foam structure may collapse [168].

The moulding of expanded polyethylene (EPE) and expanded polypropylene (EPP)

differ from the moulding of EPS, although the general principles remain similar. Due to

their high diffusivity in polyolefins, the blowing agents used (mostly hydrocarbons) are

lost rapidly in the pre-expanded material. This issue is shared by the BPN process [172].

There is therefore no blowing agent remaining in the beads for the fusing in the mould [6].

The fusing step is however similar to that of EPS. The mould is filled and steam is applied

to soften and fuse the beads. The mould is then cooled and the product removed. In

order to ensure good fusion, a back-pressure is applied [173]. Nakai et al. stated that

the steam used during moulding, not only was used as a heat transfer medium, but also

acted as a blowing agent. The steam would condense inside the cells of the beads and

re-vaporise upon depressurisation of the mould [174]. Due to the applied back pressure,

the density of the moulded product is higher than the bulk density of the pre-expanded
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beads. In order to balance this effect, BASF developed the Pressure And Temperature

(PAT) method in which the pre-expanded beads are pressurised with hot air (70-80◦C,

3-4 bar) prior to moulding [173].

The moulding step in the BPN process is similar to the one used for EPS. Despite the

high diffusivity of CO2 in PLA, enough CO2 remains available for the moulding step after

pre-foaming. PLA foams prepared using the BPN process can therefore be moulded on

EPS machinery [13].

2.3.6 PLA foams properties

The required properties of a polymeric foam depend on its intended application. Protec-

tive applications (goods packaging, helmets) require mechanical strength and cushioning

properties. For cold food packaging or building insulation, low thermal conductivity is

necessary. Since PLA foams are a relatively new class of cellular material, their properties

are rather scarce in the literature. However, available information reveals that their basic

properties are comparable with the properties of expanded polystyrene (EPS) [14,175].

Thermal insulation

Thermal insulation is a key attribute for foams used for building insulation (residential or

industrial) and cold transportation (refrigerated food, medical products). Low thermal

conductivity is inherent to polymeric foams. The air entrapped in the foam has a very low

conductive heat diffusion compared to the solid polymer, but can still transport heat by

convection. A closed-cell foam structure prevents this convection by isolating the air into

individual pockets. The lower density of the foam, the higher the air-to-polymer ratio,

therefore the better the insulation. However, lowering the density also means reducing the

cell wall thickness. If the cell walls become to thin, heat diffusion by radiation becomes

significant.

BPN measured the thermal conductivity of their EPLA foam and commercial EPS

using 10 mm and 25 mm thick samples (25-30 g/L). They found identical conductivity

(λ) of 30 mW·m−1·K−1 [14]. Synbra reported λ=34 mW·m−1·K−1 at 35 g/L, also virtually

identical to EPS [175].

Mechanical properties

Although polymeric foams are rarely used as structural materials, good stiffness and

strength are often required. For example, foam blocks used for ceiling insulation should

not deflect under their own weight. Foam boxes containing valuable products have to

withstand large weights when stacked in a warehouse. Several factors influence these

mechanical properties. The predominant one is the density [169, 176] but the cellular
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structure [177–179] and the degree of fusing in the case of particle foams are also impor-

tant [164,170].

BPN measured and reported stiffness and strength values for their PLA foams, in

the 30 to 150 g/L density range, using compression testing (ASTM D1621-00), shear

testing (ASTM C273-00) and cross-breaking testing (AS 2498.4-1993). They found that

the measured properties varied linearly in the density range tested. Additional data can

also be found in various conference presentations by Synbra [175], and in Japanese patents

(mainly filed by JSP Corporation and Sekisui Plastics).

Compression testing is particularly relevant for foam as it is the main deformation

mode applied to foam in packaging and protective application. This deformation mode

is quite complex as it involves compression, bending and also buckling of the structural

constituents of the foam (struts and walls). The different companies reported comparable

data, showing that PLA foam compressive properties are very similar to the ones of EPS,

although the testing standard employed varied from one source to the other. Figure 2.8

shows the compressive properties published by BPN [14].
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Figure 2.8: Compression properties reported by BPN for their PLA foam: (a) modulus, (b) strength
and (c) stress at 10% strain [14].

Bending is another frequent deformation mode for packaging foam. Flexural testing

can seem simple but is actually a fairly complex testing mode due to the non-uniform

strain field. For example, while the lower face of a tested specimen is under tension, its
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upper face is being compressed. In the case of solid material, compression and tensile

modulus are often considered equal. On the contrary, depending on the cellular struc-

ture, tensile and compressive modulus can vary significantly in polymeric foams [179]. In

addition, local crushing of the foam can happen at the contact points between specimen

and testing apparatus [180]. Synbra, JSP and Sekisui reported similar values for the

flexural strength of their PLA foam products although using different standards. Once

again, they claimed properties similar to EPS at equivalent density. BPN used a cross-

breaking testing method, essentially a flexural test with a high thickness-to-length ratio,

which gives a good indication of the fusion strength between the beads [14]. The reported

results, comparable with EPS, are shown in Figure 2.9.
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Figure 2.9: Cross-breaking strength reported by BPN for their PLA foam [14].

Synbra and BPN also tested their respective foams in shear and found similar results

comparable with EPS properties. Figure 2.10 shows the values reported by BPN [14].
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Figure 2.10: Shear (a) modulus and (b) strength reported by BPN for their PLA foam [14].

Finally, shock absorption is particularly important for foams used for protective appli-

cations. Unfortunately, data on the cushioning properties of PLA foams is very limited.

However, Synbra claimed that their PLA foam had excellent shock absorption properties

(measured with a in-house drop testing method) [175].
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Heat resistance

Heat resistance is a major drawback for PLA, whether it is foamed or in its solid form.

This is due to a generally low crystalline content, leading to a softening of the products

above Tg [47]. The lack of heat resistance can be defined in several ways.

The heat deflection temperature (HDT) is defined as the temperature at which a

material deflects a given amount under a certain load. It characterises the short-term

resistance to temperature [181]. The ASTM standard D648 can be used to measure it

and is best suited to solid samples. The DIN standard 43424 is especially designed for

foams. In the case of an amorphous polymer, the HDT is closely related to the Tg as the

modulus drops sharply in the rubbery state. In the case of a semi-crystalline polymer, the

drop in modulus in more progressive and the HDT is strongly influenced by the degree of

crystallinity.

Shrinkage can also be observed [182]. For example, biaxially stretched PLA films can

exhibit a change of dimensions when reheated above Tg if no cohesive crystalline network

is present [57, 58].

In the BPN process, the lack of stability of PLA under elevated temperatures is first

materialised by the sensitivity to the moulding conditions, especially when processed on

commercial EPS moulding machinery. Care is required to control the amount of heat given

to the material and prevent distortion of the moulded parts [13,183]. BPN also reported

a HDT of about 77◦C for unmodified, largely amorphous, PLA foams [184]. As the

stretching of the polymer in the cell walls of foams is essentially similar to the stretching

of films [59], one can expect similar shrinkage issues when exposed to temperatures above

Tg.

As for solid polymers, the first approach to improve the dimensional stability of PLA

foams is increasing their crystallinity [140]. Synbra stated that, by controlling the formu-

lation and crystallisation of PLA, they achieved heat stability up to 80◦C [175]. Sekisui

also claimed improved heat stability up to 150◦C using semi-crystalline PLA [185].
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Preliminary study of the process

parameters

3.1 Introduction

As described in the introductory chapter and the literature review, the main steps of the

BPN EPLA process are liquid CO2 impregnation, conditioning, prefoaming and mould-

ing. To each of these steps is associated a number of processing parameters. These,

combined with the PLA feedstock properties, provide a multitude of factors that can po-

tentially affect the quality of the final foamed product. The current process, as detailed

in the patent, was based around the use of mainly amorphous PLA. Such PLA appeared

more readily expandable compared with semi-crystalline grades. As a consequence, the

optimisation work carried out so far focused on amorphous PLA and little is known on

how changing the base PLA would affect the process parameters. It is already expected

that the introduction of crystallinity in PLA influences the foaming behaviour. There-

fore, PLA grades with different crystallinity may require different process parameters. In

addition, some factors involved in the whole process have been overlooked in the past.

For example, the effect of the impregnation pressure has not been precisely determined.

This chapter will present an overview of the effect of selected process parameters, which

will be investigated in ranges around their current typical values. This will help identify

which are the ones having a major influence on the foaming behaviour and thus determine

33
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the areas to further explore in the following parts of the work. Two main criteria will be

considered to assess these effects: the foam density and the cellular structure. Density

is one of the most important characteristics of cellular polymers. Mechanical properties

are strongly influence by the density [14]. Thermal insulation properties are also largely

dependent on the density of the foam [186]. Cellular structure is equally important as

it controls many properties of the foam such as mechanical properties [187], or thermal

insulation properties [186]. Moreover, the cellular structure of a foamed polymer can

reveal useful information on the mechanisms at play in the process (polymer plasticisation,

cell nucleation, etc). In order to do so, a Taguchi design of experiment (DoE) method

will be employed as it offers the advantages of limiting the number of experimental tests

when numerous factors are involved and also revealing the potential interactions between

these factors. This preliminary study will be limited to the impregnation, conditioning

and prefoaming steps of the process.
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3.2 Methods

3.2.1 Extrusion

NatureWorks LLC amorphous Ingeo PLA 8302D (9.9%D) and semi-crystalline Ingeo PLA

4042D (4.3%D) were used in this study. PLA 8302D is a grade designed for extrusion-

foaming, while 4042D is marketed as a film grade. The latter was recommended by

NatureWorks as film and foam manufacturing share many similarities in terms of polymer

requirements. Pure PLA 8302D and a 70% 8302D-30%4042D blend were extruded using

a LabTech twin-screw extruder ((model LTE 26-40). The extruded strands were cooled

down from the melt in a water bath and pelletised into 1.5 mm beads. The beads were

then conditioned (23◦C and 50% relative humidity) for at least 3 days before any further

use.

3.2.2 Impregnation

An accurately measured weight of beads (always 20±1 g to avoid variability due to the

sample size), was placed into a nylon mesh bag tied with a polypropylene thread. The bags

were then put into the pressure vessel, previously conditioned at the desired temperature

in a cooling bath. The impregnation was performed for 60 to 65 minutes at a selected

pressure, before the pressure was released over about 5 to 6 minutes. The bags were then

removed from the pressure vessel.

The typical impregnation parameters used in the BPN process are 10◦C and 60 bar. In

this study the temperature was varied between 0 and 20◦C. Pressure was varied between

+5 and +20 above the saturation point of CO2, i.e. 40 and 55 bar at 0◦C and 62 and

77 bar at 20◦C.

3.2.3 Conditioning

After impregnation, the CO2-laden beads were conditioned at either -18◦C or +20◦C. The

CO2 content (c) of the beads, dropping overtime, was calculated as:

c = 100× w − w0

w
(3.1)

where, w the weight of beads containing CO2 and w0 the weight of the same beads before

impregnation.
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3.2.4 Foaming

When the CO2 concentration reached the desired level (12% or 14%), the beads were

placed into plastic jars with mesh ends (approximately 0.5 g per jar). Each jar was then

plunged into hot water (60 or 75±1◦C) for the desired time (5, 10, 20, 30, 40 and 60

seconds), then quickly cooled in cold water. The jars were placed on top of a fan to allow

the beads to be air-dried (see Figure 3.1). After drying, the beads were left to equilibrate

for at least 16 hours before any measurement.

Figure 3.1: Air-drying of the prefoamed beads in their jars.

3.2.5 Density measurement

The density of the beads was measured using a glass pycnometer. Beads were accurately

weighed (wb) and placed into the pycnometer. The pycnometer was filled with distilled

water, its lid put on and the excess water wiped off. The full pycnometer was then

weighed (wt). Knowing the weight of the pycnometer filled with distilled water only (w0),

the density (d) of the beads was calculated (with d in g/L, and the weights in g):

d = 1000 · wb
w0 + wb − wt

(3.2)

The accuracy for the weight of the beads was estimated to be δwb=0.001 g. For the

weight of the pycnometer filled with water (with or without beads), the accuracy was

estimated to be δw=0.01 g. The error for the density of the beads can therefore be

calculated (using a Taylor series):

δd = 1000 ·
(

δwb
w0 + wb − wt

+
wb · (δwb + 2 · δw)

(w0 + wb − wt)2

)
(3.3)
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For each run, the minimum density obtained (typically after 20 or 30 seconds pre-

foaming at 70◦C and 60 seconds at 60◦C) was used as indication of the foaming ability.

3.2.6 Foam cellular structure

The cellular structure of the foamed beads was observed using a field emission scanning

electron microscope (FE-SEM) Jeol JSM 6700F. The foamed beads were sliced using a

razor blade and coated with chromium.

3.2.7 Summary of the experiments

The six parameters studied in this chapter (studied ranges and typical values for the BPN

process) are listed in Table 3.1. A full factorial design (considering two levels for each

factor) would lead to 64 experimental runs. A less time-consuming Taguchi design was

used instead to set up the experimental plan. A design with 16 runs (L16) was chosen.

The runs are detailed in Table 3.2.

Table 3.1: Typical parameters and ranges studied in this chapter.

Typical value Lower bound Upper bound
Semi-cryst. PLA content (%) 0 0 30
Imp. temperature (◦C) 10 0 20
Imp. pressure (bar) +15 +5 +20
Cond. temperature (◦C) -18 to +4 -18 20
CO2 at foaming (%) 12 to 14 12 14
Foaming temp. (◦C) 70 60 75

Several factors that may seem important were omitted in this experimental plan.

The impregnation time was set constant at 60 minutes. This was known to be long

enough to completely saturate the PLA beads with CO2 under the previously detailed

conditions. Saturation of the PLA beads with CO2 was already assumed essential to

ensure that the blowing agent was also present in the core of the beads. The bead size

was also set as a constant here (1.5 mm). This parameter was known as important in the

process. It affects the impregnation, storage and foaming times as well as possibly the CO2

concentration profile through the PLA beads due to the diffusion phenomena. However,

it was considered that the interactions between CO2 and PLA (swelling, crystallisation)

and the fundamental foaming mechanisms (cell nucleation, cell coalescence, etc) were

essentially independent of the size of the foamed samples.
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3.3 Results

3.3.1 CO2 absorption and desorption

As expected, the storage temperature strongly influenced the CO2 release rate overtime.

This is illustrated by Figure 3.2. This CO2 loss was satisfactorily fitted with a third degree

exponential decay over the tested time frame. At first, it appeared that the factors other

than the storage temperature (blend composition, impregnation pressure,...) did not affect

the CO2 loss. However, it was observed that a decreasing impregnation temperature led

to an increasing initial CO2 concentration in the beads (straight after impregnation). This

can be simply explained by the influence of the temperature and pressure on the solubility

of CO2 in PLA [105,111]. On the other hand, contrary to what is typically observed with

CO2 in the gas phase [105,188], the impregnation pressure had no significant effect.
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Figure 3.2: CO2 loss from the impregnated beads during storage as a function of time. No distinction
has been made between the different processing conditions here, storage temperature
excepted. The fitted curves are third degree exponential decays.

The fraction of semi-crystalline PLA in the blend showed a slight effect on the ini-

tial absorption. DSC analyses showed that both PLA blends were virtually amorphous

before CO2 exposure (see Figure 3.3), but that they significantly crystallised through

impregnation, even the so-called “amorphous” grade (see Figure 3.4). When plasticised

by CO2, PLA is known to crystallise even at low temperatures [117, 121]. This has also

been observed with other types of polymers [122,123]. During this crystallisation process,

CO2 is expected to be expelled from the forming crystallites [146, 189], as CO2 dissolves

more easily into amorphous polymers [108]. It was therefore expected that the blends
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containing 30% semi-crystalline PLA would absorb less CO2 during impregnation due to

its higher crystallisation ability.
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Figure 3.3: DSC scan of the two blends before impregnation (heat ramp 3◦C/minute).
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Figure 3.4: DSC scan (heat ramp 3◦C/minute) of the two blends after impregnation (20◦C, 77 bar).
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3.3.2 Density

Figure 3.5 displays typical expansion curves. The shown curves (run #9 and #12) were

obtained with foaming at 60 and 75◦C respectively, and are qualitatively representative

of the general expansion behaviour for all the experimental conditions. It appeared that

the beads foamed at 75◦C reached their minimum density after a foaming of about 20

to 30 seconds. After that, the density started to increase again slightly, likely due to

polymer relaxation. When foamed at 60◦C, the time range used appeared to be too short

to show the minimum density achievable. Therefore, the beads foamed at 60◦C reached

their minimum density after 60 seconds in the water bath. The foaming temperature had

obviously a strong effect on the expansion rate: the higher the temperature, the faster

the expansion.
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Figure 3.5: Expansion curves of runs 9 and 12 (foaming at 60 and 75◦C respectively). See Table 3.2
for the exact experimental conditions.

Table 3.3 shows the results for the density. The minimum density measured on each

expansion curve is given, as well as the estimated errors due to the measuring technique

using Equation 3.3. This error seemed acceptable at around 1 g/L. It was difficult to

perform the foaming at the exact CO2 concentration. Therefore, the actual concentrations

are reported in the table, along with the corrected densities. In order to do so, a linear

regression of the density versus the actual CO2 concentration was carried out with a slope

of about -7.4 g/L per % of CO2. This was used to calculate the density that should

be obtained at the nominal CO2 concentration. This method was approximate, as the

regression was carried out without taking the other factors into account.
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Table 3.3: Density results for the different runs.

# Minimum Error on Measured Corrected
density (g/L) density (g/L) concentration (%) density (g/L)

1 121 1.2 12.2 123
2 126 1.2 12.1 127
3 35 1.2 13.8 34
4 33 0.5 14.2 35
5 67 1.9 12.3 70
6 45 0.7 12.2 47
7 102 0.9 14.1 103
8 96 1.7 14.2 97
9 143 1.2 14.2 144
10 159 6.0 13.7 157
11 78 0.7 12.1 78
12 75 1.5 12.1 75
13 172 3.2 14.0 173
14 79 2.5 13.9 78
15 235 3.0 12.0 235
16 190 2.9 12.0 191

Main effects

The main effects (mean effect of each factor, averaging the others) of the selected factors

on the minimum density were assessed and are plotted in Figure 3.6.

As expected, PLA composition had a significant influence on the density of the foamed

beads. The higher the 4042D content in the blend, the higher the density. This is

attributed to the higher difficulty for the matrix to expand during the foaming step

due to the presence of a crystalline phase [145]. The foaming temperature also had a

strong influence, as increasing temperature led to decreasing density. Higher foaming

temperature may have several beneficial effects such as softening the polymer matrix and

thus easing expansion or increasing the cell nucleation rate.

The third major effect was induced by the impregnation temperature. Overall, increas-

ing impregnation temperature led to an increase in density. This non-expected effect was

also visually noticeable. While beads impregnated at 0◦C foamed into a regular, quasi-

spherical, shape, beads impregnated at 20◦C exhibited irregular shapes when foamed in

hot water. This was particularly obvious for the samples containing 30% of the semi-

crystalline PLA grade as shown by Figure 3.7. This irregular foaming was also accom-

panied with a light crackling sound and a noticeable CO2 loss (gas bubbles were seen

escaping from the beads) when the beads were plunged into hot water.

Storage temperature, impregnation pressure and CO2 concentration appeared to have

a lower effect on the density. Although appearing as only slight in these results, the effect
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of the CO2 concentration was expected. Indeed, more blowing agent feeding the growing

cells theoretically means lower density. Moreover, the CO2 acts as a plasticiser and helps

the matrix to deform during the expansion.

Interactions among the factors

Interactions that could be estimated with the Taguchi design employed are displayed in

Figure 3.8. The chosen design did not allow assessment of some of the interactions such

as the interaction between impregnation temperature and bead composition for example.

The density of the samples containing 0% of the semi-crystalline grade was not affected

by the impregnation temperature. On the contrary, the density of the samples with 30%

semi-crystalline grade significantly increased with increasing impregnation temperature.

This indicates a strong interaction between these two factors.

The main interactions between the parameters that can be seen on Figure 3.8 all

involved the impregnation temperature, which confirms the previous observations. A

slight interaction between impregnation temperature and storage temperature can also be

seen, with the storage temperature having an effect only when impregnation was carried

out at 20◦C. Storage temperature also exhibited some degree of interaction with other

parameters such as blending ratio, impregnation pressure, and prefoaming temperature.

However, it is difficult to say if these interactions were significant or not.

No interaction is visible between blending ratio and prefoaming temperature. It was

expected that a higher crystalline content would make the material more “heat-resistant”,

and therefore would delay the plasticisation effect happening for example after 30 seconds

of prefoaming at 70◦C and allowing expansion to lower densities. We suggest that the level

of crystallinity between the two blends was too close to lead to any significant difference

in terms of heat-resistance.

3.3.3 Foam cellular structure

All the samples prefoamed after impregnation at 0◦C qualitatively exhibited the same

cellular structure, i.e. predominantly closed-cells with a diameter varying between 10

and 50 µm. This was calculated to correspond to cell nucleation densities of around

106 to 107 cell per mm3 of solid polymer. Figure 3.9 and Figure 3.10 show examples

of SEM pictures obtained on the amorphous beads and the beads containing 30% semi-

crystalline PLA respectively. The low magnifications pictures show a rather uniform cell

size distribution within each cross-section. The higher magnification pictures reveal the

closed-cell structure. This type of cellular structure is similar to the one observed in

commercial EPS.

This cellular structure significantly changed with impregnation at 20◦C. While im-
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pregnation at 0◦C led to similar structure in both blends, impregnation at 20◦C led to

distinct behaviours. As can be seen in Figure 3.11, the foamed amorphous beads exhibited

a distinct structure with oversized cells in the centre, and areas of poor expansion. This

non-uniform distribution of the expansion across the beads led to the overall irregular

shape of the beads previously mentioned. The beads containing 30% of a semi-crystalline

grade exhibited a relatively fine cell structure surrounding a denser core (Figure 3.12 (a)).

Higher magnification showed the core consisted in a majority of non-expanded material

with a small number of pores (Figure 3.12 (b)). As for the amorphous blend, this non-

uniformity of the cellular structure is thought to have led to the irregular bead shape seen

in Figure 3.7 (b). When beads are foamed (regardless the processing parameters), they

start to expand irregularly. As soon as the core expands, it forces the beads to a more

spherical shape. As the core did not expand in the present case, the beads only developed

an irregular shape. This unique foaming behaviour seems to be correlated with the density

results described earlier where it was shown that increasing impregnation temperature led

to an increase of density for the beads with 30% semi-crystalline PLA.
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(a) (b)

Figure 3.7: Examples of foamed beads of the 30% semi-crystalline blend after impregnation at (a)
0◦C (run #12) and (b) 20◦C (run #14).
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(a) (b)

Figure 3.9: Amorphous PLA impregnated at 0◦C after foaming for 20 seconds (run #4): (a) low mag-
nification and (b) higher magnification.

(a) (b)

Figure 3.10: Semi-crystalline PLA blend impregnated at 0◦C after foaming for 20 seconds (run #12):
(a) low magnification and (b) higher magnification.

Figure 3.11: Amorphous PLA impregnated at 20◦C after foaming for 60 seconds (run #8).
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(a) (b)

Figure 3.12: Semi-crystalline PLA blend impregnated at 20◦C after foaming for 60 seconds (run #14):
(a) low magnification and (b) higher magnification in the centre of the bead.
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3.4 Discussion

The most interesting result coming from this preliminary study is clearly the effect of the

impregnation temperature on the foaming of PLA. In particular, a high density core was

observed in the beads containing 30% of semi-crystalline PLA, resulting in high overall

densities and irregularly shaped beads. These are undesired features. It is therefore

essential to understand their origin in order to improve the process for semi-crystalline

PLA grades.

The observed lack of expansion in the core of the beads containing 30% of semi-

crystalline PLA did not seem to be related to a lack of blowing agent as these beads

exhibited nearly the same initial CO2 uptake and CO2 loss as the others. The interac-

tion between impregnation temperature and semi-crystalline content suggests that it is

related to the crystallisation happening during the impregnation step. Crystallisation is a

temperature-sensitive phenomenon and crystallinity has already been shown in multiple

papers (on PLA or other polymers) to have a strong effect on the foam cellular structure

and density [118, 140, 145, 190]. Wang et al. studied the foaming behaviour of a semi-

crystalline grade saturated with CO2 at room temperatures and pressure between 1 and

5 MPa, i.e. in the gas phase. They observed a sudden jump in CO2-induced crystallinity

between 2 and 3 MPa which resulted in a transition from good to poor expansion [140].

Increasing pressure in the gas or supercritical phase is known to lead to increasing CO2

absorption in PLA [188, 191]. Therefore this jump of crystallinity can be explained by

a higher plasticisation, which is practically equivalent to a higher temperature. Liao et

al. used gaseous CO2 at 0 and 25◦C to impregnate and foam PLLA [190]. Their results

indicated that impregnation at 25◦C produced poor quality foams in terms of expansion

and cell structure. Low pressure did not provide enough CO2 uptake for effective foaming

while higher pressure generated to much crystallinity detrimental to expansion. On the

contrary, impregnation at 0◦C allowed foaming to densities as low as 60 g/L. Although

these conditions are significantly different from the ones employed here (gas instead of

liquid), similar mechanisms could be expected. It is suggested that the change of foaming

behaviour in the semi-crystalline blend is attributed to an enhanced crystallisation at the

higher impregnation temperature. This enhanced crystallisation impacted on the stiffness

of the PLA matrix, resulting in more difficult expansion. However, DSC tests performed

on the beads after impregnation only showed a minor difference of crystallinity limited to

a few percent. This suggests that the level of crystallinity itself was not responsible for the

foaming behaviours observed. Others features may have to be taken into account such as

the texture of the crystalline phase as suggested by Doroudiani et al. [145]. More interest-

ingly, Marubayashi et al. investigated the crystallisation of PLLA in CO2 and observed a

transition between spherulites and nanorod-like crystals at around 10◦C under pressures
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implying that CO2 was liquid [70]. CO2 exposure above 10◦C produced spherulites while

CO2 exposure below 10◦C produced crystals on a nanometre scale. This temperature

exactly corresponds to the centre of the impregnation temperature range tested here and

therefore could possibly explain the difference in foaming behaviour after impregnation

below and above 10◦C. Further work is required to clarify this point.

The gradient of cellular structure in the expanded beads (dense core and expanded

outer layers) also remains unexplained, although one can suggest the role of CO2 diffusion

and the associated CO2 concentration gradient.
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3.5 Conclusion

This preliminary study, centred around the typical processing parameters used in the BPN

foaming process, revealed interesting effects on foam density and foam cellular structure.

Some factors such as semi-crystalline content or prefoaming temperature, exhibited a

strong influence of foam density. These effects were expected and therefore did not con-

stitute the main interest of the study.

The impregnation temperature also appeared to have a significant effect on the foam-

ing behaviour of PLA. This was observed by both the density measurement and the

SEM observations. This effect was particularly obvious with the beads of higher semi-

crystalline content. For these samples, impregnation at 20◦C led to increased density,

irregularly shaped foamed beads and presence of a high density core in the beads. The

interaction between impregnation temperature and semi-crystalline content of the PLA

beads suggested that a crystallisation-related mechanism was responsible for this effect.

This foaming process has already been shown to produce low density foams with

good mechanical and thermal insulation properties using amorphous PLA grades. How-

ever, it has not been successfully applied to semi-crystalline grades yet. Semi-crystalline

PLA could potentially provide benefits to the PLA foams, due to the generally improved

properties of semi-crystalline polymers compared with their amorphous counterparts. It

is therefore of great interest to investigate further the phenomena revealed during the

present study as this will provided a deeper understanding of the fundamental PLA-CO2

interactions involved in the BPN process, and consequently ways to improve it signifi-

cantly.



4
Influence of the initial crystallinity on

the foaming behaviour

4.1 Introduction

In the previous chapter, some effects of the impregnation temperature on the foaming

behaviour of polylactic acid were observed. In particular, it seemed that increasing the

temperature at which the CO2 was impregnated into the beads led to a denser foam,

and a gradient of the cellular structure within the foamed beads was observed. The

influence of the temperature on the crystallisation of PLA occurring during impregnation

was suggested as an explanation. However, the experimental set-up (using small 1.5 mm

beads) was not suitable to investigate this hypothesis, and further work was needed to

clarify these observations.

It was therefore decided to investigate in more depth the links between crystallinity,

impregnation temperature and foaming behaviour. Similar studies have already been

published by several authors [43, 59, 79, 190], but the experimental conditions used in

those works do not match the ones used in the BPN process. The proposed study was

conducted in two parts, and will be covered in two chapters. This chapter will discuss the

effects of the initial crystallinity of PLA, i.e. already existing prior to CO2 impregnation,

while the following chapter will focus on the impregnation temperature and its influence

on crystallisation and subsequent foaming behaviour.

53
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It is generally accepted that a significant initial crystallinity is detrimental to the solid-

state foaming of thermoplastic polymers [43, 145, 146] due to decreased blowing agent

solubility [107, 108] and also increased polymer stiffness reducing the expansion of the

foam [151]. On the other hand, it is suspected that the presence of crystals can favour

the cell nucleation through heterogeneous nucleation [151]. Liao et al. showed that a

small amount of crystals was beneficial to the nucleation in PLLA foams [190]. This

chapter will focus on the effect of initial crystallinity on the foaming behaviour of PLA

when impregnated using the BPN process. The results will be compared to the published

literature and will serve as a reference for the following chapter.
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4.2 Methods

4.2.1 Sample preparation

A few criteria were important in the choice of the geometry for the samples. Firstly,

they had to be easily weighed during their storage period following impregnation but

also straight after being prefoamed in hot water, implying that they could be quickly

dried (within a minute). Secondly, they had to be thick enough so that a gradient of

density or cellular structure could be easily seen. Thirdly, they had to be easy to break

(using liquid nitrogen if required) to get a clean fracture allowing quality scanning electron

microscopy (SEM) observations. For these reasons, injection-moulded bars designed for

flexural testing of plastics were thought as appropriate for the study. They also offered

the advantage of a very simple geometry where the CO2 diffusion can be assumed to be

unidirectional, perpendicular to the two main sample faces, if the observed area is located

far enough from the edges.

Compounding

A semi-crystalline blend of PLA was extruded on a LabTech twin-screw extruder (model

LTE 26-40). The temperature profile used from feeder to die was 175/175/180/180/180/

180/170/175/175/175◦C. The blend consisted of 30% of NatureWorks PLA 4042D and

70% of NatureWorks PLA 8302D. These two grades had a D-content of 4.3% and 9.9%

respectively, resulting in a blend with a D-content of 8.2%. The polymers were dried

overnight at 45◦C before extrusion. This blend was used here because it was known to

exhibit a foaming behaviour sensitive to the impregnation temperature (Chapter 3). The

extruded material, pelletised into approximately 3 mm pellets, was then dried for 4 hours

at 50◦C in a desiccant dryer.

Injection moulding

The samples were moulded in a Boy 35M injection-moulder. Barrel temperatures were

(from hopper to injection nozzle) 180/185/190/180◦C. The mould temperature was 30◦C

and the cooling time was 15 seconds. This cooling time was fast enough to ensure that the

material was in an amorphous state (confirmed later by DSC and X-ray scattering). The

moulded bars (127×12.7×3 mm) were then cut into 5 cm long samples (2 samples per

bar, discarding approximately 1 cm at each end). Axis assignment is shown in Figure 4.1.

Annealing

The samples were annealed in an oven at 103◦C. Annealing times were 0, 10, 16, 22, 32

and 90 minutes in order to get samples with various levels of crystallinity. The samples
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Figure 4.1: PLA specimen used for the study with axis assignment: (a) injection-moulded specimen
and (b) specimen sliced for the X-ray experiments.

were then conditioned at 23◦C and 50% relative humidity for at least 2 days before any

further use.

4.2.2 Impregnation and foaming

CO2 impregnation

Liquid CO2 impregnation was performed at 0◦C, under 55 bar pressure, in a 2 L pressure

vessel placed in a glycol/water mixture cooling bath. Before the impregnation itself, the

cooling bath and the pressure vessel were let to equilibrate at the desired temperature.

This temperature was chosen based on the results of the previous chapter which indicated

that 0◦C was suitable for the impregnation of this particular blend. The samples were

positioned at the bottom of the pressure vessel, the vessel tightly closed and the pressurised

liquid CO2 fed in using a pump. At the end of the impregnation, the pressure vessel was

disconnected from the pump, removed from the bath, and the pressure released over

approximately 5 to 6 minutes. The vessel was then opened and the samples removed.

In order to determine the impregnation time required to ensure that the samples

were fully saturated with CO2, a preliminary uptake study was conducted. The data is

presented in Figure 4.2. A Fickian law was chosen to fit the experimental data, assuming

the samples to behave as infinite sheets. The fitting procedure was based on the following

equation (Equation 7 in [105]):

c

c∞
= 1− 4

π

∞∑
n=0

(−1)n

2n+ 1
e
−Dt

(2n+ 1)2π2

4l2 cos

[
(2n+ 1)πx

2l

]
(4.1)

where c is the CO2 concentration, c∞ the equilibrium concentration, D the diffusion

coefficient of CO2 in PLA, t the impregnation time, l the half-thickness of the specimen
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and x the distance from the centre along the x-direction. The equilibrium concentration,

C∞, was taken as the plateau value of the uptake-time curve, while the determination of

D was done through a non-linear optimisation algorithm (see Appendix A for the Scilab

script). A coefficient of diffusion of 0.90×10−6 cm/s was found. Based on this preliminary

work, a impregnation of 16 hours was chosen. One can suggest that the diffusion in the

annealed samples was slower due to the presence of crystalline regions. However, it will

be shown in the results section that the annealed samples were saturated with CO2 after

16 hours, with respect to the amorphous fraction.
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Figure 4.2: CO2 uptake of the samples as a function of impregnation time at 0◦C. A Fickian model
(dashed line) is fitted onto the experimental data.

Storage

Immediately after impregnation, the PLA specimens were stored in a freezer at -18◦C.

This allowed the CO2 concentration to slowly go down and prevented the specimens

from foaming spontaneously. During this storage period, the weight of the samples was

measured regularly in order to calculate their CO2 content, c in %, as:

c = 100× w − w0

w
(4.2)

In this equation, w is the weight of specimen containing CO2 and w0 the weight of

the same specimen before impregnation. Another possible definition of the concentration

was:



58 Influence of the initial crystallinity on the foaming behaviour

c∗ = 100× w − w0

w0

(4.3)

This second definition, referred to as “true” concentration, offers the advantage of

being additive, whereas the first one is not. However, unless specified, the first definition

(Equation 4.2) will be used. In order to perform this weight measurement, it was necessary

to transfer the specimens from the freezer to the 20◦C room where the balance was. The

operation took a few minutes, which could affect the desorption rate, as it is temperature

dependent. However, the specimens being thick and the operation quick, it was assumed

that they would keep their temperature close to the desired one (-18◦C) and the effect

on the desorption would be negligible. Specimens to be foamed were stored in these

conditions until c, as defined by Equation 4.2, reached 14%. Specimens kept for DSC or

X-rays scattering experiments were stored until c reached 12% and then transferred to

approximately 20◦C to let their CO2 content drop faster. At this temperature and CO2

content, no foaming could happen. These specimens were allowed to desorb until their

CO2 concentration went below 5% before any analysis was undertaken (CO2 could affect

DSC results for example).

Foaming

When the desired CO2 content was reached (14%), specimens were foamed in a hot water

bath (70◦C ±1◦C) for 60 seconds. The specimens were immediately quenched in iced

water for 20 seconds to stop any further expansion. The specimens were then dried using

a tissue and quickly weighed. The weight loss observed was assumed to be only due to

the CO2 escaping the samples during the foaming step (CO2 bubbles were seen during

this step). It is unlikely that water could penetrate the PLA at the same time, due to

the pressure generated by the expanding gas. This CO2 loss (wL in %) was calculated as

a percentage using:

wL = 100× wi − wf
wi − w0

(4.4)

In this equation, w0 is the weight of specimen before impregnation, wi the weight just

before foaming, and wf the weight just after foaming and drying. The foamed specimens

were then left to equilibrate at 23◦C and 50% relative humidity for at least 2 days, before

any further measurement was undertaken.

4.2.3 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was performed using a TA Instruments Q-series

DSC. About 5 mg of material was used for each measurement, and triplicates were tested.
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A single heat ramp was used and samples were scanned from 20 to 200◦C at a heating

rate of 5◦C/minute. The initial crystalline fraction (Xc in %) in the samples was then

calculated as:

Xc = 100× ∆Hm −∆Hc

93
(4.5)

∆Hc and ∆Hm are the absolute areas (in J/g) of the cold-crystallisation and melting

peaks respectively. The value of 93 J/g as the melting energy of 100% crystalline PLA was

taken from Fischer et al.’s work [40]. This value has often been used in other published

work and reviews [19,29,38].

4.2.4 Sample preparation for X-ray scattering experiments

Non-foamed specimens The specimens (impregnated or not) were first cut into 3 to

4 mm slices (z-direction, see Figure 4.1) using a band-saw. This dimension is referred to

as “depth” to avoid confusion with the thickness of the original samples (3 mm). The cut

surfaces were then cleaned with a sharp razor blade before being sanded with increasingly

finer sandpaper (P180/P400/P800/P1000). Final sample depths were measured with

callipers.

Foamed specimens These specimens were cut with a razor blade (3 to 6 mm slices

in the z-direction) and the cut surface polished with P180 sandpaper. Final depths were

measured with callipers.

4.2.5 Wide-angle X-ray scattering

Data collection

The wide-angle X-ray scattering (WAXS) experiments were performed on the annealed

samples, before and after impregnation at 0◦C using the SAXS/WAXS beamline at the

Australian Synchrotron located in Melbourne, Victoria, Australia. The sliced samples

were encapsulated in Kapton® tape in order to facilitate handling and mounting onto the

X-ray stage. The samples were mounted onto the moving stage so that the z-axis was

parallel to the X-ray beam. The stage was remote-controlled, allowing the operator to

accurately position it so that the beam could be aimed at a specific specimen and location

within a specimen. Each specimen was scanned along the x-direction with 50 µm steps.

The wavelength used was λ=0.8266 Å(15 KeV). After passing through the sample, the

diffracted X-rays were collected by a circular MAR165 CCD camera (1024×1024 pixels,

158 µm resolution) located 331 mm from the sample, and converted into a TIFF image file.

A “beam stop” was used to protect the camera where it was to be hit by the non-diffracted



60 Influence of the initial crystallinity on the foaming behaviour

X-rays. The camera was slightly offset (see Figure 4.3) to collect the X-rays diffracted at

larger angles. This particular setup did not allow quantification of the anisotropy in the

case of oriented samples, as the detector could not collect the X-rays diffracted at large

angle along the x-axis. However, the anisotropic features observed on the impregnated

samples will be studied in more detail in the next chapter. The ratio between the incident

X-ray intensity and the intensity detected by the beam-stop was used as an indication of

the amount of X-ray absorbed by the material, and thus giving the spatial limits of each

sample.

Figure 4.3: Example of TIFF image produced by the CCD detector for the WAXS experiments on the
thermally annealed samples. The orientation of the sample is shown.

It was suggested that the X-ray beam itself could induce changes in the samples and

therefore affect the results. An experiment where a PLA bead was shot 100 times in a

row on the same spot was conducted. The first and the last diffractograms were compared

and no radiation-induced change was observed.

Data processing

The images produced by the CCD camera were first processed using software provided by

the Australian Synchrotron. SAXS15ID Version 3.296 took input files from the diffraction

images, as well as the WAXS experiments log file. Another file contained the definition

of the masks to apply on the TIFF image and other geometrical parameters (such as the

position of the centre of the diffracted X-rays). As seen on Figure 4.3, the parts on the
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image corresponding to the beam stop, the beam stop support and the outside of the CCD

detector had to be excluded. The software program then converted the remaining image

data into a distance to centre versus intensity graph that can be further transformed into

a 2θ-intensity graph. The graphs could be then exported into text files usable by Excel

or Origin.

Subtracting the background spectrum Since all the specimens were contained in

Kapton® tape and Kapton® was used in the windows between the X-ray source and

the camera, the Kapton® contributed to the final measured spectra. Air was also a

source of scattering. It was therefore necessary to subtract the background spectrum. Its

contribution was assumed to be linear:

Spectrummeasured = Spectrumsample +B · Spectrumbackground (4.6)

where B is an intensity coefficient, that can vary depending, for instance, on the exact

thickness of the Kapton® tape or the amount of X-rays absorbed by the PLA sample.

Kapton® blanks were measured (see Figure 4.4 for an example) and were subtracted from

each diffraction graph by manually adjusting this intensity coefficient until the peak at

2θ ' 3◦ disappeared. The possible errors made by doing this manually were considered

negligible because the amount of X-ray diffracted by PLA was about 5 times higher than

the amount of X-rays diffracted by the blanks. Moreover, small variations in the intensity

coefficient were visually not inducing significant variations in the final signal intensity.

An example for this processing step is displayed in Figure 4.5 (a).

Removing the amorphous background It has been shown that the amorphous halo

seen in the PLA spectra could be fitted with Gaussian functions [39]. The same method

was used here. A specimen that had not been annealed or impregnated was used as an

amorphous reference. It appeared that a series of four Gaussian peaks were able to closely

fit the signal (Figure 4.5 (b)):

y = y0 +
4∑
i=1

Ai

wi
√

π
2

· e
−2· (2θ−2θi)

2

w2
i (4.7)

where y is the signal, y0 an offset coefficient and Ai, wi and 2θi the area, width and centre

of the ith peak respectively. The centres and widths found are shown in Table 4.1.

The fourth peak was not a proper peak but was necessary to fit the data. The two

first peaks were assumed to be one single peak in Mano’s work [39]. However, it seemed

quite obvious here that two distinct peaks were involved, probably because of a better

signal resolution.
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Figure 4.4: X-ray diffraction pattern of Kapton® tape obtained at the Australian Synchrotron.

Table 4.1: Centre and width of the amorphous Gaussian peaks used to fit the amorphous samples.

Peak # 2θ (◦) w (◦)
1 8.15 3.90
2 11.5 2.77
3 16.4 4.57
4 22.5 15.0

In order to use this modelling of the amorphous halo to isolate the signal generated

by the crystalline phase, it was assumed that the centre and the width of each of these

four peaks were constant and not affected by the presence of crystals for example. Mano

showed that his single peak was shifting to lower angles when PLA was crystallising. Since

our model involves two peaks instead of one, it was suspected that the relative intensity of

them would change instead, resulting in a shifting of the combination of these two peaks,

as showed by Mano. Therefore, when removing the amorphous halo from the spectra,

just five parameters were needed, y0, A1, A2, A3 and A4.

The following procedure was used to remove the amorphous halo. The offset y0 was

calculated by taking the average of the signal between 2θ = 1◦ and 2θ = 2◦. The area of

the fourth peak, A4 was calculated as:

A4 =
w4 ·

√
π
2

m− y0

(4.8)
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Figure 4.5: X-ray processing steps: (a) removing the Kapton® signal, (b) modelling the amorphous
phase, (c) removing the amorphous background from the semi-crystalline samples.

where m is the average of the signal between 2θ = 22◦ and 2θ = 23◦. The three remaining

parameters (A1, A2 and A3) were adjusted manually in order to make the simulated amor-
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phous halo sit below the semi-crystalline signal. An example is displayed in Figure 4.5 (c).

The calculated amorphous halo was then subtracted from the whole spectrum to obtain

the crystalline-only spectrum.

Calculating the crystallinity In order to get an estimation of the crystalline fraction,

the previously calculated crystalline-only spectrum was integrated between 2θ = 7◦ and

2θ = 11◦ where the majors peaks associated to crystals were found. The fraction of

crystallinity (Xc in %) was then calculated using the following equation:

Xc = 100 · C

C + A1 + A2

(4.9)

where C is the integral previously calculated.

4.2.6 Foam characterisation

Density

The density of the foamed specimens was assessed by water displacement. Each specimen

was dipped into distilled water at 20◦C, contained in a beaker sitting on a balance (the

balance was tared before each specimen). This was achieved by hanging the specimen

from a sharp needle. The weight (in grams) measured by the balance did correspond

to the volume of the sample (in millilitres). The density of the foam (g/L) was then

calculated as:

d = 1000× m0

v
(4.10)

where m0 is the initial weight of the specimen (before impregnation) in grams, and v the

volume measured in millilitres [192].

Structure

Specimens were quenched into liquid nitrogen and quickly broken. The specimens were

then cut close to the fracture in order to get a thin slice (about 5 mm) suitable for scanning

electron microscopy. A Jeol field emission scanning electron microscope FE-SEM JSM

6700F was used. These slices were mounted onto SEM stubs and coated with chromium

to avoid charging during the observations.

Crystallinity and density X-ray profiling

The WAXS method used to scan the foamed samples was identical to the one used on the

non-impregnated and impregnated samples (see Subsection 4.2.5). The only difference
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was the scanning step, being 200 µm instead of 50 µm. This larger step was chosen for

faster scanning on the expanded, therefore wider, samples. To calculate the crystallinity,

the generated WAXS data was processed as previously.

In addition to the crystallinity, the WAXS data was also used to establish the den-

sity profiles of the samples. We assumed that the intensity (i) of the diffracted X-rays

was proportional to the amount of material encountered by the X-ray beam, therefore

proportional to the depth (h) and density (d) of the sample at the probed spot:

i = A · d · h (4.11)

with A a coefficient taking into account the X-ray beam width, energy, etc. The X-ray

spectra (minus the diffraction due to Kapton®) was integrated from 2θ=7◦ to 2θ=11◦ to

provide the i value:

i =

∫ 11

7

I(2θ) d(2θ) (4.12)

This range of 2θ included the two main peaks of the amorphous halo as well as the

main crystalline peaks. Instead of using the scattered intensity as a value for i, it was

also possible to use the ratio between the X-ray flux absorbed by the sample and the total

incident flux:

i = 100 · Fi − Ft
Fi

− i0 (4.13)

where Fi was the incident flux, Ft was the transmitted flux and i0 the ratio of X-rays

absorbed by Kapton® and air background. The value of It was given by the flux received

by the beam stop. This flux does not correspond exactly to the total transmitted flux as

some of it is diffracted by the samples. However, the intensity of the scattered X-rays was

negligible compared to the intensity of the X-rays going straight through the samples. All

these values were readily available from the log files generated by the acquisition software,

and did not require any integration of the spectra.

Both definitions of i provided very similar results and therefore were considered equiv-

alent. The first definition, Equation 4.12, was used in the results presented in this chapter.

Equation 4.11 can be simplified to get rid of the depth h of the sample:

d = k · i (4.14)
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This equation can be integrated along the path scanned during the experiment:∫ t

0

d(x) dx = k

∫ t

0

i(x) dx (4.15)∫ t

0

h · l · d(x) dx = h · l · k
∫ t

0

i(x) dx (4.16)

where l is the length of the sample and t its thickness. This can be linked to the average

density d of the sample since:∫ t

0

h · l · d(x) dx =

∫ V

0

d(x) dv (4.17)

= m (4.18)

= d · V (4.19)

with m the weight of the sample and V its volume. Therefore:

k =
m

h · l ·
∫ t

0
i(x) dx

(4.20)

=
m · t

V ·
∫ t

0
i(x) dx

(4.21)

=
d · t∫ t

0
i(x) dx

(4.22)

The density of the whole foamed bars (measured by water displacement) was used for

d. It can be argued that this value is slightly different from the average density of the

samples sliced for the WAXS experiments.

Since the samples were expanded, the crystallinity or density profiles measured for

them could not be directly compared with the crystallinity profiles measured for the cor-

responding impregnated samples. In order to link the scanning position after foaming, x,

with its corresponding position before foaming, x0, a transformation had to be performed.

We know that:

d

d0

=

(
∂x0

∂x

)3

(4.23)

with d0 the original density of the material, assumed to be 1240 g/L according to Na-

tureWorks’ data-sheets. This is assuming that the expansion of the sample was isotropic

which is true apart from a few local exceptions. The original position of a particular point
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in the expanded foam can be then calculated as:

x0 =

∫ x

0

(
d(u)

d0

) 1
3

du (4.24)
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4.3 Results

4.3.1 Crystallinity after annealing

The effect of the annealing on the bars was immediately visible with a change of clarity,

first subtle and then more obvious for the bars annealed for more than 20 minutes (Fig-

ure 4.6). This showed the formation of a crystalline phase within the samples, making

them opaque. The annealing also caused a slight distortion in the specimens, as well as

some marks where the bars were in contact with the oven. The geometrical changes were

considered as negligible, and the reasons why this shape was chosen for the specimens

were still valid.

Figure 4.6: PLA specimens annealed for 0, 10, 16, 22, 32 and 90 minutes at 103◦C.

When using WAXS to analyse the annealed specimens, the images given by the CCD

detector did not exhibit any orientation in the samples. The crystallisation occurring

during annealing was therefore assumed to be perfectly isotropic and the whole image

was used to calculate the diffraction patterns. As expected, the non-annealed specimens

were completely amorphous. No crystalline peak could be seen in their diffractogram. The

other specimens showed evidence of crystallisation to various degrees. A typical diffraction

pattern is shown in Figure 4.7. This was obtained in the centre of the specimen annealed

for 90 minutes. Comparing the location of the diffraction peaks with data published by

Zhang et al. [63] (see Table 4.2) indicates that the α form, and not the disordered α′ form,

was the more likely form of PLA crystal present in these samples. This is in particular

confirmed by the presence of weaker peaks, not observed in the α′ WAXS spectra by

Zhang et al. at 2θ=6.6◦ and 2θ=11.8◦. No qualitative difference in the diffractograms

was observed among the different samples, nor within each specimen, except in variation

of the overall intensity.

The change of crystallinity through the thickness of each specimen was calculated and
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Figure 4.7: Diffractogram of a specimen annealed for 90 minutes, measured in the centre.

Table 4.2: Position of the main diffraction peak for the α and α′ crystals (Zhang et al. [63], converted
to λ=0.8266 Å), and measured values.

Plane α (◦) α′ (◦) Measured (◦)
n.a.∗ 6.6 - 6.6
(010) 8.0 7.9 7.9

(200)/(110) 8.9 8.8 8.9
(203) 10.2 10.0 10.1
n.a.∗ 11.9 - 11.8

∗ Peaks not assigned in Zhang et al.’s paper.

is displayed in Figure 4.8. It was very interesting to see that, apart from the non-annealed

specimen which did not show any crystallinity, all the samples showed higher crystallinity

in their outer layers (up to approximately 300 µm on each side). In samples annealed

for short times (i.e. 10 minutes), hardly any crystalline peaks could be observed in the

centre of the bars, whereas their outer layers exhibited obvious crystallisation. In the

highly annealed specimens (90 minutes), the outer layers remained more crystalline than

the centre. This showed that the skin of the bars could crystallise faster than the core.

This phenomenon was also observed on extruded PLA beads (experiments not detailed

here), so is not specific to the injection moulded specimens used here. It is believed that

the faster crystallisation of the skin is due to the greater freedom of the polymer molecules
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Figure 4.8: Crystallinity profile through the thickness of the samples annealed for different times, ob-
tained by WAXS measurements.

at the surface of the specimens. In this location, the motion of the polymer chains is less

restricted than in the core of the specimens, where chains are completely surrounded

and entangled with others. This hypothesis is supported by work from Narladkar et

al. who observed a decrease of the glass transition temperature at the surface of semi-

crystalline PLA films, which they attributed to lower entanglement and higher mobility

of the polymer chains [193].

Figure 4.9 shows the evolution of the crystallinity versus the annealing time of the

specimens. The average crystallinity (calculated by averaging the whole curves from

Figure 4.8), the core crystallinity (by averaging the same curves between -1 mm and

+1 mm from the centre), and the crystallinity measured by DSC are shown. It has to

be mentioned that the samples used for the DSC were prepared without preferentially

choosing skin or core, as it was not practically possible to ensure that the measured

material (approx. 5 mg) contained the right relative proportion of skin and core. The

three curves all show the classical sigmoidal shape associated with the crystallisation of

polymers. The average crystallinity is slightly offset compared to the core crystallinity,

due to the presence of the previously mentioned skin. The DSC curve is satisfactorily

close to the curves obtained by WAXS, therefore validating the method used to calculate

the crystallinity from the WAXS diffractograms.
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Figure 4.9: Average crystallinity and crystallinity in the centre of the specimens measured by WAXS
plotted against the annealing time. Crystallinity measured by DSC is also plotted, using
93 J/g as the melting energy of 100% crystalline PLA [40].

4.3.2 CO2 desorption during storage

Measuring the desorption rate of the CO2 during storage at -18◦C of an impregnated non-

annealed specimen gave a curve close to an exponential decay as seen in Figure 4.10. The

curve could actually be closely fitted with a third order exponential decay over a week time.

The first part of the desorption was relatively fast, but slowed down gradually. It took

about two days for the majority of the specimens to reach the CO2 concentration suitable

for foaming (14%). The desorption rate at this level was slow enough (about 0.05%/hour

for a non-annealed sample) to allow foaming at the exact desired concentration.

Although all the samples gave similarly shaped desorption curves, a few differences

could be observed, in terms of initial CO2 concentration (straight after impregnation)

and desorption rate. It was not easy to measure the CO2 concentration directly after

impregnation, mainly because the desorption rate was very fast at that point (estimated

to be close to 0.1%/minute), making the measurements vary significantly. In addition,

it usually took a couple of minutes to transfer the specimens from the pressure vessel to

the balance. In order to estimate the initial CO2 concentration, the concentration data

acquired during the first 100 minutes was extrapolated to t = 0 using a linear fitting.

This method gave the trends plotted on Figure 4.11. It shows that the more crystalline

the samples were (due to longer annealing times), the less blowing agent they absorbed.

This result was expected as the solubility of CO2 in polymers is known to decrease with

increasing crystallinity [107, 108]. Using the second definition of the CO2 concentration
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Figure 4.10: Evolution of the CO2 concentration in a non-annealed sample after impregnation.

(c∗, Equation 4.3), the CO2 absorption in the samples annealed for 90 minutes (23-27%

crystallinity depending on the method) was 25% less than the CO2 absorption in the non-

annealed samples (0% crystallinity). The second definition of the CO2 concentration has

to be considered here as it is additive. This indicates that the amorphous fraction in the

annealed samples absorbed as much CO2 as the non-annealed samples, and consequently

that the annealed samples were saturated with CO2 after 16 hours impregnation despite

a possibly lower diffusion due to the presence of crystals. However, the samples also

crystallised during impregnation (as shown later in this chapter) due to the plasticisation

caused by CO2, and the CO2 molecules are thought to be expelled from the growing crys-

tals [146]. If the expelled CO2 did escape the specimens, the CO2 concentration following

impregnation should be related to the crystallinity after, and not before, impregnation.

The samples annealed for different lengths of time exhibited distinct desorption be-

haviours. Specimens annealed for 32 or 90 minutes lost CO2 via desorption much faster

than specimens annealed for shorter times (16 minutes for example). This difference in

desorption rate among the samples was not easy to spot on a time-concentration plot.

Data was therefore processed into a more explicit form. The time-concentration data cor-

responding to each annealing time was first fitted with a third order exponential decay:

c = c0 +
3∑
i=1

ci · e−
t
ti (4.25)

where c is the concentration, t the storage time, c0, ci and ti fitting coefficients. The
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Figure 4.11: Initial CO2 concentration (immediately after impregnation) versus annealing time.

equations found could then be used to calculate the time needed for each sample to reach

a given CO2 concentration. Time needed to reach 16, 14 and 12% CO2 are plotted in

Figure 4.12. Although the specimens annealed for 10, 16 and 22 minutes had a lower

initial CO2 concentration straight after impregnation than non-annealed samples, the

time required to get this CO2 content down to 14% was significantly much longer than for

the non-annealed specimens. For example, to get the CO2 concentration at the foaming

level of 14%, the non-annealed specimens and the specimens annealed for 16 minutes

required storage times of 52 and 66 hours respectively. This relatively short annealing

time increased the required storage by nearly 27%.

As seen in Subsection 4.3.1, the samples annealed for short times developed a highly

crystalline skin while still retaining an amorphous core. This crystalline skin may have

acted as a barrier for CO2 trapped in the samples and reduced the desorption rate.

Assuming that CO2 did not diffuse through crystal regions, the diffusing CO2 molecules

had to find their way around them [109,194]. This “tortuosity” slowed down the diffusion

and made the more crystalline polymer less permeable to CO2. This has been observed

for PLA by Lehermeier et al. [115] for instance. However, the crystalline profile after

impregnation should also be considered here and will be discussed further in the following

section.
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Figure 4.12: Storage time (at -18◦C) needed to reach the CO2 concentration levels of 16, 14 and 12%
versus the annealing time.

4.3.3 Crystallinity after impregnation

WAXS indicated that the PLA samples developed a significant amount of crystallinity

through CO2 impregnation. This was caused by the CO2-induced plasticisation of PLA,

leading to a decrease of its glass transition temperature, allowing it to crystallise at low

temperatures [121,122]. The raw diffraction images also showed a slight anisotropy of the

material after impregnation. This anisotropy, thought to originate from the CO2-induced

swelling, will be investigated in the next chapter. Therefore, this feature was not taken

into account here, and the whole diffraction pictures were used to calculate the crystalline

nature of the specimens, as in 4.3.1.

Another interesting feature of the diffractograms after impregnation was the coex-

istence of two crystalline structures, mainly observed in the samples annealed for short

times (up to 22 minutes). The ratio between these two structures depended on the location

within the samples. Figure 4.13 shows two crystalline spectra obtained on an impregnated

but non-annealed sample. The one acquired in the centre of the sample appears rather

similar to what was observed after annealing (see Figure 4.7), but the one obtained close

to the edge of the sample is significantly different. The main peak at 2θ=8.8◦ virtually

disappeared while another peak appeared at approximately 2θ=8.1◦. This new crystalline

form will be investigated in detail in the following chapter. In the case of the samples

annealed for longer times, this new crystalline form was not observed but changes were

detected. For example, Figure 4.14 shows that the CO2 impregnation led to a widening,
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as well as a shifting to lower angles, of the diffraction angles in the samples annealed for

90 minutes.
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Figure 4.13: Crystalline WAXS spectra of a non-annealed, impregnated sample, obtained close to the
edge and in the centre.
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Figure 4.14: Crystalline WAXS spectra, before and after impregnation, for the sample annealed for
90 minutes.

Figure 4.15 shows the crystallinity profiles of the annealed then impregnated speci-
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mens. Their shape is similar to the profiles measured before impregnation, with a constant

crystallinity level across the section apart from a higher level in the outer layers. Crys-

tallinity in the centre (calculated by averaging the curves between -1 mm and +1 mm

from the centre) and the overall crystallinity are plotted against the annealing time in

Figure 4.16. It can be seen in these two graphs that even the non-annealed samples de-

veloped a significant level of crystallinity through liquid CO2 impregnation which can be

explained by the plasticisation of PLA by CO2. The more crystallised the samples were

before impregnation, the higher the final crystallinity they were able to develop during

impregnation. As opposed to the crystallinity before impregnation, one can see that the

results provided by DSC and the results provided by WAXS differ noticeably, although

still showing the same trend. These differences are likely due to the presence of the CO2-

induced crystalline form mentioned earlier, of which the melting enthalpy is not known

and assumed to be the same as for the α and α′ form in the calculation.
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Figure 4.15: Crystallinity profile through the thickness of the annealed then impregnated samples,
obtained by WAXS measurements.

4.3.4 Foaming behaviour

CO2 loss during foaming and foam density

During foaming in hot water, bubbles assumed to be CO2 were seen escaping the samples.

The measured gas loss is displayed in Figure 4.17 along with the density results. For the

samples annealed for short times, the amount of gas lost was limited to a few percent. For

the samples annealed for 32 or 90 minutes, this gas loss was significantly larger and was
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Figure 4.16: Average crystallinity and crystallinity in the centre of the specimens after impregnation
measured by WAXS plotted against the annealing time. Crystallinity measured by DSC
is also plotted, using 93 J/g as the melting energy of 100% crystalline PLA [40].

accompanied with a loud crackling sound. In these cases, more than 70% of the blowing

agent present in the samples escaped.

The samples annealed for 32 and 90 minutes did not expand well. The overall density

versus annealing time curve had therefore a similar shape to the CO2 loss curve. This

relationship between CO2 loss and density seems rather logical as density is linked to the

volume of the grown cells and therefore to the amount of blowing agent staying and ex-

panding inside the polymer. The relationship between density and initial crystallinity has

been thoroughly explored by others for different types of semi-crystalline polymers [145],

and the same link has been shown. The samples annealed for 32 and 90 minutes did not

show any expansion at all, even if the change in opaqueness (the samples turned white

during the foaming) suggested the formation of a porous structure which can scatter

visible light.

Cellular structure

The SEM observations showed that the foamed specimens had a uniform structure through

their thickness, with the exception of a visually denser skin (discussed later in 4.4.3). How-

ever, the extent of the annealing substantially affected the cellular structure (Figure 4.18).

With short annealing times, the cellular structure was fine and regular, with the excep-

tion of a few denser regions (for example, after a 16 minutes annealing on Figure 4.18).

They were attributed to small crystallites developed during annealing, where CO2 could
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Figure 4.17: CO2 lost during foaming and density of the foamed samples.

not dissolve during impregnation as CO2 is know to hardly diffuse into crystalline re-

gions [107]. Specimens annealed for longer times showed a denser structure. After an

annealing time of 32 minutes, no proper foamed structure could be observed, only pores

separating large domains of unexpanded polymers could be seen. These domains were

thought to be polymer regions crystallised during annealing in the oven. Only the amor-

phous phase between those regions could be impregnated with CO2 and expanded. These

observations are even more pronounced after 90 minutes annealing, with barely visible

pores. The images shown on Figure 4.18 are strikingly similar to the ones reported by

Doroudiani et al. [145], produced with polymers (PET, PP, HDPE) with varying levels

of initial crystallinity. They explained these observations by the the fact that CO2 only

dissolves in the amorphous part of polymers and by the increased stiffness caused by the

crystals, limiting the expansion of the cells during the foaming.

4.3.5 Density and crystallinity profiling of the foamed samples

The WAXS diffractograms obtained for the foamed samples did not show any sign of

orientation. The density profiles calculated from them also showed that the density was

constant through the thickness (Figure 4.19). The local variation observed in the middle

of the sample prepared after 32 minutes annealing can be attributed to the presence of

larger pores such as the ones seen in Figure 4.18 (f).

A similar observation can be made about the crystallinity profiles displayed in Fig-

ure 4.20. Average crystallinity was calculated from these profiles and plotted along with
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(a) 0’ annealing ×200 (b) 0’ annealing ×1000

(c) 16’ annealing ×200 (d) 16’ annealing ×1000

(e) 32’ annealing ×200 (f) 32’ annealing ×4000

(g) 90’ annealing ×200 (h) 90’ annealing ×1000

Figure 4.18: SEM pictures of annealed specimens after CO2 impregnation and foaming. The left col-
umn is ×200 magnification. The right column is ×1000, with the exception of the 32 min-
utes annealed samples (×4000). Pictures taken in the middle of the cross-sections.
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Figure 4.19: Density profile through the thickness of the foamed samples.

the crystallinity measured after annealing and after impregnation in Figure 4.21. It shows

that foaming in hot water only slightly increased the crystallinity in the samples. This

increase was likely due to a combined effect of heat and local stretching of the matrix,

favouring crystallisation. Strain-induced crystallisation of PLA has been reported on

several occasions in the literature [69,82].
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Figure 4.20: Crystallinity profile through the thickness of the foamed samples.
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Figure 4.21: Evolution of the crystallinity (measured by WAXS) through the process, plotted as a
function of annealing time.

Although the increase of crystallinity through expansion was limited to a few percent,

the crystalline structure itself was strongly affected by the foaming step. The WAXS

results demonstrated that annealing and CO2 impregnation led to a variety of crystalline

structures. On the contrary, foaming levelled these differences. Figure 4.22 shows the

comparison between crystalline spectra developed by annealing and by foaming. The

same WAXS spectrum with wide crystalline peaks was found in all the foamed samples,

apart from the ones annealed for 32 or 90 minutes for which the crystalline structure hardly

changed through foaming and exhibited the same WAXS spectra as after annealing. One

can see that the peak at approximately 2θ=8◦, which was observed after impregnation,

virtually disappeared. The position of the peaks indicates that the crystals are of the

α kind, the same as produced during annealing. However, the diffraction peaks are

significantly wider than after annealing, showing that foaming produced smaller crystals.



82 Influence of the initial crystallinity on the foaming behaviour

7 8 9 1 0 1 1

( 2 0 3 )
1 0 . 1 °

( 2 0 0 ) / ( 1 1 0 )
8 . 9 °

 A n n e a l e d
 F o a m e d

Int
en

sity

2 θ ( °)

Figure 4.22: Comparison between the crystalline spectrum of a sample annealed for 90 minutes (no
impregnation, no foaming) and of a sample after foaming (no annealing).
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4.4 Discussion

4.4.1 Consequences on foaming

Crystallinity was already known to have a strong effect on the foaming behaviour of poly-

mer as an increase in crystallinity of the polymer increases the matrix stiffness, resulting

in poor expandability. In this chapter, the experiments performed on thermally annealed

PLA samples illustrated this very well: the higher the initial crystallinity in the samples,

the lower the expansion.

It is thought that the decreased expansion was not due to the lowered CO2 diffusion or

solubility. We observed that even the annealed samples absorbed a significant amount of

CO2 (21%), although not as high as in the non-annealed ones (26%). However, this CO2

was released out of the samples during the foaming step in hot water without expansion

of the foam. It is likely that the presence of large crystals produced during annealing

inhibited the expansion of the foam by creating a cohesive structure. These observations

are not novel, as they were studied by others [145]. These observations led to the important

conclusion that PLA needs to be in an amorphous state, or at least with a low level of

crystallinity, prior to impregnation in order to achieve good foaming behaviour.

On the other hand, it was also shown that the impregnation itself generated a large

amount of crystallinity in the initially amorphous samples. However, these samples were

still able to expand into low density foams (about 250 g/L). One can wonder why this crys-

tallinity did not affect the foaming ability the way thermal annealing did. It is suspected

that the morphology of the crystalline domains, more than the amount of crystallinity,

had a role to play. Doroudiani et al. also suggested that the texture of the crystalline

phase within the amorphous phase had to be considered [145].

4.4.2 Short annealing and desorption rate

The desorption curves of the annealed samples showed that a slight annealing (10 or

16 minutes for example) of PLA prior to impregnation was beneficial in terms of CO2

retention. The crystallinity profiles of samples annealed for short times showed that the

majority of the samples were still amorphous with a highly crystalline skin. Therefore, this

skin was assumed to be the reason for the slower desorption rate, as crystalline domains

are known to slow down the diffusion of mobile molecules.

The crystallinity profiles measured after impregnation revealed that contact with CO2

induced crystallisation of PLA. After impregnation, the samples annealed for 10 or 16 min-

utes at 103◦C and the non-annealed samples showed very similar profiles, with a central

uniform crystallinity and a highly crystalline skin. However, their desorption behaviour

during storage was clearly different. For instance, 27% more time was required to get the
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CO2 concentration down to 14% for the samples annealed for 16 minutes compared to the

non-annealed samples. Consequently, the explanation proposed previously (crystalline

skin acting as a barrier) seems wrong.

A closer look at the crystal structure of the skin after impregnation showed that

the non-annealed samples and the samples annealed for a short time each had distinct

structures. Figure 4.23 shows the diffractogram obtained for the skin (after impregnation)

of a non-annealed sample and a sample annealed for 16 minutes. The sample which had

been annealed had a skin with a crystalline structure corresponding to the α or α′ form

of PLA. This structure developed during the annealing in the oven, and remained largely

unchanged during the impregnation. On the contrary, the non-annealed sample, which

was completely amorphous prior to impregnation had a skin with the crystalline structure

observed by Mihai et al. [59], caused by exposure to CO2.
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Figure 4.23: Diffraction pattern measured 200 µm from the surface of impregnated specimens an-
nealed for 16 minutes and non-annealed.

This difference in crystalline structure could explain the difference in desorption be-

haviour. The crystalline structure which grew during CO2 impregnation may have a

different behaviour regarding gas diffusion compared to the α or α′ structure grown upon

annealing. It is known that CO2 induces swelling when absorbed by a polymer matrix

and in PLA in particular [105, 111]. This swelling, and the change of free-volume as-

sociated with it, affects the diffusion of penetrating molecules, even after the CO2 has

been completely removed as shown by Kim et al. using polyimide membranes [195].

Positron annihilation lifetime spectroscopy performed on syndiotactic polystyrene [124]

and poly(ethylene naphthalate) [123] showed that CO2 treatment could induce crystalli-
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sation of the polymer as well as an increase in the free-volume of the amorphous phase of

the semi-crystalline polymer. It seems therefore plausible that the highly crystalline skin

developed in the samples during CO2 impregnation possessed a high level of free-volume

in its amorphous fraction, caused by the swelling due to CO2. This could have resulted in

a larger CO2 diffusivity, compared to the skin developed by annealing, as the annealing

step induced crystallinity which prevented the polymer from swelling when exposed to

CO2. The exact crystalline topology (crystal size, lamellar thickness) could also have

affected the diffusion by controlling the “tortuosity” of the amorphous phase [109].

4.4.3 Foam skin

A feature observed in the foamed samples was the high density skin that can be seen

on Figure 4.24. This layer, deprived of expanded cells, was previously attributed to a

lack of blowing agent, because of the diffusion of CO2 out of the samples, either during

the storage period or during the foaming step. During the conditioning step following

impregnation, the CO2 desorption is expected to lead to a CO2 depletion in this region.

This effect was modelled by Wessling et al. using polycarbonate [98]. In their work, the

thickness of the skin could even be predicted as a function of the desorption time following

the CO2 impregnation. Although this modelled effect likely contributed to the presence

of a skin in our samples, the crystallinity profiles measured by WAXS provided a novel

explanation. The high crystallinity of the outer layers of the specimens observed after

impregnation (Figure 4.15) is likely to have restrained the expansion of the material in

these regions during foaming, resulting in a high density skin. The fact that the thickness

of the highly crystalline skin in the impregnated specimens and the thickness of the dense

skin in the foamed specimens match (about 100 to 200 µm), also supports this hypothesis.

This finding may look anecdotal but may have some important consequences. Since

the layer is unlikely to expand well, it could be an obstacle to the foaming of the whole

specimen, especially if the specimen is small (for example, small diameter beads). It could

also prevent the surface of the expanding beads to bend and follow the curvature of the

surrounding environment during fusing in a mould, leading to a lack of edge definition in

the final product.
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Figure 4.24: Skin observable after foaming. Non-annealed specimen, impregnated at 0◦C.
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4.5 Conclusion

The effect of the initial crystallinity of PLA on its foaming behaviour was investigated. In

agreement with published papers, it was found that initial crystallinity was detrimental

to foam expansion. This is thought to be caused by the rigidity of the crystalline network,

restraining expansion, more than the lowered CO2 solubility. Quenching the polymer into

an amorphous state prior to foam-processing is therefore essential for good expansion.

On the other hand, it was shown that a short annealing was beneficial in terms of

CO2 retention as it created a crystalline skin slowing down the diffusion of CO2 out of

the sample during the conditioning step, without compromising the foaming ability of the

bulk polymer.

A crystalline skin was also observed after impregnation of non-annealed samples. How-

ever, this CO2-induced crystallinity did not increase CO2 retention to the same extent. It

was also suggested that this crystalline layer was partly responsible for the high-density

foam skin observed by microscopy.

Other notable observations were the anisotropic crystallisation during CO2 impregna-

tion as well as the coexistence of two crystalline form within the samples. These features

will be investigated in more detail in the following chapter.



88 Influence of the initial crystallinity on the foaming behaviour



5
Influence of the impregnation

temperature on the foaming behaviour

5.1 Introduction

In Chapter 3, some combined effects of the crystallinity and the impregnation temperature

on the foaming behaviour of PLA were observed. It was suggested that these effects were

due to the CO2-induced crystallisation of PLA during the impregnation step, and the

influence of temperature on the crystallisation rate. Such observations were not surprising

as many papers on similar topics have already been published [79,141,142,145]. However,

although providing valuable information, these published studies were rather different

from the conditions involved in the BPN technology which focuses on liquid CO2 and not

gaseous or supercritical CO2. Further work was therefore required to understand the role

of crystallinity in the BPN process.

In the previous chapter (Chapter 4), the effect of the initial crystallinity on the foaming

behaviour was studied. The results, in agreement with the literature, confirmed that

crystallinity reduced the foaming ability of PLA, possibly by creating a cohesive network

in the matrix. In addition, peculiarities in the CO2-induced crystallisation were observed

(anisotropy and polymorphism for instance).

In the present chapter, the effect of the impregnation temperature will be investigated,

allowing to answer the questions raised in Chapter 3, using Chapter 4 as a reference. The

89
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anisotropy and polymorphism caused by CO2 will also be studied.
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5.2 Methods

The methods employed for this chapter were very similar, some of them identical, to the

methods used in the previous chapter. In those cases, they will only be briefly described.

Methods specific to this chapter, essentially the WAXS and SAXS methods, will however

be detailed.

5.2.1 Sample preparation, impregnation and foaming

The samples used in this chapter were identical to the ones used in Chapter 4 (8.2%D

blend, injection-moulded samples), the only difference being that they were not oven-

annealed prior to impregnation. Please refer to Figure 4.1 in Chapter 4 for sample geom-

etry and axis assignment.

The same procedure was used for CO2 impregnation. However, in the present case,

temperature was varied in the range from −10 to 25◦C. Pressure was modified accordingly

in order to remain in the liquid phase. For each impregnation temperature, pressure was

chosen 20 bar above the saturation point of CO2. Exact values are presented in Table 5.1.

In addition to the CO2 uptake study performed at 0◦C in the previous chapter (see 4.2.2), a

similar study at 20◦C was conducted here. The experimental data and the fitted Fickian

model are shown for both temperatures in Figure 5.1. Both temperatures gave nearly

identical diffusion coefficients (approximately 0.9×10−6 cm/s). The same impregnation

time (16 hours) was therefore chosen for CO2 impregnation in the −10 to 25◦C range.

Table 5.1: Impregnation parameters for the different experiments.

Temperature (◦C) Pressure (bar)
−10 46

0 55
10 65
20 77
25 84

Foaming was done in hot water (70◦C) for 60 seconds, at a nominal CO2 concentration

of 14%. CO2 loss during foaming was measured as in the previous chapter (Equation 4.4).

5.2.2 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was performed using a TA Instruments Q-series

DSC. About 5 mg of material (with CO2 concentration lowered to a negligible level) was

used for each measurement, and triplicates were tested. the samples were heated from 20

to 200◦C at 5◦C/minute. The initial crystalline fraction (Xc in %) was calculated as:
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Figure 5.1: CO2 uptake of the samples as a function of impregnation time at 0 and 20◦C. A Fickian
model (dashed line) is fitted onto the experimental data.

Xc = 100× ∆Hm −∆Hc

93
(5.1)

∆Hc and ∆Hm are the absolute areas (in J/g) of the cold-crystallisation and melting

peaks respectively.

5.2.3 WAXS/SAXS setup

The X-ray diffraction experiments were carried on the WAXS/SAXS beamline at the

Australian Synchrotron in Melbourne, Australia. For the WAXS and SAXS experiments,

the samples were placed so that the x-axis was vertical, the y-axis horizontal and the

z-axis parallel to the X-ray beam. The samples were scanned every 200 µm along the

x-axis, in the centre of the sample. Contrary to the method used previously in Chapter 4,

no Kapton® was used to encapsulate the samples in order to minimise the background

effects.

The WAXS experiments were performed with a 334 mm camera at a wavelength of

λ=0.6888 Å (18 keV). The circular MAR165 detector was offset along the diagonal (see

Figure 5.2 (a)). This setup allowed to get all the major diffraction in the x and y directions

for values of 2θ up to nearly 20◦. In order to make comparisons with the previous chapter

easier, in which a wavelength of 0.8266 Å (15 keV) was used, the results reported in this
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chapter were converted using the following relationship:

sin(θ1)

λ1

=
sin(θ2)

λ2

(5.2)

The SAXS experiments was performed at λ = 1.0332 Å, on a 7.27 m long camera. The

detector used was a Pilatus1M. As this detector was composed of several chips, it was

necessary to use it in “gapless mode” (three images taken with the detector in different

positions, and re-assembled into one composite image) in order to suppress the physical

gaps between the chips. Scattered X-rays were collected up to about 0.08 Å−1 along the

main axes. This is illustrated in Figure 5.2 (b).

5.2.4 WAXS data processing

The SAXS15ID Version 3.296 software (provided by the Australian Synchrotron) was used

to extract the spectra from the image files produced by the detector. The program in

particular allowed to either integrate the whole diffractograms or to integrate azimuthal

angular sectors.

Overall integration

In the first place, the overall diffractograms were integrated, without taking the possi-

ble anisotropy into consideration. The integrated intensity versus 2θ signals were then

exported into text files usable by programs such as Microsoft Excel. The processing of

these spectra was very similar to what done previously in Chapter 4. The first step of

the processing of the spectra was to remove the background, due to the diffraction by air

and the windows used in the camera. This background was measured as a blank shot and

subtracted from each spectrum. The contribution of the background to the whole signal

was small (less than 5%). The second step of the processing was to separate amorphous

and crystalline fractions of the signal. In order to do so, a non-impregnated amorphous

sample served as a reference. Its WAXS spectrum was fitted with a series of four Gaussian

peaks:

y = y0 +
4∑
i=1

Ai

wi
√

π
2

· e
−2· (2θ−2θi)

2

w2
i (5.3)

where y is the signal, y0 an offset coefficient and Ai, wi and 2θi the area, width and

centre of the ith peak respectively. It was then assumed that the presence of crystals in the

samples did not affect the width and position of amorphous peaks, and that only their

respective areas were changing. Therefore, only five parameters (y0 and the Ai) were
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(a)

(b)

Figure 5.2: Example of X-ray diffraction TIFF images produced by the detector, with axis assignment:
(a) WAXS experiments (MAR165 detector) and (b) SAXS experiments (Pilatus1M detec-
tor).

manually adjusted to fit the amorphous part of each spectrum. Subtracting the fitted

amorphous contribution from the spectrum then gave the crystalline-only spectrum. This

method is virtually identical to the one used previously (see 4.2.5).
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Calculating the crystallinity

In the previous chapter, we showed that the crystallinity (Xc in %) was calculated using

the following formula:

Xc = 100 · C

C + A1 + A2

(5.4)

where A1 and A2 are the area of the first two amorphous peaks and C is the integrated

area of the main crystalline diffraction peaks. In the previous chapter, where we used

λ=0.8266 Å, we showed that integrating the crystalline peaks from 2θ=7◦ to 2θ=11◦

gave results very close to what determined by DSC. With λ=0.6888 Å, these integration

bounds became 5.83◦ and 9.16◦.

Sector integration and anisotropy

The diffraction was strongly anisotropic in some cases as can be seen in the Figure 5.2 (a).

This anisotropy, related to the orientation of the crystals as will be discussed later, was

qualitatively the same for all the diffractograms with the same diffraction peaks oriented

on the y-axis. In order to study this anisotropy, SAXS15ID was used to decompose the

WAXS diffractograms into 10◦ azimuthal sectors from 0 to 360◦. It appeared that the

amorphous part of the spectra showed no dependence on the azimuthal angle φ, and

that only the crystalline peaks varied with φ. This meant that the amorphous coefficient

found previously when integrating the overall diffractograms could be used to subtract,

the amorphous spectrum and calculate the crystallinity associated with each azimuthal

sector. A Scilab script was used to perform this processing task (Appendix B).

A common way of assessing the orientation of crystals in polymer is to use Herman’s

orientation function [196]. Researchers have used this function on PLA specimens previ-

ously [55,197,198]. This orientation function is calculated as:

F =
3 · cos2(φ)− 1

2
(5.5)

where cos2(φ) is calculated as:

cos2(φ) =

∫ π/2
0

I(φ)sin(φ)cos2(φ) dφ∫ π/2
0

I(φ)sin(φ) dφ
(5.6)

where φ is the azimuthal angle, and I the diffracted intensity. Perfect orientation along

the x-axis would give F = 1, and along the y-axis F = −0.5. An isotropic diffraction

would give F = 0. This orientation function presents the inconvenience of amalgamating

direction of orientation and degree of orientation into one single value. In our case, all
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the diffractograms were oriented in the same direction, apart from a possible small angle

resulting from slight sample misalignment. We therefore decided to assess the anisotropy

with a simpler formula:

F =
Xmax(φ)−Xmin(φ)

Xmean(φ)
(5.7)

This equation was included in the Scilab script and gave the same trends as what was

given by Herman’s orientation function.

5.2.5 SAXS data processing

The diffraction features (peaks, anisotropy) obtained with the SAXS setup were very

subtle, and required careful data processing to be extracted. As for the WAXS data

processing, the SAXS data was extracted using the SAXS15ID program. The exported

results were based on an accurate absolute intensity scale. All calculations of baselines,

peaks and anisotropy were performed using a Scilab script (see Appendix C). Guinier

analysis of the low-q range was done using Origin 8.1.

Diffraction peak and anisotropy

Using SAXS15ID, each diffraction image was decomposed into 10◦ azimuthal sectors from

0 to 360◦. Some of the sectors were affected by the presence of the beamstop and the fact

that the images were not exactly centred on the beam. These were discarded. This did

not affect the results as the diffractograms were symmetrical and only a single intact 180◦

azimuthal sector was enough to characterise the whole SAXS diffraction.

The first operation performed by the Scilab script was to subtract the contribution of

air background from the diffractograms. The obtained diffractograms were also normalised

by their respective sample’s depth.

As can be observed in Figure 5.3, some diffractograms (not all, depending on sample

and azimuth) exhibited a peak in the 0.03 to 0.05 Å−1 region. This clear peak was

attributed to the presence of a defined crystalline lamellar structure [21, 58,199]. On the

other hand, the scattering at lower angles was assumed to be linked to cavities in the

polymer [55, 197]. It was therefore decided to separate these two distinct contributions

by fitting a baseline curve and then subtract it to isolate the peak. In order to do so,

it was assumed that the peak due to the lamellar structure did not contribute to the

diffractograms outside the 0.025 to 0.06 Å−1 region and the following equation was fitted

onto the intensity data I for q ∈ [0.015; 0.025] ∪ [0.06; 0.07]:

I =
a1

q
+
a2

q2
+
a3

q3
+
a4

q4
(5.8)
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where the ai are the fitting parameters. This fitting was done using a linear regression

method on:

I · q = a1 +
a2

q
+
a3

q2
+
a4

q3
(5.9)

The baseline was then subtracted and the resulting signal integrated from 0.02 to 0.06 Å−1

to get the peak intensity Ip. The position of the peak qmax was used to calculate the long

spacing L of the lamellar structure:

L =
2 · π
qmax

(5.10)

The regression parameters appeared to depend on the azimuth, so this procedure was

performed on each 10◦ sector. The degree of anisotropy of the material was then calculated

as with the WAXS data using Equation 5.7, replacing X with Ip.
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Figure 5.3: Illustration of the baseline fitting process for the SAXS data, with original data, fitted curve
and isolated peak.

Low q-range diffraction

The low-q diffraction range, assumed to be produced by cavities in the polymer, was

analysed using methods found in various papers [197, 200, 201]. For this analysis, the

whole SAXS diffractogram was used without taking the anisotropy into account. The

method was based on Guinier’s equation that describes the SAXS diffraction I(q) caused
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by N groups of cavities:

I(q) = K

N∑
i=1

Vi · exp
(
−R

2
i · q2

3

)
(5.11)

where K is a constant, and Vi and Ri the volume and radius of the ith group of cavities.

Fitting of this equation was performed using Origin 8.1 and a non-linear fitting pro-

cedure. It was difficult to obtain a close fit of the data using this equation. However,

in order to get an estimate of the size of the cavities and compare their intensity among

the samples, a series of two terms (N = 2) adjusted with a constant I0 was used to fit

the signals for q ≤ 0.02 Å (air background subtracted, and normalised by the sample’s

depth). Equation 5.11 then became:

I(q) = I0 + A1 · exp
(
−R

2
1 · q2

3

)
+ A2 · exp

(
−R

2
2 · q2

3

)
(5.12)

where A1 and A2 amalgamate the constant K and V1 and V2 respectively.

5.2.6 Foam characterisation

The foamed samples were characterised using the same methods as in the previous chapter.

Density was measured by water displacement and cellular structure assessed by scanning

electron microscopy (SEM, Jeol JSM 6700F). Simultaneous crystallinity and density pro-

filing using X-ray scattering were performed as described previously (see Chapter 4 for

details).
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5.3 Results

5.3.1 CO2 uptake and desorption during storage

The samples impregnated at different temperatures exhibited similar CO2 concentration

decay curves during the storage step in the freezer (Figure 5.4), although the CO2 uptake

varied. This CO2 uptake is plotted against impregnation temperature in Figure 5.5. It was

observed that CO2 uptake following impregnation decreased with increasing impregnation

temperature. It is known that the solubility of CO2 in PLA decreases with increasing

temperature [105, 116]. The percentage crystallinity in the samples, resulting from CO2

exposure, was not taken into account here, although it could have affected the CO2

solubility.
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Figure 5.4: CO2 concentration of the samples impregnated at different temperatures during storage
time (log scale) at -18◦C .

5.3.2 Crystallinity after impregnation

The DSC traces obtained for the samples impregnated at various temperatures are dis-

played in Figure 5.6. These show that CO2 exposure induced significant crystallinity in

the samples. CO2 is a known plasticiser for PLA, allowing higher chain mobility and

hence crystal formation [202]. The corresponding values of crystallinity, calculated using

Equation 5.4, are plotted against impregnation temperature in Figure 5.7. One can see

that the crystallinity of the PLA, as measured by DSC, increased with increasing impreg-

nation temperature, going from about 8% at −10◦C to about 18% at 25◦C. Such effect
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Figure 5.5: Initial CO2 concentration versus impregnation temperature.

has been observed previously [79,117], and is not surprising due to the strong influence of

temperature on the crystallisation of polymers. For example, Zhai et al. studied the crys-

tallisation behaviour of semi-crystalline PLA (4.3%D) in supercritical CO2 and observed

an increase in crystallinity with increasing treatment temperature (25 to 100◦C), followed

by a drop at higher temperatures [79]. They explained this increase by the higher chain

mobility at higher temperatures.

Although this explanation seems satisfying, other factors could be involved, such as

the effect of the CO2 concentration in PLA. CO2 solubility in PLA is known to increase

with decreasing temperature, such data being published mainly in the case of gaseous

CO2 [105,116]. This is also valid for liquid CO2 as shown in the present experiments (see

Figure 5.5). The concentration in the samples after impregnation was approximately 23%

and 28% after impregnation at 25◦C and −10◦C respectively. Therefore, more plasticisa-

tion was achieved at lower temperature. Using data from Witt [203], this increased CO2

concentration from 23 to 28% was equivalent to a Tg decrease of approximately 27◦C,

which is smaller than the span of the temperature range (35◦C). The effect of the CO2

concentration was therefore less than the effect of the temperature.

In addition to the overall crystallinity, the cold-crystallisation peak observed on the

DSC traces was also affected by the impregnation temperature. Starting from nearly

7 J/g at −10◦C, it decreased with increasing impregnation temperature and virtually dis-

appeared at 20 and 25◦C. The non-treated samples did not exhibit any cold-crystallisation

peak, which can be explained by the slow crystallisation rate of this blend. Despite this
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inherent low crystallisation rate of the PLA used, the samples impregnated below 10◦C

showed a cold-crystallisation peak at around 90◦C. It can be speculated that this is a

result of the formation of crystals during impregnation that only needed to grow during

the DSC heat ramp. On the contrary, the crystals in the non-impregnated samples re-

quired nucleation in addition to growth, making cold-crystallisation more difficult with

the 5◦C/minute heat ramp used.
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Figure 5.6: DSC traces obtained on the samples impregnated at various temperatures (single heat
ramp, 5◦C/minute).

5.3.3 WAXS after impregnation

Crystallinity profiles

The crystallinity profiles of the samples impregnated at different temperatures, as mea-

sured by WAXS, are displayed in Figure 5.8. For each sample, the crystallinity appeared

approximately constant through the sample, with the exception of the skin, where it was

significantly higher. Measuring the crystallinity at the edge of the samples was more

difficult than in the core, as the signal-to-noise ratio in this area can be reduced if only

part of the X-ray beam effectively went through the samples, making the calculation less

trustworthy. However, the same observation has been made on oven-annealed samples,

where crystalline peaks clearly appeared on the edge of the samples while the core re-

mained amorphous. Therefore, it is believed that this increase in crystallinity seen in

Figure 5.8 is real. It is suggested that this effect was caused by a higher mobility of the
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polymer chains at the sample-liquid CO2 interface. The non-treated sample (profile not

displayed in Figure 5.8) did not exhibit any crystalline peak, confirming that the rapid

cooling in the injection-moulding machine left the samples in an amorphous state.
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Figure 5.7: Crystallinity as a function of impregnation temperature (DSC and WAXS results). The
crystallinity based on the WAXS results was calculated in two ways: by averaging the
curves displayed in Figure 5.8 (i) across the whole thickness of each sample, or (ii) between
-1 mm and +1 mm from the centre.

The corresponding crystallinities are plotted against impregnation temperature in Fig-

ure 5.7 along with the crystallinities obtained by DSC. The crystallinity calculated using

the whole thickness of the samples is slightly higher than the crystallinity calculated by

averaging the WAXS results in the central part of the samples, due to the contribution

of the skin, but still showed the same trend. Agreement with DSC results is good for the

samples impregnated above 10◦C, but limited for the samples impregnated at lower tem-

perature. Differences between a X-ray diffraction method and calorimetric DSC method

are known to inevitably occur for various reasons [70]. For example, uncertainties remain

about the melting energy of 100% crystalline PLA, in particular when several crystalline

forms are involved. In addition, crystal defects, orientation and morphology can also af-

fect X-ray measurements. In the previous chapter, a good agreement was found between

the X-ray and DSC methods when performed on thermally annealed samples. However,

significant differences were observed after CO2 impregnation.
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Figure 5.8: Crystallinity profiles (calculated from WAXS) of the samples impregnated at various tem-
peratures.

Crystalline phases

Several types of crystal structure have been reported for PLA. PLA samples thermally

annealed developed a pseudo-orthorhombic structure, the α form [66, 68]. A disordered

variation of the same crystalline arrangement, the α′ form, has also been reported [21,

32,75]. More recently, some researchers observed an unusual X-ray diffraction pattern in

PLA treated with CO2 [59, 79]. Beside attributing this new feature to a “re-organisation

of the crystalline structure”, no explanation was suggested. Marubayashi et al. later

published a more in-depth study of the effect of CO2 on the crystalline structure of

PLA films (0.2 mm thick), covering a wide range of treatment temperature (0 to 70◦C)

and pressure (30 to 150 bar) [70], therefore covering the gas, liquid and supercritical

phases. They named the new CO2-induced crystalline form, obtained after degassing

of the samples under vacuum, the α′′ form. In particular, that showed that under the

CO2 pressure/temperature conditions corresponding to liquid CO2, only the α′′ form was

produced. In a further study, the same authors showed that the crystalline structure also

depended on the desorption procedure after CO2 treatment [64]. Full degassing under

vacuum was necessary to produce the α′′ form. Partial degassing produced a structure

with significantly wider d-spacings.

Although the percentage crystallinity appeared constant through the thickness of the

impregnated samples (with the exception of the skin), the crystal type varied through

the thickness of each sample. Figure 5.9 shows the evolution of the WAXS diffractogram

through a sample impregnated at 0◦C. One can see the transition from a predominant
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peak at 2θ=8.8◦ in the centre of the sample to a predominant peak at 2θ=8.1◦ close to the

edge. The former peak is characteristic of the α (or α′) crystalline form (2θ=16.7◦ with

Cu Kα radiation) corresponding to either the (1 1 0) or (2 0 0) planes [29]. The position

of the latter (2θ=15.3◦ with Cu Kα radiation) corresponds to the values published by

Mihai et al. (15◦) [59] and Zhai et al. (15.3◦) [79]. It is also very close to the value

reported by Marubayashi et al. on samples stored at low temperature (5◦C) after CO2

treatment (15.1◦) [64]. This is therefore not the α′′ form as such but its precursor, as the

present samples were not fully degassed under vacuum. In their papers, Marubayashi et

al. assumed that this new peak was still due to the (2 0 0)/(1 1 0) crystalline planes and

explained the lower diffraction angle, compared to the α and α′ forms, by the inclusion

of CO2 molecules within the unit cell, preventing a close packing of the chains, and thus

increasing the d-spacing of these crystalline planes [64,70]. The wider d-spacing of the α′′

precursor compared to the α′′ foam was due to remaining CO2 trapped in the unit-cell.
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Figure 5.9: Diffractograms obtained on the sample impregnated at 0◦C at various distances from the
centre.

The progressive evolution from the α′′ precursor to the α form through the thickness

of the samples was the same regardless of the impregnation temperature as can be seen

in Figure 5.10, although at 25◦C, the proportion of α form seemed to decrease slightly in

the centre.

Marubayashi et al. only observed the α′′ form or its precursor under the same im-

pregnation conditions. This is likely to be due to the thin samples they used ( up to

0.45 mm) [64,70]. As can be seen in Figure 5.10, the α form did not appear until a depth

of about 0.5 mm.
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Figure 5.10: Colour mapping (the darker, the higher the diffracted intensity) of the crystalline-only
spectra through the thickness of the samples impregnated with liquid CO2 from −10 to
25◦C. The α′′ precursor (8.1◦) and the α form (8.8◦) are predominant on the edge and in
the centre respectively.

Anisotropy

Another interesting feature of the crystalline structure of the samples was the anisotropy

as already noted in Figure 5.2. All the diffractograms, regardless of impregnation tem-
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perature, or position within each sample, exhibited the same orientation but of different

amplitude. The peaks caused by the diffraction on the (2 0 0)/(1 1 0) planes were oriented

along the y-axis. Another major diffraction peak, at around 2θ=17.5◦, was oriented along

the x-axis. This peak was produced by the planes (0 0 10) and (1 0 10) [54].

The degree of anisotropy varied dramatically depending on the impregnation tempera-

ture. Examples (−10 and 20◦C) are displayed in Figure 5.11. The orientation the sample

impregnated at 20◦C is very subtle, whereas the sample impregnated at −10◦C is strongly

anisotropic. The corresponding anisotropy factors were calculated using Equation 5.7 and

the results shown in Figure 5.12. In this graph, it can be seen that the degree of orien-

tation is rather low near the edge of the samples, and higher in the centre. Moreover,

the impregnation temperature of 10◦C seems to mark a transition between quasi-isotropic

and highly oriented crystallisation.

5.3.4 SAXS after impregnation

In addition to the data on the crystal forms obtained by WAXS, SAXS can provide

information on the morphology of polymers but on a larger scale. Figure 5.13 shows

the typical SAXS spectra obtained on the samples. The two main features on which we

will focus can be observed on the spectra: (i) the peak at around 0.035-0.040 Å, caused

by the lamellar arrangement of the crystals, and (ii) the diffraction in the low-q range

(q ≤ 0.02 Å) likely to be due to the presence of small cavities in the polymer. Apart from

some changes in the intensity of the peak, the SAXS spectra appeared relatively constant

through the thickness of each sample.

All the samples exhibited an intense oriented diffraction when the X-ray beam hit the

edge. This was attributed to surface irregularities scattering the X-rays. This affected

a few shots on each side of the samples, due to the width of the beam and possible

misalignment of the sample. Therefore, spectra acquired on the edge of the samples were

difficult to analyse or interpret, and consequently discarded.

Diffraction peak

We first consider the spectra averaged over the azimuth, therefore not considering the

anisotropy of the samples.

The amorphous sample gave a spectrum that was exactly the same through its thick-

ness, apart from the edge effects just mentioned. No peak could be detected, and the

low-q diffraction was negligible compared to the other samples. The absence of peak was

due to the absence of crystallinity in the sample as showed by WAXS.

On the contrary, all the other samples exhibited a peak, approximately at the same

value of q. In Figure 5.13, it appears that the intensity of the peak decreased significantly
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(a)

(b)

Figure 5.11: 2D WAXS pattern taken in the centre of the samples impregnated at (a) −10◦C and (b)
20◦C. The axis are oriented as in Figure 5.2.
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Figure 5.12: Anisotropy factor, calculated from WAXS, plotted against the position across the thick-
ness of each sample.
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Figure 5.13: Typical SAXS spectra for the non-treated and treated samples. These spectra were
measured approximately in the centre of the samples, where the peak at 0.035-0.040 Å
was the strongest. The entire image was integrated to produced each spectrum, i.e. not
taking the possible anisotropy into account.

with decreasing impregnation temperature. However, processing the data as detailed in

the methods section soon revealed that this trend was only a visual effect caused by the

stronger low-q diffraction at low impregnation temperatures. Once the peak was isolated
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from the background for each azimuthal sector and then averaged, all the impregnated

samples exhibited peaks of approximately the same intensity. The intensity of the peak is

plotted against the position for the sample impregnated at 10◦C in Figure 5.14. All other

impregnated samples gave almost identical profiles. One can see a bell-shaped profile with

the SAXS peak’s intensity at its maximum in the middle of the sample and reaching near-

zero values close to the edge. Surprisingly, the shape of the profiles does not correspond

to the flat crystallinity profiles seen in Figure 5.8. This suggests that, although the level

of crystallinity stayed constant through each sample (again apart from the skin effect),

the crystals slowly lost their lamellar ordering when closer to the edge of the sample.
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Figure 5.14: SAXS peak intensity profiles the sample impregnated at 10◦C. This profile is based on
the whole diffraction images without considering the possible anisotropy.

The value of q = qmax was used to calculate the long-spacing L of the lamellar struc-

ture, using Equation 5.10. The results, averaged between -1 and +1 mm from the centre

of each samples, are displayed in Table 5.2. All the samples appeared to have the same

long-spacing of approximately 17 nm. This value is slightly lower than what is commonly

reported in the literature for thermally crystallised PLA. Several authors reported values

ranging from 20 to 30 nm, depending on molecular weight and crystallisation tempera-

ture [21, 29,58,204]. This long-spacing did not appear to vary through the samples.

Anisotropy

As for WAXS, the SAXS diffraction was strongly oriented in some cases. This was hardly

visible on the images produced by the detector but was clear once the lamellar peak was

isolated from the background. Figure 5.15 shows two examples of SAXS images (low-q



110 Influence of the impregnation temperature on the foaming behaviour

Table 5.2: Long-spacing L of the lamellar structure, average between -1 and +1 mm from the centre
of each sample.

Temperature (◦C) Long spacing (nm) Std. dev. (nm)
−10 16.6 4.0

0 16.9 3.7
10 16.8 3.4
20 16.9 2.6
25 17.3 3.6

background subtracted), one from the sample impregnated at −10◦C (a) and the other

impregnated at 20◦C (b). They were both obtained from the centre of their respective

sample. While the sample impregnated at −10◦C is strongly oriented, the anisotropy in

the one impregnated at 20◦C is very subtle. In all cases where anisotropy was visible,

the strong SAXS diffraction was oriented along the x-axis, therefore perpendicularly to

the WAXS diffraction. This is in agreement with observations on oriented PLA found

in published papers [67, 197], showing that the lamellar stack was perpendicular to the

x-axis. This orientation of the crystalline superstructure will be further discussed later.

Figure 5.16 shows the anisotropy profiles calculated from SAXS. This graph is rather

different from the profiles calculated from WAXS (Figure 5.12), but still shows an in-

creased orientation with decreasing impregnation temperature.

Low q-range diffraction

The impregnated samples exhibited a significantly stronger intensity in the low-q range,

which appeared to increase with decreasing impregnation temperature. According to

several authors, this low-q intensity was induced by cavities in the material [197, 205].

The presence of cavities in the impregnated samples can be explained by the action

of dissolved CO2 which induced swelling of the polymer [111], and increase of its free-

volume [123] even long after the CO2 has left the samples [110,195]. Koga and Saito also

reported the formation of pores in high-density polyethylene (HDPE) and poly(vinylidene

fluoride) (PVDF) crystallised under CO2 caused by exclusion of the CO2 from the growing

crystals [189]. These CO2-induced cavities created periodic variations in the electron

density, and therefore X-ray diffraction.

As described in the methods section, the low-q range (q ≤ 0.02 Å) was analysed using

Guinier’s equation. The low-q diffraction was tentatively modelled using two groups of

cavities. The calculated values (A1, A2, R1 and R2) appeared constant through the

thickness of the samples impregnated at 10◦C and above, and for the non impregnated

sample. In the case of the samples impregnated at −10 and 0◦C, the intensities A1 and

A2 increased slightly in the centre of the bars, but with rather constant R1 and R2.
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Figure 5.15: Examples of SAXS diffraction images acquired in the centre of samples impregnated at
(a) −10◦C and (b) 20◦C. Both images had their low-q background subtracted and were
reconstructed by symmetry to remove the beam-stop. The xaxis is vertical.

As an example, the evolution of A1 through the thickness of the samples is plotted in

Figure 5.17. As already noticeable on Figure 5.3, the intensity of the low-q diffraction

after an impregnation at 0 and −10◦C was an order of magnitude higher than after

an impregnation at higher temperature (10◦C and above). The intensity for the non-

treated sample was similar to the intensity observed after impregnation at 10◦C and above.

Results of the Guinier analysis are reported in Table 5.3. They show that the radius of

the two populations of cavities was hardly affected by the impregnation temperature nor
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Figure 5.16: Anisotropy factor profiles, calculated from SAXS.

the impregnation itself (approximately 110 nm and 50 nm), but only their intensity (i.e.

their number) changed.
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Figure 5.17: Evolution of the intensity A1 of the first group of cavities through the thickness of the
samples.
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Table 5.3: Results of the Guinier analysis averaged between -1 and +1 mm from the centre of the
samples.

Impregnation A1 (a.u) R1 (nm) A2 (a.u) R2 (nm)
temperature (◦C)

−10 7.4×105 110 6.0×104 50
0 6.7×105 102 7.1×104 48
10 4.7×104 106 4.1×103 44
20 8.0×104 116 6.8×103 53
25 9.9×104 118 8.2×103 53

Non-treated 8.0×104 118 6.8×104 54

5.3.5 Foaming behaviour

CO2 loss during foaming and density

The density of the foamed samples and the amount of CO2 lost during foaming are

displayed in Figure 5.18, plotted against the impregnation temperature. Samples impreg-

nated at 10◦C and below expanded well (about 230 g/L) and only a small amount of

CO2 was lost during foaming. Samples impregnated at 20 and 25◦C expanded to signif-

icantly higher density and a large amount of CO2 escaped the samples during foaming

(up to 60%). This high loss of CO2 was comparable to the CO2 loss in annealed samples

as described in the previous chapter, suggesting similarities between the two cases. The

specimens impregnated at 20◦C and above also exhibited unique features with an irregular

shape and better expansion at the surface than in the core (Figure 5.19).

Cellular structure

The cellular structures of the foamed samples observed by SEM varied significantly de-

pending on the impregnation temperature, but also depending on the location within

each specimen. For the specimens impregnated at the lowest temperature (i.e. −10◦C),

the foamed structure looked relatively uniform, whereas at the highest temperature (i.e.

25◦C), the structure exhibited a strong skin-to-core gradient. These two extreme cases

can be seen in Figure 5.20. Observations of samples prepared by impregnation at inter-

mediate temperatures showed that the strength of this gradient increased with increasing

impregnation temperature.

As said previously, no obvious gradient in the foam appearance across the sample

impregnated at −10◦C was observed (apart from variations in cell size which was not

quantified). Figure 5.21 shows a typical cellular structure observed in one of these speci-

mens. The cell walls were relatively thick in places but the general structure was fine and

homogeneous.

Figure 5.22 shows the structure of a specimen foamed after an impregnation at 10◦C.
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Figure 5.18: CO2 lost during foaming and density after foaming as a function of impregnation temper-
ature.

The picture was taken approximately halfway between the centre and the edge of the cross-

section. However, it is representative of the whole specimen. A well-expanded structure

similar to the one on Figure 5.21 can be seen, surrounding islands of unexpanded material.

The structure of the foam remained quite similar through the thickness of the specimen,

but the proportion of these unexpanded regions increased closer to the centre of the bars.

These observations would suggest a higher overall density than the specimens prepared

by impregnation at lower temperatures, however the measured densities were very similar

(about 225 g/L at −10◦C, 235 g/L at 10◦C).

After an impregnation at higher temperature, the gradient was even more pronounced.

For example, after a 20◦C impregnation, while the outer part of the specimens were prop-

erly foamed (see Figure 5.20 (b)), the core hardly expanded. Figure 5.23 shows solid

PLA regions with bands of foamed material separating them. This could be easily inter-

preted as amorphous regions trapped between large crystalline blocks. This is very similar

to what was observed for the specimens annealed for 32 minutes prior to impregnation,

as seen in the previous chapter (Figure 4.18 (f)). This again suggests some similarities

between impregnation at “high” temperature and pre-impregnation annealing.

5.3.6 Density and crystallinity profile of the foamed samples

The crystallinity profiles determined by WAXS of the foamed samples impregnated at

different temperatures is shown in Figure 5.24. It can be seen that these profiles are
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Figure 5.19: Foamed specimens after impregnation at 10, 20 and 25◦C.

relatively flat with the exception of a more crystalline skin. This feature was also observed

after impregnation and therefore is not likely to be a consequence of the foaming step.

The samples prepared by impregnation above 10◦C exhibited a slight rise of crystallinity

in their centre, which agrees with the SEM pictures showing dense areas of materials that

were suspected to be regions of PLA with a high degree of crystallinity.

It is also important to note that, for each foamed sample, the crystallinity profiles

showed higher values than for the corresponding impregnated samples. This proves that

the foaming itself induced some crystallisation in PLA. This could be due to the heat

provided to the material, but more likely to the local stretching of the polymer which is

known to increase the crystallinity of PLA [69,82,140].

The density profiles acquired simultaneously by WAXS confirmed the SEM observa-

tions. These profiles are displayed in Figure 5.25. Impregnations at -10 and 0◦C gave

uniform density profiles, even if one could see a slight gradient with increased density

in the centre of the bars. This gradient was more obvious for the samples prepared

by impregnation at 10◦C. This gradient was also visible on the low magnification SEM

pictures.

The foamed samples prepared by impregnation at 20◦C and above showed a more

complex density profile, with a high density core, a medium density outer region and a

lower density intermediate layer. The low density intermediate region exhibited values

(about 100 g/L) half of what was measured for the well foamed samples. This profile is
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(a)

(b)

Figure 5.20: Low magnification SEM pictures of specimens foamed after impregnation at (a) −10◦C
and (b) 20◦C.
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Figure 5.21: Structure of a foamed specimen after impregnation at −10◦C. Picture taken in the centre
of the specimen.

Figure 5.22: Structure of a foamed specimen after impregnation at 10◦C. Picture taken halfway be-
tween the skin and the core of the specimen.



118 Influence of the impregnation temperature on the foaming behaviour

Figure 5.23: Structure of a foamed specimen after impregnation at 20◦C. Picture taken approximately
in the centre of the specimen.
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Figure 5.24: Crystallinity profile through the thickness of the foamed samples (impregnation temper-
atures indicated on the graph). For clarity, not all the samples are shown.

again in agreement with the SEM observations. It is suspected that this low density in the

intermediate region was caused by the CO2 migrating from the non-expanding core during
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foaming. As the core was not expanding properly (likely due to the crystalline nature

of the material as will be discussed later), the CO2 migrated towards the outside of the

sample. The low-density intermediate region could therefore be due to an accumulation

of gas originating from the centre of the samples, thus leading to oversized cells. These

oversized cells were also strongly oriented as seen in Figure 5.26. This was the only

noticeable case of oriented foaming among all the samples. This migration of CO2 was

also reflected by the large amount of CO2 loss as mentioned earlier.
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Figure 5.25: Density profile through the thickness of the foamed samples (impregnation temperatures
indicated on the graph). For clarity, not all the samples are shown.

This local orientation was observed in the WAXS diffractions images which showed

strong anisotropy. Figure 5.27 shows a comparison between the diffraction pattern in an

isotropic region and an anisotropic region of the same sample impregnated at 25◦C and

then foamed. The first picture exhibits concentric diffraction rings with no orientation. In

the second picture, the same rings are not complete, only arcs can be seen. The position

of the main diffraction peaks corresponds to what was observed by Pluta and Galeski

when deforming PLA [54]. This shows that the c-axis of the PLA crystals had the same

orientation as the elongated foam cell in Figure 5.26.
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Figure 5.26: SEM picture of a sample foamed after impregnation at 25◦C. The orange arrow shows
the orientation of the elongated cells in the intermediate region.
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(a)

(b)

Figure 5.27: Two WAXS patterns obtained on a sample foamed after impregnation at 25◦C: (a) close
to the edge of the specimen and (b) in the intermediate region. The orientation of the
sample is shown. The main diffraction peaks are also indicated.
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5.4 Discussion

5.4.1 Crystalline forms (α and α′′ precursor)

As mentioned previously, Marubayashi et al. explained the existence of the α′′ crystalline

form and its precursor by the incorporation of CO2 molecules within the α unit-cell,

therefore widening the distance between the (2 0 0) planes [64, 70]. This presence of

trapped molecules produced permanent cavities in the crystal structure, in a similar way

as for the nanoporous δ crystalline phase in syndiotactic polystyrene (s-PS). Marubayashi

et al. also showed that this α′′ form was the only one produced when impregnating

thin PLA films with liquid CO2. On the contrary, in the present experiments, the α

form was also observed , independently of the impregnation temperature. However, the

ratio between α and α′′ precursor depended on the position within the sample, α being

predominant in the centre and α′′ precursor predominant close to the surface. As suggested

earlier in the chapter, it is likely that Marubayashi et al. did not observe the α form after

impregnation in liquid CO2 because they used thin samples (less than 0.5 mm thick).

It is suggested that this variation in α/α′′ precursor ratio originated from the CO2

absorption and crystallisation kinetics. Absorption kinetics in the samples used in these

experiments are easily modelled using equations developed by Crank [106], assuming that

the samples’ width-to-thickness ratio was high enough to consider the diffusion unidirec-

tional, and that the diffusion coefficient D was independent of the concentration. The

following equation can be used (taken from [105] and also used by many other authors):

C

C∞
= 1− 4

π

∞∑
n=0

(−1)n

2n+ 1
e
−Dt

(2n+ 1)2π2

4l2 cos

[
(2n+ 1)πx

2l

]
(5.13)

where C is the CO2 concentration, C∞ the equilibrium concentration, D the diffusion

coefficient of CO2 in PLA, t the impregnation time, l the half-thickness of the specimen

and x the position along the x-direction. In this equation, x = 0 corresponds to the

centre of the specimen, x = l corresponds to the edge of the specimen. This equation also

assumes that the diffusion was not affected by the PLA crystallisation, and neglects the

effects of swelling. Applying Equation 5.13 leads to the curves shown in Figure 5.28. These

curves are for illustration purpose only, but show the different CO2 uptake behaviour at

a point close to the edge of the specimen and at a point in the centre. Close to the

surface of the samples, the rate of CO2 uptake, ∂C/∂t, was fast. Therefore, in this

region, the CO2-induced crystallisation occurred in an environment quickly saturated

with CO2, meaning that the incorporation of CO2 molecules within the unit-cell was

highly likely, producing the structure described by Marubayashi et al.. On the contrary,
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in the centre of the samples, the rate of CO2 uptake, ∂C/∂t, was comparatively slow,

allowing the crystallinity to develop before the material was saturated with CO2, limiting

the incorporation of CO2 in the crystals, thus leading to the more ordered α crystalline

phase. Of course, this explanation is rather simplified and a proper description of the

mechanisms at play should involve the influence of the temperature on both diffusion and

crystallisation rate, and also the influence of the CO2 concentration on the crystallisation

rate.

Figure 5.28: Evolution of the CO2 concentration in the centre of the specimens and in the outer layer
during the impregnation. This graph is just for illustration purpose.

This transition between α and α′′ precursor can therefore be described as a transition

between ordered and disordered polymer crystal structure. This is supported by the

SAXS results, which showed that the lamellar organisation of the crystals depended on

the distance to the surface, as seen in Figure 5.14. A clear lamellar ordering was observed

in the centre of the samples, whereas it virtually disappeared close to the surface. The

same explanation, based on the CO2 diffusion, can be used here.

5.4.2 Anisotropy

The anisotropy of the material in the xy-plane was another major feature observed in the

X-ray experiments. This was observed by both SAXS and WAXS, mainly in the samples

impregnated at lower temperatures (below 10◦C). Figure 5.29 shows the effect of tem-

perature on the anisotropy factor calculated using Equation 5.7. Both X-ray techniques

gave similar results, with low orientation after impregnation above 10◦C and increasing
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anisotropy with decreasing temperature. This correlation between WAXS and SAXS re-

sults has been observed in the past [67, 197] and is due to the stacking of the crystalline

lamellae, the lamellar planes being perpendicular to the c-axis of the PLA crystalline

unit-cell.

- 1 5 - 1 0 - 5 0 5 1 0 1 5 2 0 2 5 3 0
0 . 0

0 . 5

1 . 0

1 . 5

2 . 0

2 . 5

3 . 0

An
iso

tro
py

 fa
cto

r

I m p r e g n a t i o n  t e m p e r a t u r e  ( °C )

 W A X S
 S A X S

Figure 5.29: Anisotropy factor calculated from WAXS and SAXS as a function of impregnation tem-
perature. These results are averaged from the anisotropy factor measured between -1
and +1 mm from the centre of the samples.

Injection-moulding is a process that inevitably generates orientation in polymeric ma-

terials. One can therefore think that the orientation observed on the impregnated samples

stemmed from this process-induced orientation. However, no sign of orientation could be

found in the SAXS and WAXS diffractograms of the non-impregnated sample. Though

we cannot definitively rule out the influence of the injection-moulding step, we believe

the strong orientation observed originated from the CO2-induced swelling of the polymer

during impregnation.

The CO2 diffusion into the samples, along the line scanned during the X-ray ex-

periments, can be considered as unidirectional, oriented along the x-axis. During the

impregnation, the CO2 absorption induced swelling of the polymer [111]. Due to the

diffusion kinetics, and the resulting CO2 concentration gradient within the sample, this

swelling was not homogeneous. In particular, in the early stage of the impregnation, the

material at the surface of the samples swelled more than the core where CO2 had not

had enough time to penetrate. This restriction imposed by the solid core resulted in a

“plane-strain” type of strain field, forcing PLA to plastically flow along the x-axis only.

Once plastically deformed and crystallised, these outer layers acted as constraints forcing
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the core to deform in the same direction, along the x-axis. This situation is very close

to the plane-strain compression in a channel-die used by Pluta and Galeski [54]. They

observed an orientation of the WAXS diffraction, with the peak associated to the (2 0 0)

plane perpendicular to the flow direction. However, they saw no sign of periodic lamel-

lar organisation of the crystals. Other studies on deformation of PLA (for example, by

Zhang et al. [197]) showed similar orientation as what we observed, i.e. lamellae stacked

perpendicularly to the strain direction.

The thickness and width of some impregnated samples were measured, after a long

storage period, therefore with minimal CO2 left. The swelling ratio in each direction

was calculated as lf/li, where li and lf are initial and final dimensions respectively. The

results are shown in Figure 5.30, plotted against impregnation temperature. The graph

shows that the width decreased and the thickness increased during impregnation and

that this change was irreversible (i.e. remained after CO2 desorption). This supports the

explanation based on swelling for the origin of the anisotropy, as it demonstrates that the

material preferentially flowed along the x-axis during impregnation.
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Figure 5.30: Swelling ratios measured on the samples impregnated at various temperatures. Mea-
surements were performed after complete CO2 desorption.

5.4.3 Crystalline superstructure

Based on these results and some published references, a description the crystalline super-

structure and its dependence on the impregnation temperature could be made. Among the

references used, Marubayashi et al.’s papers were the most relevant [64,70]. Marubayashi
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et al. observed a transition from a spherulitic crystalline structure, when impregnating

PLA with liquid CO2 above 15◦C, to a nano-rod structure when impregnating below 15◦C.

They explain this unique transition by the effect of CO2 concentration on the nucleation

density of PLA crystals. Decreasing temperature and increasing CO2 concentration led

to increasing crystal nuclei density, thus decreasing spherulite radius. Below 15◦C, the

number of nuclei became so high that the nuclei could not grow into spherulites [70].

The transition temperature observed by Marubayashi et al. is very close to the one

observed in this work (approximately 10◦C). In the present experiments, this transition

was characterised by a change from quasi-isotropic to strongly oriented crystalline mor-

phology, indicated by both SAXS and WAXS experiments. The quasi-isotropic WAXS

and SAXS diffractograms obtained on samples impregnated above 10◦C are compatible

with a spherulitic structure, where lamellae and crystalline planes diffracted X-ray in a

random fashion. On the contrary, the diffractograms obtained on the samples impreg-

nated below 10◦C exclude the presence of a sperulitic structure. However, the crystals

are still arranged in lamellar stacks with a long-spacing L of about 17 nm, as shown by

the peak in the SAXS diffractograms.

In addition to the lamellar structure, SAXS provided some degree of information on the

presence of cavities in PLA. Although the Guinier analysis can be questioned, it showed

that the size of the cavities was rather independent of the impregnation temperature, in

the order of 100 nm. However, the number of these cavities in the samples impregnated

below 10◦C was an order of magnitude higher compared to the samples impregnated

above 10◦C. Their size, much larger that the long-spacing L, make them unlikely to be

located within the lamellar structure, but in the amorphous regions or at the crystallite/

amorphous interface instead.

The proposed PLA morphology with crystalline structure and CO2-induced cavities

is illustrated in Figure 5.31.

5.4.4 Consequences on foaming

Crystallinity is already known to have a strong effect on the foaming behaviour of polymer

using CO2 as a blowing agent [43,145,146]. In particular, it is often stated that increasing

crystallinity decreases CO2 diffusion and solubility, and increases the matrix stiffness

resulting in poor expandability. In the previous chapter, the experiments performed

on thermally annealed PLA samples illustrated this very well: the higher the initial

crystallinity in the samples, the lower the expansion. It was clear that the presence of

large crystals inhibited the expansion of the foam by creating a cohesive structure. These

observations are not novel, as they were studied by others [145], but confirmed that the

same phenomena are present in the BPN process.

More interestingly, in the present chapter, it appeared that the foaming behaviour
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(a)

(b)

Figure 5.31: Illustration of the crystalline superstructure developed during liquid CO2 impregnation
performed (a) above 10◦C and (b) below 10◦C. Cavities are depicted as blue circles. On
both drawings, the x-axis is vertical and the y-axis horizontal.
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was strongly dependant on the impregnation temperature. This effect is not thought to

be caused by a CO2 concentration effect. The impregnation temperature of 10◦C marked

a transition between two foaming regimes. The percentage of crystallinity varied only

a little, and in a linear fashion, across the temperature range used. In addition, the

percentage crystallinity was constant through the thickness of each sample (apart from

the skin effect), whereas the cellular morphology varied strongly across the thickness of

the foamed samples. This made a direct link between percentage crystallinity and foaming

behaviour unlikely.

The samples impregnated at temperatures lower than 10◦C produced foams with a

well-defined closed-cell structure, although with moderate expansion (density of 200-

250 g/L), small cells (in the order of 10 µm diameter) and relatively thick cell walls. The

crystalline morphology developed under low impregnation temperature, and illustrated in

Figure 5.31 (b), therefore allowed foaming. It is likely that, even with a significant level of

crystallinity of about 15%, the polymer structure consisting of small crystallites and large

cavities in the amorphous phase did not create a network strong enough to hinder cell

growth. However, such small crystallites may have significantly increased the elongation

viscosity of the matrix, making cell wall stretching difficult, thus resulting in the observed

thick walls, small cells and higher density than typically desired for most applications

(targeted densities are in the 20-60 g/L range).

Samples impregnated above 10◦C exhibited poor foaming behaviour. Samples im-

pregnated at 10◦C still foamed relatively well, with densities similar to what measured on

the samples impregnated at lower temperature, but SEM pictures revealed small patches

of unexpanded material. For samples foamed after impregnation at higher temperature,

these patches grew in size to the point of being predominant compared to the porous

regions. In the centre of such samples, density reached values as high as 600 g/L as mea-

sured by X-ray density profiling. These unexpanded regions are thought to be regions of

high crystallinity. This is mainly suggested by the similarities between the SEM images

taken in the samples thermally annealed and in the centre of the samples impregnated at

high temperature. With the information provided by the combined WAXS/SAXS experi-

ments, it is likely that they correspond to spherulitic formations. The spherulites formed

under impregnation above 10◦C had good cohesion. Although CO2 may have been present

in the inter-lamellar amorphous parts of the spherulites, or even included within the unit-

cell as suggested by Marubayashi et al. [70], their structure allowed them to keep their

integrity through the foaming process. They also provided a strong network in the PLA

matrix, hindering the overall expansion. Although the core of the samples impregnated

at 20 and 25◦C exhibited poor expansion, the outer layers still showed low density cellu-

lar structures. As seen in Figure 5.14, the SAXS peak caused by the crystalline lamellae

stacking became weak close to the surface of the samples. This indicates that the lamellar
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ordering tended to disappear near the surface of the samples. This disorder close to the

surface was also confirmed by the presence of the α′′ precursor type of PLA crystals. It is

likely that this disorder was detrimental to the strength of the crystalline network, thus

making foaming of this area easier than in the core. In addition, the CO2 escaping the

non-expanding core was probably feeding the outer layers of the samples with blowing

agent, providing further help for cell growth and foaming.

As a result, the comparison between X-ray results and foaming experiments showed

that the crystallinity, seen only as a percentage, did not directly control the foaming be-

haviour of semi-crystalline PLA. The crystalline structure was more crucial. A spherulitic

structure, similar to what is produced by oven-annealing, was formed when impregnating

PLA with CO2 above 10◦C, and was detrimental to foaming due to the cohesive network it

created. Smaller crystals formed at lower impregnation temperatures, while still affecting

the expansion of the cells, allowed the development of a well-defined foam structure.
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5.5 Conclusion

The CO2-induced crystallisation of PLA samples (3 mm thick) was investigated in this

chapter. The focus was made on the effect of the temperature on the crystallinity, and

crystalline structure developed during CO2 impregnation, in the -10 to +25◦C range.

DSC and WAXS showed that the percentage crystallinity followed a nearly linear trend

when plotted against impregnation temperature. WAXS also revealed that the percentage

crystallinity was constant throughout the samples, with the exception of the skin (approx.

300 µm) where the crystallinity was significantly higher.

Although crystallinity was constant, the crystal structure varied through the thickness

of the samples. Two crystal forms coexisted in the samples: the α′′ form (or it precursor)

which was predominant close to the surface, and the α form predominant in the centre.

The ratio between the two phases did not appear to be significantly influenced by the

impregnation temperature. It was suggested that the evolution of this ratio through the

samples originated from a combined effect of crystallisation and CO2 absorption.

WAXS and SAXS experiments showed that the crystalline superstructure depended on

the impregnation temperature, and that two distinct crystallisation behaviours existed,

below and above 10◦C respectively. Other authors observed a similar transition [70].

Samples impregnated below 10◦C were strongly anisotropic, a feature attributed to the

swelling of the polymer during impregnation. They did not develop a spherulitic structure

but still exhibited a clear crystalline lamellar structure as shown by SAXS. SAXS also

indicated the presence of sub-micrometer cavities in the polymer. Samples impregnated

above 10◦C were only slightly oriented, and developed a spherulitic structure. Cavities

were also detected but an order of magnitude lower in number.

The characterised morphology of the polymer was shown to drive the foaming ability

of PLA. Samples impregnated below 10◦C produced foams with a uniform closed-cells

structure. This structure is desired for expanded PLA. On the contrary, samples im-

pregnated above 10◦C gave poor expansion, with areas of virtually solid PLA separated

by channels of porous material. This was correlated to the strong crystalline network

provided by the PLA spherulites.



6
Low temperature impregnation of

semi-crystalline PLA

6.1 Introduction

The BPN foaming process originally used mostly amorphous grades of polylactic acid

(PLA) [9]. Amorphous grades were initially found to be more readily expandable. The

difficulty in processing semi-crystalline PLA was mainly attributed to the high rigidity

of the matrix, making expansion difficult [145], but also to the lower solubility of CO2 in

semi-crystalline thermoplastics [107,108]. These reasons are perfectly valid and have been

studied by many research groups working on PLA and other polymers [43, 141, 145, 146].

The work presented in the previous chapters highlighted the effects of crystallinity on

the foaming behaviour of PLA. Many observations agreed well with what was already

published in the literature. It was also shown that the initial level of crystallinity in the

polymer, as well as the liquid CO2 impregnation temperature used in the BPN process, had

a tremendous effect on the foaming ability of semi-crystalline PLA. Chapter 4 showed that

PLA had to be in an amorphous state before impregnation. Unfortunately, the liquid CO2

impregnation induced crystallisation of PLA, hindering subsequent expansion. Chapter 5

demonstrated that a lower impregnation temperature resulted in a unique morphology

that allowed better foaming of semi-crystalline PLA. These observations were extremely

promising as they indicated that ways to manipulate the crystallisation of PLA during

131
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the process, and thus its foaming behaviour, were available.

Although PLA is regularly stated as having similar properties as other commodity

polymers, suggesting a potential to partially substitute PP, PE or PET in many appli-

cations [1], a major drawback is its lack of heat resistance, due to a low glass transition

temperature and slow crystallisation. These issues are shared by both solid and foamed

PLA [206]. Studies showed significant improvements in the heat resistance of injection-

moulded specimens, if crystallisation is promoted [30,47]. For this reason, much effort has

be focused on improving the crystallisation behaviour of PLA, using plasticisers and nucle-

ating agents [207], improving the optical purity [208] or using stereocomplex PLA [175].

These methods are suitable to processes such as injection-moulding but are not easily

transferred to a foaming process due to the difficulties of foaming semi-crystalline grades.

Succeeding in producing PLA foams with high crystallinity could therefore bring sig-

nificant improvements to the properties of PLA foams, mainly in terms of heat resistance.

The previous chapters indicated that adjusting the impregnation temperature could be

the first step towards this goal. Intuitively, the next logical step involves using PLA with

higher optical purity and lower impregnation temperatures. Only a fraction of the tem-

perature range spanned by liquid CO2 was covered in the previous chapter where trials

were conducted to temperatures as low as -10◦C. However, the triple point of CO2 is at

-56.6◦C.

For this chapter, three semi-crystalline grades of PLA were used, covering a wide range

of D-contents (approximately 1 to 8%D). Impregnation temperatures as low as -50◦C were

investigated. After a study of liquid CO2 uptake in PLA at those temperatures, the effect

of impregnation temperature and D-content on foaming behaviour was investigated. An

amorphous grade was also used for comparison where required.
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6.2 Methods

6.2.1 Extrusion

Three semi-crystalline PLA grades were used in this study: NatureWorks’ Ingeo 3001D,

4042D and a 40% 4042D - 60% 8302D blend. PLA 3001D contains 1.4% (±0.2%) D-

isomer [47] which makes it one of the most crystalline grades provided by NatureWorks.

PLA 4042D contains 4.3% D-isomer [209] and the blend about 7.7%. These polymers

were referred to as PLA-1.4, PLA-4.3 and PLA-7.7 respectively. For comparison, an

amorphous grade, NatureWorks’ Ingeo 4060D (11.8%D), was also used in some experi-

ments (CO2 uptake). This grade was referred to as PLA-11.8. The materials, previously

dried overnight at 45◦C, were extruded (and blended in the case of the PLA-7.7) using a

LabTech single-screw extruder (model LE20-30/C) at 30 rpm. The temperature profile in

the extruder was (from feeder to die): 170, 180, 175 and 175◦C. The extruded strand was

cooled using a water bath (ensuring that the material was quenched into an amorphous

state) and pulled using a pelletiser in which the cutting wheel had been removed. This

method produced regular strands with a constant, nearly circular, cross-section. The

extruded material was then conditioned at 23◦C and 50% RH for at least 48 hours be-

fore use. The strands were then cut into approximately 15 mm long rods. This type of

sample was chosen for several reasons including foaming behaviour similar to beads, easy

handling, and ease to prepare cross-sections for microscopy.

In this work, the focus was made on PLA-1.4 due to its high crystallinity. PLA-4.3

and PLA-7.7 were studied less in depth.

6.2.2 CO2 impregnation

A general diagram of the impregnation system is shown in Figure 6.1. It was composed

of a 10 mL high pressure vessel (Figure 6.2) placed into an insulated flask, a secondary

high-volume pressure vessel pre-filled with the desired pressure, a Bruker PID controller

and a 10 L liquid nitrogen dewar from which nitrogen gas was evaporated to cool down the

impregnation vessel to the desired temperature. Two thermocouples were used to monitor

the temperature of the system, one inside the 10 mL vessel itself and a another inside

the insulated flask. All the impregnation temperatures used in this work were between

-50 and 0◦C. In the case of 0◦C, it was found easier to use a iced water bath to control

the temperature. The pressure was set at 5 or 20 bar above the saturation line of CO2,

ensuring that CO2 was in a liquid state.

As it was expected that the foaming behaviour of semi-crystalline PLA could be very

sensitive to the impregnation temperature, a precise procedure was followed each time.

The rod samples were placed in the vessel’s cavity and the vessel closed tightly. The vessel
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Figure 6.1: Low temperature impregnation setup.

Figure 6.2: The 10 mL pressure vessel used for impregnation of the samples.
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was then placed into the insulated flask and all the connections made (thermocouples,

nitrogen gas inlet and liquid CO2 inlet). The cooling system was started. It took up

to 20 minutes reach the desired temperature inside the vessel, as the vessel had a high

thermal inertia and nitrogen gas is a relatively poor heat carrier. Once the temperature

inside the vessel reached the desired value, an equilibrium time of 15 to 20 minutes was

used to ensure that the temperature was uniform through the pressure cell and that the

samples themselves were at the correct temperature. The valve between the secondary

CO2 vessel and the pressure cell was then opened, letting the liquid CO2 contact the

samples. Thanks to the high volume ratio between the two vessel, hardly any change

of pressure was observed when doing this. On the contrary, the temperature inside the

pressure cell increased suddenly by up to about 30◦C due to the incoming CO2, but

the high thermal capacity of the cell itself ensure that its internal temperature quickly

returned to the desired one, within a few minutes. After the impregnation time had

elapsed (the exact time depended on the experiment), the pressure cell was disconnected

from the other appliances, the pressure released and the samples removed.

During the impregnation, the temperature inside the pressure vessel was logged.

The actual impregnation temperature, which could differ slightly from its nominal value

(±2◦C), was then re-calculated by averaging of the time-temperature data recorded during

impregnation.

6.2.3 CO2 uptake kinetics

The samples were prepared by wrapping 0.3-0.5 g of PLA rods (accurately weighed to the

nearest mg) in aluminium foil. About 6 to 8 bundles were placed in the pressure cell. By

weighing the samples before and immediately after the impregnation, their average CO2

concentration (c in %) could be calculated as:

c = 100 · w − w0

w
(6.1)

where w0 and w are initial and final weights respectively. An alternative definition of the

CO2 concentration could be:

c∗ = 100 · w − w0

w0

(6.2)

However, as will be seen later, the first definition gave better results when fitted with

mathematical models and, therefore, will be used throughout the study.

Such a method was time-consuming as it required multiple experiments per temper-

ature tested. Therefore, the CO2 uptake kinetics were only measured at -50◦C and 0◦C

with the pressure set at 20 bar above the saturation line of CO2. In order to assess the
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effect of liquid CO2 pressure, additional experiments were conducted on PLA-1.4 with a

pressure set at 5 bar above the saturation line of CO2. The temperatures and pressures

used are summarised in Table 6.1. The shape and length-to-diameter ratio of the rods

allowed to model the diffusion of CO2 as a cylindrical problem. By applying the simplest

case possible and considering the CO2 diffusion to be Fickian with coefficient of diffu-

sion (D), and also neglecting the swelling, the CO2 uptake could be described using the

following equation, taken from Crank [106]:

c = c∞ ·

[
1− 4 ·

∞∑
n=1

1

j2
0,n

· exp(
−j2

0,nDt

r2
)

]
(6.3)

where c is the concentration, c∞ the solubility of CO2 in the sample, t the time elapsed

since the CO2 contacted the samples, r the radius of the rods and j0,n the nth zero of the

zero-order Bessel function. Only the first 20 terms in the summations were calculated and

the values of j0,n taken from Abramowitz and Stegun [210]. This model was fitted onto

the experimental data using a Scilab script (attached in Appendix D). In this script, the

value of solubility was directly entered as the plateau value of the absorption curve, only

leaving D as unknown parameter.

Table 6.1: Impregnation parameters for the liquid CO2 uptake study.

Temperature (◦C) Pressure (bar)
-50 12/27
-0 35/55

6.2.4 Solubility measurements

The extruded samples were impregnated at temperatures ranging from -50◦C to 0◦C

for times long enough to ensure saturation with CO2. For a particular PLA grade and

impregnation temperature, the impregnation time used was greater than 1.5×τ , where

τ is the nominal impregnation time based on the CO2 uptake kinetics results and is

defined in Equation 6.8 in the results section. Under these conditions, it was assumed

that the samples were saturated. Once the impregnation was complete, the samples were

removed from the impregnation vessel and immediately weighed to calculate their CO2

concentration using Equation 6.1.
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6.2.5 Effect of impregnation temperature and CO2 concentra-

tion on foaming

In order to assess the effects of the impregnation temperature on the foaming behaviour,

CO2 impregnations were carried out between -50 and -20◦C with the pressure set at 20 bar

above the saturation line of CO2. The exact impregnation times (τ) were determined from

the CO2 uptake experiments (see results and explanations in 6.3.1). The parameters are

listed in Table 6.2.

Table 6.2: Impregnation parameters for subsequent foaming.

Time (τ , minutes)

Temperature (◦C) PLA-1.4 PLA-4.3 PLA-7.7 Pressure (bar)
-50 200 167 145 27
-40 167 135 116 30
-35 154 122 105 32
-30 142 111 95 34
-20 122 93 79 40

When the impregnation was completed as described in 6.2.2, the samples were removed

from the pressure cell and directly placed into an insulated flask inside a freezer at -18◦C.

The role of the flask was to limit the possible variations of temperature occurring when

opening the freezer. No weighing of the samples was done immediately after impregnation

when the samples were to be foamed. Trials showed that the weighing could affect the

foaming behaviour of the rods. Although it did not seem to modify the desorption rate of

the rods, samples weighed at least once during the storage step could not be successfully

foamed later on. This could be attributed to a slight warming up of the samples (even

if it took only 1-2 minutes) and potential re-crystallisation of PLA. In order to avoid

this occurrence, the samples were weighed, and their CO2 concentration calculated using

Equation 6.1, only just before being foamed. The use of several aluminium-wrapped

bundles allowed testing the foaming at various CO2 concentration, typically from above

20% down to around 15%. PLA-1.4 and PLA-4.3 were foamed in hot water (80◦C) for

20 seconds, then quenched in an ice-water mixture and left to dry under a strong air flow

at room temperature. PLA-7.7 was foamed at 75◦C as 80◦C appeared too harsh at high

CO2 concentrations and led to significant collapse. Densities were measured by water

displacement after at least 48 hours at 20◦C/50% RH.

The foaming of the amorphous PLA-11.8 was not studied in this chapter as the im-

pregnated PLA-11.8 appeared very unstable after impregnation at low temperatures and

foamed spontaneously during the storage in freezer.

In Chapter 3, no obvious effect of the pressure on foam density or foam morphology
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was observed. This was suspected to be caused by the fact that CO2 was used in its liquid

form, and the liquid density is not significantly affected by the applied pressure. On the

contrary, when working with gaseous CO2, pressure has a tremendous effect, in terms of

CO2 uptake [105,111], polymer cold-crystallisation [121] and consequently foaming itself.

In order to clarify this point, additional experiments were performed with PLA-1.4 using

lower impregnation pressure (5 bar above the saturation line of CO2 instead of 20 bar).

The corresponding parameters are listed in Table 6.3.

Table 6.3: Low pressure impregnation parameters for subsequent foaming (PLA-1.4 only).

Temperature (◦C) Time (minutes) Pressure (bar)
-50 200 12
-40 167 15
-35 154 17
-30 142 19
-20 122 25

6.2.6 Scanning electron microscopy (SEM)

Foamed samples were prepared for Scanning Electron Microscopy (SEM) by fracturing

them in liquid nitrogen. The exposed cross-sections were then cut from the samples and

mounted onto a sample holder and coated with chromium. A Jeol field emission scanning

electron microscope JSM 6700F was used.
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6.3 Results

6.3.1 CO2 uptake kinetics

The CO2 uptake in PLA-1.4 obtained at -50 and 0◦C for both pressure levels (5 and

20 bar above the saturation line of CO2) are shown in Figure 6.3. The CO2 pressure

did not affect the CO2 uptake, either in term of solubility or diffusion coefficient, as the

different pressure levels gave the same uptake versus time curves. This is valid for both the

impregnation performed at -50◦C and 0◦C and assumed to be true also for intermediate

temperatures, and for the other grades of PLA. This is likely to be due to the fact that the

density of the liquid CO2 is not significantly affected by the pressure applied to it. The

fitted Fickian model is also plotted in the same graph for PLA-1.4 (dashed lines) for both

temperatures. Visually, the chosen model fitted the data very closely, despite its relative

simplicity. This was achieved using the concentration as defined in Equation 6.1. The

values of D for PLA-1.4 given by the fitting script were 0.34·10−6 and 0.73·10−6 cm2/s

at -50 and 0◦C, respectively. This means that for this PLA grade CO2 diffusion at -50◦C

was about half as fast as at 0◦C. Indeed, for a given radius (r), the ratio c/c∞ is function

of the product Dt only, as shown by Equation 6.3. Solubility was also largely affected by

the temperature, being about 23% at 0◦C and 40% at -50◦C. The results for the three

semi-crystalline grades and the amorphous grade are displayed in Table 6.4 and Table 6.5.
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Figure 6.3: CO2 uptake in PLA-1.4 at -50 and 0◦C with fitted models in dashed lines.

The data presented in these tables is also displayed in Figure 6.4. One can see that

the solubility in PLA decreased with decreasing D-content at both temperatures. At
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Table 6.4: Diffusion coefficients, D (10−6 cm2/s), of CO2 in PLA obtained from fitting of the Fickian
model.

Temperature (◦C) PLA-1.4 PLA-4.3 PLA-7.7 PLA-11.8
-50 0.34 0.34 0.42 0.37
0 0.73 0.83 1.09 1.62

Table 6.5: Solubilities, c∞ (%), of CO2 in PLA obtained from fitting of the Fickian model.

Temperature (◦C) PLA-1.4 PLA-4.3 PLA-7.7 PLA-11.8
-50 40.2 41.6 43.2 50.3
0 22.9 24.6 25.4 28.3

0◦C, the diffusion coefficient of CO2 in PLA also decreased with decreasing D-content.

These were likely due to the increased ability of the PLA to crystallise with decreasing

D-content. With more crystallinity developed in PLA during impregnation, diffusion

was slowed down [109] and less CO2 could be absorbed due to the smaller amorphous

fraction [107]. However, at -50◦C, the D-content did not show any effect on the diffusion

coefficient. It is suggested that the crystallisation rate at this temperature may be low

enough, independently of D-content, so that it did not affect CO2 diffusion significantly.

In order to estimate the values of the diffusion coefficient for temperatures between

-50 and 0◦C, extrapolations were performed using a model described by Bao et al. [116]

(Arrhenius equation). It was assumed here that the pressure had no effect on the absorp-

tion behaviour. The following equation was obtained for the diffusion coefficient (D in

cm2/s) for PLA-1.4:

D = 22.4 · 10−6 × e−933/T (6.4)

where T is the temperature (in K). For PLA-4.3, the following equation was obtained:

D = 46.7 · 10−6 × e−1101/T (6.5)

For PLA-7.7:

D = 72.4 · 10−6 × e−1146/T (6.6)

And finally for PLA-11.8:

D = 1245 · 10−6 × e−1814/T (6.7)
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Figure 6.4: Measured coefficients of diffusion (a) and solubilities (b) at -50 and 0◦C, plotted against
the D-content in PLA.

From the absorption curve in PLA-1.4 at -50◦C shown in Figure 6.3, it was decided that

an impregnation time (τ0) of 200 minutes was sufficient to get a nearly full saturation of

the rod samples with these particular dimensions (approximately 2 mm diameter). After

this time, the average CO2 concentration in the rods was 95% of the solubility. Figure 6.5

shows the concentration profiles every 40 minutes when the PLA-1.4 rods (2 mm diameter)

were impregnated at -50◦C. These profiles were simulated using a finite difference method
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implemented in Scilab (see Appendix E). These profiles confirmed that, after 200 minutes,

the rods could be considered as saturated. The saturation time (τ) to be used for each of

the other temperature/PLA combinations could be then calculated as:

τ =
D0

D
·
(
r

r0

)2

τ0 (6.8)

where D0 is the coefficient of diffusion in PLA-1.4 at -50◦C, r0 is the radius of the PLA-

1.4 samples, D is the coefficient of diffusion in the considered PLA at the considered

temperature and r is the radius of the PLA sample. This equation gave the times listed

in Table 6.2.
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Figure 6.5: Simulated concentration profiles of PLA-1.4 rods (approximately 2 mm diameter) after var-
ious impregnation times at -50◦C.

6.3.2 Solubility

Figure 6.6 shows the results of liquid CO2 solubility in PLA-1.4, PLA-4.3, PLA-7.7 and

PLA-11.8 as an amorphous reference from -50 to 0◦C. Differential scanning calorimetry

(DSC) performed on PLA-11.8 impregnated at 0◦C showed a crystallinity lower than 5%,

thus with limited effect on CO2 absorption. Since crystallinity is likely to decrease with

decreasing impregnation temperature, it was assumed that CO2-impregnated PLA-11.8

remained virtually amorphous over this range of temperature. The absorption data for

PLA-11.8 exhibits the shape of a typical Arrhenius solubility-temperature curve. Such
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Figure 6.6: Solubility of CO2 in the PLA samples from -50 to 0◦C.

law gives the following relationship between the solubility (c∞) and the temperature (T ):

c∞ = A · e−ES/RT (6.9)

with T in K. This equation was found to give a good fitting of the solubility of CO2

in PLA under gaseous conditions [116]. A modified form of this equation was found to

satisfactorily fit the data for PLA-11.8:

c∞ = A · e−ES/RT +B (6.10)

with A=0.00134%, B=24.46% and ES=-18.21 kJ/mol. This value of the activation energy

is virtually identical to the one found by Bao et al. (-18.2 kJ/mol) despite the different

experimental conditions (gaseous CO2 between 20 and 50◦C) [116]. The fitting of this

equation on experimental the data for PLA-11.8 is shown in Figure 6.7.

On the contrary, the three other grades (PLA-1.4, PLA-4.3 and PLA-7.7) showed a

completely different absorption behaviour. For temperatures of -35◦C and above, the

solubility of CO2 in these grades show a trend similar to the amorphous one. The quan-

titative difference can easily be explained by the crystallinity developed in the three

semi-crystalline PLA grades during impregnation, lowering their respective CO2 solubil-

ity [107, 108, 116]. This is well supported by Figure 6.4 which shows a clear relationship
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Figure 6.7: Solubility of CO2 in the PLA-118 and the fitted model (Equation 6.10).

between D-content and CO2 solubility at 0◦C. In this temperature region, the difference

between the amorphous grade and the semi-crystalline grades decreased with decreasing

impregnation temperature until approximately -40 or -35◦C where all the grades exhibited

approximately the same CO2 solubility. This would suggest that at -40◦C, no crystalli-

sation occurred in any of the PLA grades and that they all behaved as amorphous in

terms of CO2 absorption. With further decrease of the impregnation temperature, the

difference in CO2 solubility between amorphous and semi-crystalline PLA increased again

as the solubility in the semi-crystalline PLA reached a plateau at 40-43% CO2. This is

particularly obvious for PLA-4.3 for example, where the solubility measured at -50 and

-40◦C were identical.

6.3.3 Foaming behaviour

As it had been observed in earlier work on amorphous grades of PLA, foaming the impreg-

nated material at a too high CO2 concentration resulted in erratic expansion of the PLA

accompanied with a high loss of CO2 (seen visually as a large quantity of bubbles escaping

the rods) and therefore high density. After impregnation, the CO2 concentration needed

to be dropped below a certain level to give consistent foaming. Examples of these two

foaming behaviours are shown in Figure 6.8 for PLA-1.4. These two behaviours, found

above and below a critical CO2 concentration, could be quantified when measuring the

density of the foamed rods. Above the critical CO2 concentration, the density decreased

with decreasing concentration, and below the critical concentration, it slowly increased
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with decreasing concentration. The minimum density was therefore found around this

critical point. The density determined for samples foamed above the critical concentra-

tions were not highly reliable. Large irregularities were observed among the samples and

this made the density results highly dependant on which particular rods were used for the

measurements. On the contrary, the samples foamed at CO2 concentrations lower than

the critical point were very uniform. These observations were consistent for all the three

PLA grades used in this work. The density obtained for PLA-1.4 after impregnation with

liquid CO2 at various temperatures is plotted against the CO2 concentration in Figure 6.9.

(a) (b)

Figure 6.8: PLA-1.4 foamed after (a) impregnation at -50◦C and (b) impregnation at -20◦C. In each
photo, samples foamed with CO2 concentration above (left) and below (right) the critical
CO2 concentration are shown.

For PLA-1.4 and PLA-4.3, the minimum density that could be obtained was strongly

dependant on the impregnation temperature and -35◦C seemed to be the limit between

two distinct expansion behaviours. This temperature will be referred to as “critical im-

pregnation temperature”. This is seen in Figure 6.10 for PLA-1.4 where impregnation

temperatures below -35◦C led to low densities (approximately 30 and 35 g/L at -50 and

-40◦C respectively) and temperature above -35◦C led to minimum densities of around

300 g/L. Figure 6.10 also shows that the impregnation pressure had no effect on the

density of the foamed samples, or on the position of the critical impregnation temper-

ature. This result, combined with the results on CO2 uptake, demonstrates that the

impregnation pressure is not a significant factor for the foaming of PLA in this process.

The same density-temperature relationship can be seen for PLA-4.3 in Figure 6.11.

Low densities are obtained below -35◦C (approx. 30 and 35 g/L at -50 and -40◦C re-

spectively) and high densities above -35◦C. However, for PLA-4.3, these high densities

were around 80 g/L. This change of foaming behaviour around -35◦C was also observed in

the critical CO2 concentration as can be seen in Figure 6.9. An estimated range for this

critical concentration for PLA-1.4 is also plotted against the impregnation temperature

in Figure 6.12. For PLA-1.4 and PLA-4.3, at temperatures below -35◦C, its value was

about 20-21% but for temperatures above -35◦C, its value was around 16%.
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Figure 6.9: Density measured on the PLA-1.4 samples plotted against the measured CO2 concentra-
tion. Horizontal axis reversed as the CO2 concentration decreased with time. Experiments
were duplicated for each impregnation temperature.
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Figure 6.10: Minimum density obtained for the PLA-1.4 samples impregnated at different tempera-
tures. Data obtained for both pressure levels (5 and 20 bar above the saturation line of
CO2) is shown.
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Figure 6.11: Minimum density obtained for the PLA-4.3 samples impregnated at different temperatures.
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Figure 6.12: Maximum CO2 concentration range for the foaming of PLA-1.4 as a function of impreg-
nation temperature.

Therefore, it can be said that the foaming behaviour of PLA-1.4 and PLA-4.3 was

strongly dependant on the temperature at which the impregnation was performed. Two

distinct behaviours could be observed, affecting both minimum achievable density and

maximum usable CO2 concentration at foaming. Within each of these regimes, the foam-

ing behaviours seemed fairly stable. For example, -50 and -40◦C gave similar foaming
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behaviours (same critical CO2 concentration and comparable densities) even if a slight

increase of density with increasing impregnation temperature can be seen in the -50 to

-40◦C region.

In the case of PLA-7.7, the temperature dependence was different from what observed

for PLA-1.4 and PLA-4.3. The maximum usable CO2 concentration was hardly affected

by the impregnation temperature, being about 20-22% when impregnation was performed

below -35◦C and 19-21% above -35◦C. More interestingly, the minimum achievable den-

sity did not exhibit any transition around -35◦C. Indeed, the impregnation temperature-

density relationship was linear as shown in Figure 6.13, with a slope of 0.5 g/L/◦C. It is

suspected that this behaviour, different from the one exhibited by the two others grades,

was related to its higher D-content (7.7%).
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Figure 6.13: Minimum density obtained for the PLA-7.7 samples impregnated at different temperatures.

6.3.4 Scanning electron microscopy (SEM)

The SEM images of the cellular structure of the foamed PLA-1.4 provided interesting

information. These images could be used to understand the effects of the impregnation

temperature observed, as well as the existence of the critical CO2 concentration above

which the PLA samples foamed erratically.

When foamed under the right conditions (CO2 impregnation below -35◦C and CO2

concentration below 20% at foaming), PLA-1.4 gave the classical closed cell foam struc-

ture. An example is shown in Figure 6.14. Cell diameter was typically between 50 and
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100 µm, and the cell walls were very thin. The cell size distribution was uniform, apart

from smaller cells located at the periphery of the rods.

Figure 6.14: SEM pictures of PLA-1.4 foamed (20 seconds at 80◦C) after impregnation at -50◦C. CO2

concentration at foaming was 19.5%.

Despite their high density ( 300 g/L), the PLA-1.4 samples impregnated above the

critical temperature also exhibited a well-defined closed cell structure when foamed. This

can be seen for example on the samples foamed after an impregnation at -20◦C (Fig-

ure 6.15). The centre of these foamed rods had a closed cell structure but with smaller

cells and thicker walls (Figure 6.15 (a)). This shows that the cells nucleated well but did

not expand fully. A denser layer was also present near the surface of these samples as

seen in Figure 6.15 (b). This dense area represented about a third of the diameter of

the expanded rods. This denser structure, consisting of small cells (10-20 µm) with many

patches of non-expanded material, shares similarities with the foam structure observed

in the centre of foamed 8.2%D samples impregnated at 20◦C in the previous chapter

(Figure 5.23 in Chapter 5). The presence of this dense region probably restrained the

expansion of the low density centre, therefore producing the small cell and thick walls

seen in Figure 6.15 (a).

Figure 6.16 shows the structure of a PLA-1.4 rod impregnated at -50◦C but foamed

with a high CO2 level (24.9%). It can be seen that the outer region of the rod is properly

expanded but the core remained unexpanded. A close-up on this core shows the presence

of many pores within a solid PLA matrix. The unusual shape observed on the rods foamed
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(a)

(b)

Figure 6.15: SEM pictures of PLA-1.4 foamed after impregnation at -20◦C: (a) cross-section showing
the low density centre, (b) higher magnification of the denser region near the surface.
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under these conditions is likely to be due to this hard core, which led to a buckling effect

on the expanding outer. When expanding properly, the core pushes the rest of the rod

outwards, thus generating a cylindrical shape. The origin of this structure will be discussed

later.



152 Low temperature impregnation of semi-crystalline PLA

(a)

(b)

Figure 6.16: SEM pictures of PLA-1.4 foamed with a too high CO2 level (24.9%) after impregnation at
-50◦C: (a) low magnification, (b) higher magnification of the hard centre.
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6.4 Discussion

6.4.1 Diffusion model

As seen in Figure 6.3, the equations given by Crank gave a close fit of the experimental

data. This is very useful from a practical point of view, as it allows accurate modelling

of CO2 uptake. The results can be used to determine the required impregnation times

for other geometries such as beads or sheets. However, it has to be kept in mind that

it is unlikely that the CO2 diffusion exactly followed a simple Fickian behaviour with a

constant coefficient of diffusion. The absorbed CO2 typically causes swelling of PLA and

an increase of its free volume. Therefore, the coefficient of diffusion (D) is likely to be

concentration-dependent [105,211]. The crystallinity of the polymer, which will be studied

in detail in the following chapter, was also probably affected by CO2 exposure. Increasing

crystallinity is known to lead to decreasing diffusion [109], and thus D was likely to vary

during impregnation. Consequently, the values of diffusion coefficients found from these

model fittings, and the simulated concentration profiles (Figure 6.5 for example), should

be considered as indicative only.

In the case of the semi-crystalline PLA grades (PLA-1.4, PLA-4.3 and PLA-7.7), one

can question the validity of the extrapolation of the diffusion coefficients (Equations 6.4

to 6.6) when results showed that the solubility in these grades did not follow an Arrhenius

law (Figure 6.6). Figure 6.17 shows a comparison between the measured solubility and

the CO2 uptake after the nominal impregnation times (τ) in PLA-1.4. For all impreg-

nation temperatures, the uptake after τ was clearly at least 95% of the solubility. The

samples impregnated for subsequent foaming were therefore nearly saturated with liquid

CO2. Although, this does not fully justify the extrapolation model used for the diffusion

coefficients, it shows that the foaming experiments and their results were not affected.

6.4.2 Critical CO2 concentration

It is not fully understood why the CO2 concentration had to be below a certain level to

produce consistent foaming. This was not a new observation, as it has been observed

previously, and is an important feature of the BPN’s foaming patent [9]. One possible

explanation is an over-plasticisation of the PLA at high CO2 concentration when subjected

to heat during the expansion stage, leading to a collapse of the cells instead of their growth.

Wang et al. observed an identical phenomenon when foaming PLA with CO2 using

a similar process [188]. They suggested that the CO2 concentration in the skin of the

samples was responsible for it. When the CO2 concentration in the skin is high, i.e.

after a short desorption time, no solid skin is formed during foaming which allows CO2

to diffuse out easily. On the contrary, when the CO2 concentration in the skin is low, i.e.



154 Low temperature impregnation of semi-crystalline PLA

- 5 0 - 4 0 - 3 0 - 2 0 - 1 0 0
2 0

2 5

3 0

3 5

4 0

4 5

 M e a s u r e d  a f t e r  n o m i n a l  t i m e
 S o l u b i l i t y

CO
2 co

nc
en

tra
tio

n (
%)

I m p r e g n a t i o n  t e m p e r a t u r e  ( °C )

Figure 6.17: Comparison between the solubility of CO2 in PLA-1.4 and the measured CO2 uptake in
PLA-1.4 after impregnation for the nominal times (τ ) defined by Equation 6.8.

after a longer desorption time, a solid skin is formed during foaming which prevents CO2

from escaping. The SEM observations in the present work tend to contradict Wang et

al.’s hypothesis. Figure 6.16 showed that samples foamed at too high CO2 concentration

exhibited a hard core and a well expanded outer region. It is thus unlikely that the skin

prevented the expansion of the core while letting the outer region expand. Therefore,

over-plasticisation of PLA by CO2 is the preferred explanation for this. In particular, this

explanation fits very well the profiles seen in Figure 6.16. The CO2 distribution within

each sample at the moment of foaming is not uniform since CO2 diffuses out of the PLA

during the storage period, leading to a bell-shaped distribution curve [98]. Therefore,

while the outer part of each sample may be at a CO2 level suitable for foaming, the centre

may still be too high. With increasing storage time, more CO2 diffuses out, decreasing

the size of the unexpanded core until it completely disappears.

6.4.3 Underlying mechanisms

The work described in this chapter was a first investigation of the effects of low impreg-

nation temperatures on the foaming of semi-crystalline PLA. The results presented here

revealed the existence of a critical impregnation temperature, under which semi-crystalline

grades of PLA could be foamed to low densities. In addition, a deviation from an Arrhe-

nius law for the solubility in the semi-crystalline grades was observed approximately at

the same critical impregnation temperature at about -35◦C. Fitting a sigmoid curve on

the density data actually provided a transition centred on -33◦C.
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It was first thought that this critical impregnation temperature depended on the crys-

tallisation rate of PLA. However, it was shown that PLA-4.3 and PLA-1.4 exhibited the

exact same critical temperature whereas these two grades possess distinct crystallisation

properties. In particular, an order of magnitude separates their respective crystallisation

rates, caused by two different D-contents (4.3% and 1.4% respectively). Therefore, it is un-

likely that this newly found critical impregnation temperature was exclusively controlled

by the crystallisation rate of PLA. On the other hand, the amplitude of this transition

may be related to the crystallisation behaviour of PLA and its D-content as illustrated by

Figure 6.18. The higher the D-content, the smaller the step in density. Above a certain

D-content (probably between 5 and 7%), the step even disappears and the relationship

between impregnation temperature and minimum density becomes linear.

In the previous chapter, it was demonstrated that the crystallinity developed during

CO2 impregnation, and in particular the texture of the crystalline phase, had a tremendous

effect on the foaming behaviour of PLA. It is very likely that the CO2-crystallisation was

again involved here. Further work is required to clarify this point.

- 5 5 - 5 0 - 4 5 - 4 0 - 3 5 - 3 0 - 2 5 - 2 0 - 1 5
0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

3 0 0

3 5 0

4 0 0

 P L A - 1 . 4
 P L A - 4 . 3
 P L A - 7 . 7

De
ns

ity 
(g/

L)

I m p r e g n a t i o n  t e m p e r a t u r e  ( °C )

Figure 6.18: Minimum density as a function of the foaming temperature for PLA-1.4, PLA-4.3 and
PLA-7.7.

6.4.4 Benefits of processing semi-crystalline PLA

The research work presented in this chapter revealed that performing the CO2 impregna-

tion at the lower end of the temperature range spanned by liquid CO2 allowed the pro-

duction of foams with low density and good cell structure using semi-crystalline grades
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of PLA. Being able to process such grades offers some advantages including broaden-

ing the range the PLA usable for the foaming process, which was previously limited

to the low-crystallinity to amorphous grades, and producing foams with different or en-

hanced properties. It is known that crystallinity can improve the mechanical properties of

PLA [42,47], in particular its retention of mechanical strength above the glass transition

temperature [47]. This is true for any semi-crystalline polymer in general [181,212]. This

concept has been shown to be applicable to bulk PLA products, and other groups have

claimed improvements in heat stability by manipulating the crystallinity of PLA bead

foams [175,185]. However, this has not been explored for PLA foamed through the BPN

process.

In order to assess the effect of the crystallinity on some of the properties of the PLA

foams made via the BPN process, an additional screening study was conducted using the

three semi-crystalline grades employed in this chapter as well as the amorphous grade

PLA-11.8. The study was published in the Journal of Cellular Plastics [213]. The sub-

mitted paper can be found in Appendix F. The study showed that decreasing D-content

in the starting material led to increasing crystallinity in the expanded foam. Up to nearly

50% crystallinity was obtained in the samples prepared with PLA-1.4. Increased crys-

tallinity was shown to be greatly beneficial for the dimensional stability of the foams when

exposed to temperatures above the glass transition temperature of PLA. In particular,

whereas samples made with the amorphous PLA grade shrunk significantly above Tg, the

samples prepared with PLA-1.4 exhibited limited shrinkage under the same conditions.

This is a strong indication of the benefits provided by semi-crystalline PLA.
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6.5 Conclusion

In this chapter, the use of low temperature CO2 impregnation for the foaming of semi-

crystalline PLA grades was investigated. Three grades, with D-content varying from 1.4

to 7.7%, were tested. An amorphous grade (11.8%D) was also used for comparison in

some experiments.

CO2 absorption experiments were carried out between -50 and 0◦C. A Fickian law was

shown to fit the experimental data satisfactorily for all the PLA grades. The solubility in

the amorphous PLA was shown to follow a modified Arrhenius law in the studied range.

However, the solubility in the semi-crystalline grades appeared to deviate from that law

at temperatures below -35◦C.

A critical impregnation temperature of -35◦C was found for the semi-crystalline PLA.

Impregnation below this temperature led to low density foams (about 30 g/L). Above this

temperature, only high density foams were produced (300 g/L for PLA-1.4). This critical

temperature did not seem to be linked to the level of crystallinity or the crystallisation

rate of the PLA used. However, the amplitude of the density step appeared related to

the D-content.

It was shown that the pressure used for the liquid CO2 impregnation had little effect

on the CO2 uptake in terms of diffusivity and solubility. It did not appear that it had a

significant effect on the foaming behaviour either as foam density and critical impregnation

temperature remained the same when varying the CO2 pressure used.

More experimental work has to be carried out in order to understand the phenomena

involved in the impregnation of semi-crystalline PLA at low temperatures. This field

seems to be unexplored in the published literature. In addition, a preliminary investigation

of the properties of foamed PLA with various D-contents indicated that higher crystallinity

had a beneficial effect on dimensional stability, which encourages further work in this area.
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7
Low temperature CO2-induced

morphology of semi-crystalline PLA

7.1 Introduction

In the previous chapter, the effects of the impregnation temperature on the foaming

behaviour of semi-crystalline PLA were investigated. A critical temperature of -35◦C

was found for the impregnation of grades such as NatureWorks Ingeo 3001D (referred to

as PLA-1.4). Below -35◦C, semi-crystalline grades of PLA were processed to densities

below 50 g/L. Above -35◦C, the samples were still foamed (a closed-cell structure was

observed) but only to high densities (≥300 g/L in the case of PLA-1.4). These results are

of great interest as it was also shown that using semi-crystalline grades produced foams

with particular properties, including higher dimensional stability according to preliminary

tests. It seemed that the critical impregnation temperature was not affected by the D-

content or the inherent crystallisation rate of PLA. However, this work did not explain

why impregnation below -35◦C allowed foaming to low densities.

Earlier chapters (Chapter 4 and Chapter 5) demonstrated that the crystallinity as

well as the texture of the crystalline phase, both of which can be strongly affected by the

impregnation conditions, have a major impact on the subsequent foaming behaviour. It

is suspected that the crystalline structure was once again responsible for the observations

made. This present chapter will therefore focus on characterising the crystalline morphol-

159
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ogy of semi-crystalline PLA impregnated with liquid CO2 in the -50 to -20◦C temperature

range. Such effort is justified by the potential benefits of semi-crystalline PLA foams over

amorphous PLA foams.

Several experimental tools, including differential scanning calorimetry, X-ray and in-

frared characterisation techniques, will be employed to identified the morphology of the

polymer developed during impregnation.
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7.2 Methods

7.2.1 Materials

The experiments presented in this chapter used the same semi-crystalline PLA grades

as used in the previous one, namely NatureWorks Ingeo PLA 3001D (1.4%D), 4042D

(4.3%D)), and a 8302D-4042D blend (7.7%D) referred to as PLA-1.4, PLA-4.3 and PLA-

7.7 respectively. The samples were impregnated as previously described. Impregnation

parameters are detailed in Table 6.2. Following impregnation, the samples were kept for

21 days at -18◦C, then conditioned under vacuum at room temperature for 7 days before

being finally stored at 20◦C/50% relative humidity. Using this procedure, similar to what

used by Marubayashi et al. [70], it was assumed that most of the CO2 was removed from

the samples. As in the previous chapter, the work was primarily focused on PLA-1.4.

7.2.2 Differential scanning calorimetry (DSC)

Approximately 5 mg of material were used for the DSC scans, using a single heat ramp

from 20 to 200◦C at a heating rate of 5◦C per minute. Impregnated samples of PLA-1.4,

PLA-4.3, PLA-7.7 were used. For each performed impregnation, duplicates were tested,

with at least one week between the two DSC runs.

7.2.3 Wide-angle X-ray scattering (WAXS)

The WAXS experiments were carried out at the Australian Synchrotron in Clayton, Mel-

bourne. Slices (approximately 0.5 mm thick) were cut from the PLA-1.4 rods impregnated

at various temperatures (from -50 to -20◦C). Non-impregnated samples were also used.

Due to their small size and resulting difficult handling, the samples were encapsulated

into Kapton® tape (high X-ray transmittance and constant diffraction pattern). This

made mounting of the sample more convenient as shown in Figure 7.1. The slices were

mounted perpendicularly to the incoming X-ray beam and scanned every 200 µm across

their diameter. This orientation allowed observation of the anisotropy of the CO2-induced

crystallisation. The wavelength used was 0.8266 Å (15 keV). The camera length was ap-

proximately 120 mm and calibrated with silver behenate. The diffracted X-rays were

collected on a MAR165 CCD detector.

Due to the very short camera length used, small variations in sample positioning could

affect the results when the position of diffraction peaks was measured. The camera length

was therefore post-corrected using the Kapton® peak in the diffractograms as a reference.
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Figure 7.1: PLA slices encapsulated into Kapton® tape and mounted onto the sample holder (perfo-
rated plate). The diameter of each hole is 20 mm.

The following equation was used to correct the 2θ scale:

tan(2θ) = tan(2θ?) · tan(2θk)

tan(2θ?k)
(7.1)

where 2θ and 2θ? refers to actual and measured angle respectively, and the index k refers

to Kapton®.

The methods used to process the collected WAXS data was essentially similar to

what used in previous Synchrotron experiments (Chapter 4 and Chapter 5). First, the

Kapton® and air background was subtracted. Then, the amorphous contribution to the

diffractograms was estimated by fitting a series of Gaussian functions onto the amorphous

halo, and subtracted from the data. The spectrum provided by the non-impregnated

samples was used as an amorphous reference. It was fitted with a series of four Gaussian:

y = y0 +
4∑
i=1

Ai

wi
√

π
2

· e
−2· (2θ−2θi)

2

w2
i (7.2)

where y is the signal, y0 an offset coefficient and Ai, wi and 2θi the area, width and

centre of the ith peak respectively. The centres and widths found are shown in Table 7.1.

Crystallinity, X, was calculated as:

X =
C

C + A1 + A2

(7.3)

where C was the area under the crystalline-only spectra integrated between 5 and 15◦, and

A1 and A2 the area of the first two Gaussian peaks used for the fitting of the amorphous

contribution. These integrations bounds are wider than the ones previously used. This is
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Table 7.1: Centre and width of the amorphous Gaussian peaks used to fit the amorphous samples.

Peak # 2θ (◦) w (◦)
1 8.13 3.83
2 11.45 3.16
3 16.79 4.73
4 22.58 5.82

because the present crystalline peaks were significantly wider and a larger 2θ range was

therefore required. The calculated values were compared with the DSC results.

When averaging the spectrum (or the crystallinity) across a scanned sample, because

of the geometry of the samples, the following averaging method was used instead of an

arithmetic average:

s̄ =

∑
s(r) · i(r) · [(r + δr/2)2 − (r − δr/2)2]∑
i(r) · [(r + δr/2)2 − (r − δr/2)2]

(7.4)

where s is the diffracted signal (or the crystallinity), r the distance from the centre

of the slice, δr the scanning step (0.2 mm), and i the total integral of the diffracted

signal. This coefficient i corrects for possible small variations in sample thickness. In

this method, each spectrum was weighted with the surface area of the slice “ring” on

which it was acquired. The method is illustrated in Figure 7.2. In samples showing

homogeneous crystalline structure, negligible difference was observed between this method

and an arithmetic averaging method. In samples were the spectra varied significantly

along the scanned diameter, the difference between the two methods was up to 8% in

terms of surface area under the crystalline peaks.

Figure 7.2: Illustration of the averaging method used on the PLA slices scanned by WAXS.

In addition to these sliced PLA-1.4 samples, impregnated rod samples of PLA-1.4,
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PLA-4.3 and PLA-7.7 were also tested in order to investigate the effect of the D-content

on the crystalline structures observed. For each grade, an amorphous sample, a sample

impregnated at -50◦C and a sample impregnated at -20◦C were tested. Rods were directly

used without being sliced or encapsulated into Kapton®. They were scanned every 200 µm

across their diameter (rod axis perpendicular to the X-ray beam).

7.2.4 WAXS in parallel with DSC

Additional WAXS experiments in parallel with DSC were conducted to study the struc-

tural evolution through heating of impregnated PLA-1.4 samples. In these experiments,

only two impregnation temperatures were investigated: -50 and -20◦C. Previously impreg-

nated PLA-1.4 samples were sliced and heated in the DSC apparatus at 5◦C per minute

up to a given temperature, and then immediately cooled down back to room temperature

at 30◦C per minute. This fast cooling rate ensured minimal changes of the PLA samples.

For the samples impregnated at -50◦C, the tested temperatures were 62, 66, 72, 78, 82,

88, 100, 140 and 152◦C. For the samples impregnated at -20◦C, these temperatures were

51, 62, 69, 73, 79, 100 and 140◦C. These temperatures were based on the DSC results

shown later in 7.3.1, and chosen to investigate the interesting features of the DSC traces.

The samples were then taken out of their DSC pan and stored at room temperature until

being WAXS-tested as described in 7.2.3. After WAXS, the slices were re-tested by DSC

with a single heat ramp at 5◦C per minute from 20 to 200◦C.

7.2.5 Small-angle X-ray scattering (SAXS)

The SAXS experiments were carried out on the non-sliced PLA-1.4 rod samples, on the

WAXS/SAXS beamlime at the Australian Synchrotron in Melbourne, Australia. The

samples were positioned horizontally, held by adhesive tape at each extremity, so that the

X-ray beam was perpendicular to the extrusion direction as per Figure 7.3. The samples

were scanned every 200 µm across their diameter. The camera length was 7.27 m and the

wavelength λ=1.0332 Å. A Pilatus1M detector was used.

Figure 7.3: Sample orientation for the SAXS experiments.
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The data produced by the detector was processed using the SAXS15ID software. The

scattering due to the air and the Kapton® windows appeared to be 2 to 3 orders of

magnitude less that the scattering due to the samples. Therefore, the air + Kapton®

background had a negligible contribution to the whole signal and was not subtracted.

7.2.6 Fourier transform infrared spectroscopy (FTIR)

FTIR measurements were performed on a Bruker Fourier Transform Infra-Red Microscope

IRscope II in attenuated total reflectance (ATR) mode. The rod samples were probed

on their surface and at the centre of their cross-section. Signals were acquired with 128

scans from 600 to 4000 cm−1 with a resolution of 2 cm−1, although the main interest

was for the 880-970 cm−1 region [94,96]. Amorphous PLA-1.4 samples, PLA-1.4 samples

impregnated at various temperatures and also PLA-1.4 samples thermally annealed at

100◦C were used. DSC measurements confirmed the crystalline state of the annealed

samples (approximately 40-45% crystallinity).

7.2.7 Raman spectroscopy

The Raman experiments were performed at the Victoria University of Wellington on a

Jobin-Yvon Horiba LabRam/Olympus BX41 system on PLA-1.4. For these experiments,

only an amorphous, a thermally annealed (100◦C, crystallinity of around 40-45%), and

two impregnated samples (-50 and -20◦C) were tested. The HeNe laser beam (633 nm)

was focused 100 µm below the surface of the samples. The Raman shift spectra were

acquired from 825 to 1926 cm−1.

7.2.8 Stretching experiments

In order to compare the polymer morphology developed by CO2 impregnation with the

morphology produced by strain-induced crystallisation, stretching experiments were car-

ried out on PLA-1.4. The polymer was extruded into long strands in a LabTech single-

screw extruder (model LE20-30/C) at 60 rpm with the following temperature profile from

hopper to die: 170/180/170/170◦C. The strands were cooled down in a water bath and

then conditioned at room temperature for three months before testing. The approximate

diameter of the strands was 2.4 mm.

Stretching was performed on an Instron testing machine model 1185 (100 kN load cell)

equipped with a heating chamber. The strands were clamped used the fixture schematised

in Figure 7.4 where the roller, which had a gripping surface, is forced against the samples

by a spring. The tests were conducted at either 60 or 70◦C with an initial strain rate

of ε̇=0.04 s−1 until the engineering strain reached 300% [96]. The extension was then
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stopped, the chamber cooled down and the sample removed from the clamps. DSC was

carried out on the samples following the method detailed in 7.2.2.

Spring 

Roller 

PLA strand 

Rotation centre 

Upper 
support 

Figure 7.4: Upper fixture used for the stretching experiments.
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7.3 Results

7.3.1 Differential scanning calorimetry

Figure 7.5 shows the typical DSC traces obtained for the PLA-1.4 samples impregnated

at various temperatures. PLA-4.3 and PLA-7.7 provided similar thermograms, with only

quantitative differences. They are displayed in Figure 7.6 and Figure 7.7 respectively.

The features that can observed on these thermograms are:

• glass transition, with an onset at T = Tg.

• glass transition endotherm, Eendo .

• post-glass transition exotherm, Eexo1.

• pre-melting exotherm (not always present), Eexo2.

• melting peak, with a melting enthalpy of Em.
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Figure 7.5: DSC thermograms of the PLA-1.4 samples impregnated from -50 to -20◦C.

The glass transition endotherm and following post-glass transition exotherm appeared

to simultaneously increase with decreasing impregnation temperature. This is particu-

larly visible on the traces obtained from impregnated PLA-1.4. These features are barely

visible on the traces of samples impregnated at -20◦C and -30◦C. This, associated with a
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large melting peak, indicates that these samples crystallised significantly during impreg-

nation. On the contrary, on the traces of the samples impregnated at -40 and -50◦C, the

Tg endotherm and the post-Tg exotherm exhibit high amplitudes. While for PLA-1.4,

the post-glass-transition exotherm appears straight after the glass transition endotherm,

it is shifted to slightly higher temperatures for PLA-4.3. In the case of PLA-7.7, this

exotherm is at even higher temperatures and broader. This shifting and widening of

the exotherm can be easily attributed to the inherent crystallisation ability of the three

different polymers [29].

These DSC traces obtained after impregnation at -50 and -40◦C are similar to what

observed on heating of stretched PLA films and fibres [162]. As shown by Lee et al.,

stretching PLA chains leads to a decrease of enthalpy, but also a decrease of entropy [214].

The decrease of enthalpy is typically not large enough to compensate for the drop of en-

tropy. Therefore, when re-heated above the Tg, entropic forces lead to a relaxation of

the chains [182], causing an increase of enthalpy and the observed endotherm in the DSC

traces [214]. The relaxing chains can then crystallise via “nucleation-enhanced crystal-

lization” and therefore generate the post-Tg crystallisation exotherm seen in the DSC

traces [162]. However, other authors studying the stretching of PLA at temperatures

close to Tg claimed that similar DSC features were due to the melting of a “mesomor-

phic” structure or “mesophase” present in the samples [91, 96]. Whatever morphology

these DSC features are associated with, it is rather clear that two distinct crystallisa-

tion regimes are present, respectively at “low” and “high” impregnation temperature.

Interestingly, the transition between these two regimes seems to correspond to the criti-

cal impregnation temperature found in the previous chapter, which is another hint that

polymer morphology and foaming behaviour are strongly correlated.

Another interesting observation was made when replicating the DSC experiments.

Samples were tested under DSC twice, with a few weeks in between. Noticeable differ-

ences were observed in the respective DSC traces as illustrated by Figure 7.8 showing

the glass transition region of a PLA-1.4 sample impregnated at -50◦C. The second trace

exhibits higher Tg, sharper endotherm and sharper post-glass transition exotherm than

the first one. This observation was made for the three PLA grades and at every impreg-

nation temperature. This is likely to be an effect of the physical ageing of PLA at room

temperature, taking place between the two DSC runs [35].

7.3.2 Wide-angle X-ray scattering (WAXS)

Anisotropy

An obvious anisotropy was visible in the impregnated PLA-1.4 samples, especially when

probed close to the edge. Figure 7.9 shows examples of diffraction images acquired on
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Figure 7.6: DSC thermograms of the PLA-4.3 samples impregnated from -50 to -20◦C.
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Figure 7.7: DSC thermograms of the PLA-7.7 samples impregnated from -50 to -20◦C.

PLA-1.4 samples impregnated at various temperatures. They all exhibit the same orienta-

tion, with the main diffraction peaks, oriented perpendicularly to the radius of the slices,

i.e. perpendicularly to the CO2 diffusion direction. On the other hand, the (10 0 0) peak
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Figure 7.8: Glass transition region of the DSC trace of a PLA-1.4 sample impregnated at -50◦C. The
two traces were obtained from samples coming out of the same impregnation but tested
four weeks apart.

was directed along the radius. This orientation was discussed previously on injection-

moulded samples and was attributed to the CO2 concentration and associated swelling

gradient, resulting in a directional flow of the material (see Chapter 5). For this rea-

son, the anisotropy was not considered in the remainder of this chapter and the whole

diffraction images were integrated.

Overall spectra

Figure 7.10 shows the averaged WAXS spectra obtained on the sliced PLA-1.4 samples

(with Kapton® background subtracted). The amorphous sample (bottom), is charac-

terised by a series of wide peaks, with the two main ones located at 8.1◦ and 11.5◦. As

detailed previously, these peaks can successfully be fitted with Gaussian curves, with the

resulting fitting parameters listed in Table 7.1. The other spectra shown on the graph

were obtained on samples impregnated from -50 to -20◦C. The samples impregnated at

-20 and -30◦C clearly exhibited crystalline peaks with the main one at approximately

2θ=8.6◦. However, at lower impregnation temperature, this same peak became signifi-

cantly broader. After CO2 impregnation at -50◦C, the peak was so broad that the whole

spectrum looked very similar to the amorphous spectrum. As for the DSC traces, these

WAXS spectra appeared very similar to the ones published by Stoclet et al., who referred

to this structure as “mesophase” or “mesomorphic structure” [92]. Similar observations
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(a) (b)

(c) (d)

Figure 7.9: Examples of diffraction images captured by the detector on the PLA-1.4 samples impreg-
nated at (a) -50◦C, (b) -40◦C, (c) -30◦C, and (d) -20◦C. The radius direction is vertical.

were also previously reported by Kokturk et al. [82].

The contribution of the amorphous phase was then removed and the resulting crystalline-

only spectra are displayed in Figure 7.11. For the PLA-1.4 samples impregnated at -20

and -30◦C, the crystalline spectrum was identical to the one of the α′′ crystal form ob-

served by Marubayashi et al. [64,70]. The presence of this crystalline form was addressed

in Chapter 5. However, contrary to what observed in Chapter 5, the α′′ (main peak at

2θ=8.6◦) is observed here and not its precursor (main peak at 2θ=8.1◦). This is explained

by the fact that the present samples were placed under vacuum to fully extract the CO2

present in them, whereas in Chapter 5, no vacuum was used. This vacuum treatment

allowed a tighter packing of the polymer chains in the crystals [64].

With lower impregnation temperatures, the shape of this main diffraction peak pro-

gressively became wider. Secondary peaks such as at 2θ=12◦ and 2θ=13◦ even virtually
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Figure 7.10: WAXS spectra of the PLA-1.4 samples impregnated from -50 to -20◦C and an amorphous
PLA-1.4 sample. Each spectrum was normalised with the C +A1 +A2.
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Figure 7.11: Crystalline only WAXS spectra of the PLA-1.4 samples impregnated from -50 to -20◦C.
Each spectrum was normalised with the C +A1 +A2.

disappeared, whereas the peak 2θ=17.5◦ remained visible. This latter peak was oriented

at 90◦ compared to the main peaks and aligned with the c-axis of the PLA chains. This

orientation is easily seen in Figure 7.9. Using the Scherrer equation, it is possible to

link the width of the diffraction peak to the crystal size. According to this equation,
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the wider the peak, the smaller the crystallites. The observed widening of the peaks

would therefore suggest that the crystals produced by CO2 exposure decreased in size

with decreasing temperature. Another explanation would be the appearance of a distinct

crystalline morphology as suggested by Stoclet et al. in a series of recently published

papers [92, 95, 96]. By drawing semi-crystalline PLA at temperatures slightly above the

glass transition temperature, they observed the formation of a singular structure, which

they referred to as “mesomorphic structure”, with resulting WAXS spectra identical to

the ones measured here on the PLA-1.4 samples impregnated at -50◦C. They refuted the

hypothesis of small α or α′ crystals, partly due to FTIR evidence, and concluded that

this morphology was a distinct conformational ordering of the PLA chains.

Evolution of the spectra through the samples

The scanning of the PLA-1.4 slices across their diameter allowed observation of the evo-

lution of the crystalline structure. Examples are displayed in Figure 7.12. In the samples

impregnated below -35◦C, these changes were minimal. For example, the WAXS spectra

obtained on a sample impregnated at -50◦C remained constant through the cross-section

(Figure 7.12 (a)). On the contrary, samples impregnated at -30 and -20◦C exhibited a

clear evolution from surface to centre. Figure 7.12 (b) shows the evolution of the crys-

talline spectra of a sample impregnated at -20◦C. The main crystalline peak appears to

broaden when scanning from surface to centre. A slight shifting of the peak to lower

2θ values is also visible. It is suggested either that the crystals decreased in size and

order with increasing depth, or that a certain amount of mesophase was present in the

centre of these samples. However, the contribution of these inner spectra to the overall

crystalline spectrum was small, as shown by the averaging method used (Equation 7.4).

The intensity of the crystalline spectra also decrease with the depth and was maximal at

the surface.

Effect of D-content

The DSC experiments already showed that the various semi-crystalline PLA grades used

exhibited qualitatively similar behaviours. Figure 7.13 shows that they also developed the

same crystalline structures. When impregnated at -20◦C, the three grades exhibited the

α′′ crystalline form (Figure 7.13 (a)). One can see a slight decrease of crystallinity with

increasing D-content which was expected. When impregnated at -50◦C, the three grades

developed a mesophase instead of the α′′ crystalline form (Figure 7.13 (b)). The fraction

of mesophase increased with decreasing D-content. Stoclet et al. studied the effect of

the D-content on the development of the mesophase during tensile stretching and found

similar conclusions [97]. They also showed that above 8%D, no mesophase was formed.
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Figure 7.12: Evolution of the crystalline-only spectra through the cross-section in the PLA-1.4 sam-
ples (every 0.2 mm) after impregnation at (a) -50◦C and (b) -20◦C. Each spectrum was
normalised with C +A1 +A2.

The three grades used in our study had a D-content below this value. PLA-7.7 had the

highest D-content with 7.7%.
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Figure 7.13: Crystalline-only WAXS spectra of PLA-1.4, PLA-4.3 and PLA-7.7 after impregnation at
(a) -20◦C and (b) -50◦C. Each spectrum was normalised with C + A1 + A2, thus making
the area under curve proportional to crystallinity.

7.3.3 Small-angle X-ray scattering (SAXS)

SAXS can provide information about the morphology of polymer samples on a larger

scale than WAXS. In particular, as shown in Chapter 5, SAXS can reveal the lamellar

arrangement of the crystals or the presence of cavities in the polymer matrix. Figure 7.14

shows the average SAXS spectra (not taking anisotropy or position into account) of some
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of the samples. To keep the graphs clear, only some impregnation temperatures are in-

dicated. As mentioned in the earlier chapter, the low-q (≤ 0.01-0.02 Å−1) diffraction of

the amorphous, non-impregnated sample, was negligible compared to the one observed

on the impregnated samples. The intensity of this low-q diffraction seemed to increase

with decreasing impregnation temperature. It was previously suspected that the CO2-

induced swelling of PLA resulted in small cavities remaining in the polymer even after

complete desorption. The lower the impregnation temperature, the higher the CO2 ab-

sorbed, therefore the higher the swelling and the number of cavities. This phenomenon

can be explained by the increased free volume during CO2 exposure [110,123,195] or the

formation of microcavities due to the exclusion of CO2 from the growing crystals [189,215].

The curves in Figure 7.14 do not exhibit an obvious diffraction peak caused by the

lamellar stacking of the crystals. However, when plotted on a logarithmic scale (Fig-

ure 7.14 (b)), a “shoulder” appeared at around q=0.02 Å−1, for the samples impregnated

at -30◦C and below. Surprisingly, the transition between with and without shoulder ap-

peared suddenly between -20 and -30◦C, and not at -35◦C at which the α′′-mesophase

transition was observed. Moreover, the intensity of this shoulder did not significantly

changes between -30 and -50◦C.

As the WAXS diffractograms were strongly anisotropic close to the edge of the samples,

the same was expected for SAXS. As examples, the equatorial (y-axis) and meridional (x-

axis) SAXS spectra of some samples are displayed in Figure 7.15. Samples impregnated

at -35◦C and below (only -50◦C is shown in Figure 7.15) did not show strong signs of

orientation, although the low-q range did exhibit a very slight dependence on direction.

On the contrary, samples impregnated at -20 and -30◦C revealed the presence of a subtle

diffraction peak at q ' 0.04 Å−1, with intensity decreasing with decreasing impregnation

temperature.

Using a Scilab script, the low-q diffraction (likely due to cavities) was subtracted from

0.04 Å−1 peak (lamellar stacking) for the samples impregnated at -20◦C. The resulting 2D-

SAXS diffraction pattern is displayed in Figure 7.16. One can see the obvious lamellar

orientation, identical to the ones observed in the earlier chapter after impregnation at

-10◦C of a low-crystallinity blend (8.2%D). This shows a continuity between the two

separate experiments and confirms that the same phenomena happen independently of

the PLA grade used. The peak maximum also provided us with a long-spacing of about

15 nm, again similar to the values previously reported (approximately 17 nm). These

observations agree well with the WAXS data. Indeed, the 0.04 Å−1 peak was observed

when a high proportion of α′′ crystals was present in the samples, and disappeared when

the mesophase was predominant.

The 0.02 Å−1 shoulder did not show any substantial anisotropy, despite the fact that

the samples owing this feature (the ones impregnated at the lower end of the temperature
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Figure 7.14: Averaged SAXS spectra obtained in the amorphous PLA-1.4 sample and the PLA-1.4
samples impregnated at -20, -30 and -50◦C: (a) linear intensity scale, (b) logarithmic
scale. The other impregnation temperatures are not shown for clarity.

range) were obviously oriented as proved by WAXS. A Lorentz correction was applied

to the SAXS spectra of the impregnated samples. This correction consisted in multi-

plying the scattered intensity by q2 and was used (often without justification) in many

papers [198, 216]. According to Cser, the correction should only be applied to spectra

already showing signs of a periodic structure. On spectra that do not exhibit any peak
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Figure 7.15: SAXS spectra obtained close to the edge of PLA-1.4 samples impregnated at -20, -
30 and -50◦C. For each impregnation temperature, the diffraction parallel to the x-axis
(dotted curve) and the diffraction parallel to the y-axis (solid curve) are shown. Both were
obtained by integrating a 30◦ azimuthal sector.
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Figure 7.16: Example of 2D-SAXS diffraction pattern measured on a PLA-1.4 sample impregnated at
-20◦C. The low-q diffraction has been subtracted and the image has been reconstructed
by symmetry in order to remove the zone affected by the beam-stop.
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prior to correction, artificial maxima can be creating which would result in misleading

information [217]. The shoulder here was obvious enough to be consider as a true evidence

of periodic scattering entities. Figure 7.17 shows the Lorentz-correction applied to aver-

aged SAXS spectra. It can be seen that even with correction, the samples impregnated

at -20◦C do not exhibit any peak around q=0.02 Å−1. However, applying the correction

to the meridional diffraction would show the 0.04 Å−1 lamellar peak. On the contrary,

the samples impregnated at -30◦C and below exhibit a clear maximum at q=0.018 Å−1,

corresponding to the position of the observed shoulder. This translates into a distance

of approximately 35 nm. This peak was not present in the amorphous PLA-1.4 samples.

It is suggested that this peak may be associated with the presence of the mesophase. If

this is the case, it indicates that no significant mesomorphic fraction was present in the

samples impregnated at -20◦C.
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Figure 7.17: Lorentz-corrected SAXS spectra of the amorphous PLA-1.4 sample and the PLA-1.4
samples impregnated at -20, -30 and -50◦C. The original spectra are the ones displayed
in Figure 7.14.

7.3.4 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared (FTIR) has been used by many author to investigate the confor-

mation of PLA, and characterise its various crystalline forms [32,61,62,76]. In particular,

Stoclet et al. based some of their conclusions on FTIR results [96]. Marubayashi et al.

also used FTIR to characterise the α′′ form [64]. The same technique was therefore used

here to get a better insight on the structure of the CO2 impregnated PLA-1.4 samples

and compare the results with the ones published by these authors.
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Firstly, it was important to clarify the nature of the crystalline phase in the thermally-

annealed PLA-1.4 samples used as reference. It is known that PLA will either crystallise

into the α or into the α′ form when thermally-annealed. The exact annealing temperature

will determine the predominant structure. Samples crystallised from the melt at 100◦C

or below will only develop the metastable α′ structure, while samples crystallised from

the melt at 120◦C and above will only develop the α form [21, 32, 75]. These two forms

are similar and the α′ form can actually be considered to be a disordered modification of

the α form. They exhibit similar WAXS diffractograms, from which it can be deduced

that they own the same crystalline arrangement with a 103 helix molecular conformation,

but with a lower chain packing in the case of α′ resulting in larger a and b unit-cell

parameters. While X-ray provides similar results, IR spectra are noticeably different [76].

In particular, the lack of band splitting at around 1750 cm−1 and the shape of the 1150-

1250 cm−1 regions unambiguously indicated that the annealed PLA-1.4 samples mainly

contained α′ crystals.

Figure 7.18 shows the FTIR spectra of the annealed, the amorphous and the CO2-

impregnated PLA-1.4 samples in the 800 to 1000−1 region. For each CO2-impregnated

sample, a spectrum acquired at the surface and a spectrum acquired in the centre of the

sample are shown. The band at approximately 870 cm−1 shows interesting variations

among the samples. In the amorphous sample, this band is relatively broad and centred

on 870 cm−1. In the crystallised sample, this band is sharper and is slightly shifted

to higher wavenumbers (872 cm−1). This band, assigned to the stretching of the C-

COO bond [62, 76], is thought to be sensitive to the intermolecular packing of the PLA

chains [218, 219]. The samples impregnated at various temperatures all seem to own

identical spectra. However, for each of them, a strong difference can be seen between the

spectra obtained at the surface and in the centre. For the spectra acquired in the centre,

the 870 cm−1 band appears very similar to the one in the amorphous sample, whereas for

the spectra acquired at the surface, this same band is closer to the one in the crystallised

sample. This would therefore suggest a better molecular packing at the surface of the

impregnated samples, in accordance with previous findings. It was previously shown in

Chapter 4 that the surface of a PLA sample had a higher ability to crystallise than the

core, whether it is by thermal annealing or CO2-induced crystallisation.

The 880-970 cm−1 region also showed some interesting features that are seen on Fig-

ure 7.19. As studied by Pan et al., the band located at 956 cm−1 in the amorphous sample

shifted to 957 cm−1 upon crystallisation [76]. In the impregnated samples, this band is

found at 956 cm−1, similarly to the amorphous sample, independently of the location

within the sample.

The most interesting feature is the presence of a band at 923 or 920 cm−1, in the ther-

mally crystallised and the impregnated samples respectively. The 923 cm−1 band is char-
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Figure 7.18: FTIR spectra of the crystallised PLA-1.4 sample, amorphous PLA-1.4 sample and PLA-
1.4 samples impregnated at different temperatures. The spectra represented with a solid
line were taken at the surface of the samples, the ones represented by a dashed line in
the centre of the samples.

acteristic of the 103 helix of the α and α′ crystals as mentioned by several authors [32,62]

and is therefore not present in the amorphous sample. The 920 cm−1 band is, accord-

ing to Stoclet et al. and Zhang et al., characteristic of the mesophase of PLA [94, 96].

However, Marubayashi et al. observed the same band in their samples containing the α′′

crystals [64]. Here, no significant change in this band with varying impregnation temper-

ature can be seen, whereas the WAXS results suggested distinct crystal structures were

developed depending on the impregnation temperature. Therefore this band cannot be

used to discriminate the α′′ and the mesomorphic structures. Wasanasuk and Tashiro

suggested that the mesophase consisted in a disordered aggregation of 103 helices [73].

Marubayashi et al. stated that the chain conformation of PLA in the α′′ crystals was also

a 103 helix [64]. This would therefore explain the identical FTIR spectra obtained after

CO2 impregnation of PLA-1.4 at different temperatures.

7.3.5 Raman spectroscopy

Raman spectroscopy was only performed on amorphous PLA-1.4, crystallised PLA-1.4

and PLA-1.4 impregnated at -20 and -50◦C. From these tests, the only feature that

significantly varied from a sample to the other was the band at 920 cm−1 (Figure 7.20).

As for the IR spectra, this band is characteristic of the helix conformation of the PLA

chains in the crystals, as demonstrated by Kang et al. [61]. This band was only present
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Figure 7.19: FTIR spectra of the crystallised PLA-1.4 sample, amorphous PLA-1.4 sample and PLA-
1.4 samples impregnated at different temperatures in the 880-970 cm−1 region. The
spectra showed here were acquired at the surface of the samples.

in the spectrum obtained on the thermally annealed sample, confirming the observations

made using FTIR.

7.3.6 WAXS in parallel with DSC

The results presented so far, in particular the ones provided by WAXS and by DSC,

strongly suggested that the morphology developed in the samples impregnated at -50 and

-40◦C is the same as observed by Stoclet et al. in their stretched samples, namely a

mesomorphic structure. FTIR and Raman also provided compatible data. Stoclet et al.

stated that the melting temperature of the mesophase was around 70◦C and attributed

the post-Tg endotherm on the DSC traces to the melting of this ordered structure. It

was therefore important to confirm the nature of the observed morphology in order to

correctly assign the DSC features and correlate DSC with WAXS. The temperatures

chosen for these WAXS/DSC experiments are indicated in Figure 7.21.

WAXS spectra

The crystalline-only WAXS spectra (amorphous contribution subtracted) obtained on the

re-heated PLA-1.4 samples previously impregnated at -50◦C are displayed in Figure 7.22

and Figure 7.23. In these graphs, the spectra are normalised with the quantity C +

A1 + A2 (see Equation 7.3), therefore making the area under the peaks proportional to
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Figure 7.20: Raman spectra in the 1150 to 850 cm−1 region for the . The dashed line indicates the
920 cm−1 band for the crystallised PLA-1.4 sample, amorphous PLA-1.4 sample and
PLA-1.4 samples impregnated at -50 and -20◦C.
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Figure 7.21: DSC traces of the PLA-1.4 samples impregnated at -50 and -20◦C. The temperatures
used for the DSC/WAXS experiments are indicated.
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the crystallinity in the samples. Figure 7.22 shows the spectra acquired on the samples

re-heated up to 78◦C. At 20 and 62◦C, the spectra exhibited the wide peak supposedly

characteristic of the mesophase of PLA. This peak was still visible on the 66◦C spectrum

but smaller in magnitude. At higher temperature, it completely disappeared, validating

the Stoclet et al.’s statement on the melting of the mesophase [96]. The spectra acquired

after re-heating at higher temperature showed that the mesophase was then replaced by

a more conventional crystalline structure, with the emergence of a small peak at around

8.9◦, characteristic of the α or α′ crystalline structure. The crystalline peak progressively

increased in intensity with increasing temperature as can be seen in Figure 7.23.
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Figure 7.22: Crystalline-only WAXS spectra of the PLA-1.4 samples impregnated at -50◦C after re-
heating at temperatures between 20 and 78◦C.

Figure 7.23 (a) also shows that weaker peaks such as at 6.7, 12.0 or 14.6◦, not present

at temperatures up to 100◦C, suddenly emerged at 140◦C and 152◦C. This strongly sug-

gests that the α′ form was first generated upon heating and then transformed into the

more perfect α form at higher temperature [21, 29]. The position of these weaker peaks

corresponds well to values reported by Bouapao et al. for example [29]. Figure 7.23 (b)

shows a magnification of these same spectra in the 8 to 11◦. An obvious shifting of the

diffraction peaks to higher 2θ values is visible, a feature also compatible with a transfor-

mation from α′ to α [21, 75].

The main peaks position for the mesophase, and the α′/α crystals are reported in

Figure 7.24. A slight shift of the mesophase peak is visible between 20 and 66◦C, indicat-

ing that a re-organisation of this mesophase started before reaching the glass transition.

A progressive shift of the (1 1 0)/(2 0 0) and (2 0 3) peaks of the α′ crystals is also
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Figure 7.23: Crystalline-only WAXS spectra of the PLA-1.4 samples impregnated at -50◦C after re-
heating at temperatures between 78 and 152◦C: (a) 5 to 20◦ 2θ range, (b) zoom on the 8
to 11◦ 2θ range.

seen through heating. However, at 140◦C, this shifting was accelerated as the α′-to-α

conversion took place.

These observations agree well with results from Wasanasuk and Tashiro who reported

that the mesophase first transformed into the α′ form, then the α form upon heating from

sub-Tg temperatures [73].
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Figure 7.24: Evolution of position of the main crystalline peaks and the mesophase peak through heat-
ing of the PLA-1.4 samples impregnated at -50◦C. Corresponding crystalline structures
are also indicated.

Figure 7.25 to Figure 7.27 show similar information but acquired on the samples

impregnated at -20◦C. In Figure 7.25, the spectra from 20 to 69◦C are shown. The 20◦C

and 51◦C spectra are characteristic of the α′′ crystalline form as described previously in

this work. This crystalline form disappeared at around 60◦C and was replaced by the α

or α′ form which remained until melting (Figure 7.26). This sudden transition, as well

as the absence of any clear endotherm on the corresponding DSC traces (Figure 7.21),

suggests that the α′′ crystals were transformed into a more stable α or α′ structure without

intermediate melting. Interestingly, the weak diffraction peaks mentioned earlier were

present at all temperatures above 60◦C (Figure 7.26 (a)). Additionally, no shifting of

the main peaks was observed (Figure 7.26 (b) and Figure 7.27). The corresponding 2θ

values are also identical to the values reported for the samples impregnated at -50◦C

and re-heated up to 152◦C. This indicates that the α′′ phase was directly converted into

the α phase without involving the α′ phase. Marubayashi et al. also reported the same

conversion from α′′ to α upon re-heating above Tg [64]. This behaviour is different from

what was observed for the mesophase when re-heated above Tg.

The crystallinity of the samples (without any distinction between mesophase and the

other forms) was calculated based on these WAXS spectra using Equation 7.3. The

results are displayed in Figure 7.28 for both impregnation temperatures. In the samples

impregnated at -50◦C, the crystallinity decreased until approximately 70◦C due to the

mesophase melting, and then increased until approaching the melting temperature. In the
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Figure 7.25: Crystalline-only WAXS spectra of the PLA-1.4 samples impregnated at -20◦C after re-
heating at temperatures between 20 and 69◦C.

samples impregnated at -20◦C, the crystallinity remained constant up to 70◦C despite the

transformation from α′′ to α, and then increased until approaching melting temperature.

DSC traces

Figure 7.29 shows the DSC traces for the PLA-1.4 samples impregnated at -50◦C after re-

heating and WAXS measurements. The DSC traces of the samples re-heated up to 62◦C

showed no difference with the previously described traces: a Tg onset at approximately

62◦C, a deep post-Tg endotherm followed by a sharp exotherm. However, with further

heating, changes appeared.

Firstly, the Tg dropped to about 56◦C. This was accompanied with a decrease of

the amplitude of the post-Tg endotherm (which location remained at 65-70◦C). After re-

heating up to 72◦C, the endotherm disappeared. With the support of the WAXS data,

these changes are clearly due to the progressive melting of the mesophase when going

through the glass transition, confirming that the endotherm was caused by this melting.

The decrease of the Tg is suspected to be caused by the relaxation of amorphous chains,

previously restrained by the presence of the cohesive mesophase. Similar behaviour has

been observed by Mano et al. who studied the effect of crystallinity on the glass transition

of PLA [38]. Conveniently, this decrease of the Tg also led to a decoupling of glass

transition and mesophase melting, making integrations straightforward.

Secondly, with re-heating above 70◦C, the intensity of the exotherm progressively

decreased. This exotherm was attributed to a nucleation-enhanced crystallisation [162],
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Figure 7.26: Crystalline-only WAXS spectra of the PLA-1.4 samples impregnated at -20◦C after re-
heating at temperatures between 69 and 140◦C: (a) 5 to 20◦ 2θ range, (b) zoom on the 8
to 11◦ 2θ range.

possibly due to the presence of non-melted mesophase seeds. With this crystallisation,

the glass transition seemed to broaden. This was another effect reported by Mano et

al. [38]. Finally, with heating approaching the melting point of PLA, the pre-melting

exotherm disappeared. A double-melting peak can be observed in the final DSC trace,

likely to indicate the presence of both α′ and α crystals or two populations of crystals
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Figure 7.28: Crystallinity of the PLA-1.4 samples impregnated at -50 and -20◦C measured by X-ray
(Equation 7.3) as a function of re-heating temperature.

with different lamellar thickness.

The samples impregnated at -20◦C qualitatively exhibited a similar behaviour as seen

in Figure 7.30, although only a small post-Tg endotherm was observed since these samples

were likely to have a non-significant amount of meso-crystals in them.
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Figure 7.29: DSC traces of the PLA-1.4 samples impregnated at -50◦C after re-heating at various
temperatures (indicated on the graph).
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Figure 7.30: DSC traces of the PLA-1.4 samples impregnated at -20◦C after re-heating at various
temperatures (indicated on the graph).

Comparison

DSC is a common tool used to calculate the crystallinity of polymer samples. However,

in the case of our samples impregnated at -50◦C, difficulties arose from doubts regarding
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the nature of the post-Tg endotherm, the uncertainty about the melting enthalpy of 100%

crystalline PLA [70], the presence of various potential crystalline forms (mesophase, α, α′

and α′′) and the unclear limits of the cold-crystallisation peak. The WAXS experiments

in parallel with DSC provided valuable information to identify the correct way to perform

the peak integrations and subsequent crystallinity calculations.

WAXS first showed that the post-Tg endotherm corresponded to the melting of the

mesophase. Fortunately, the overlap between this melting and the following exotherm was

limited, making integration easy (see Figure 7.31). WAXS also showed that the samples

impregnated at -50◦C and then re-heated up to 70◦C did not contain crystalline forms

other than mesomorphic. Consequently, the difference between the cold-crystallisation

exotherm and the melting endotherm in the DSC traces of these samples should be equal

to zero. These reasons led to integrate the DSC traces as seen in Figure 7.31 for the

PLA-1.4 samples impregnated at -50◦C. This method appeared very close to the one used

by Stoclet et al. (see Figure 19 in [96]). Although simple, this way of integrating the

cold-crystalline peak was not obvious.
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Figure 7.31: Proposed method to integrate the post-Tg endotherm and the cold-crystallisation/melting
peak for the PLA-1.4 samples impregnated at -50◦C.

Using this integration method, the crystallinity of the samples impregnated at -50◦C

and re-heated at temperature above 70◦C (i.e. containing α and/or α′ crystals) was

calculated. The value of 93 J/g was used for ∆Hm,α. Figure 7.32 shows the results

plotted against the crystallinity assessed by WAXS from Equation 7.3. The data exhibits

a close to linear trend, indicating that (i) the DSC and WAXS methods are support
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each other well and (ii) the α and α′ own a similar melting enthalpy contrary to what

suggested by Kalish et al. [77]. The linear regression on the data further indicated that a

scaling factor of 1.20 was necessary to re-align the WAXS results with the DSC results.

Crystallinity, X was therefore calculated from WAXS as:

X = 1.20 · C

C + A1 + A2

(7.5)
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Figure 7.32: DSC-WAXS correlation for the α and α′ content in the PLA-1.4 samples impregnated at
-50◦C. Crystallinity from DSC is based on the value of ∆Hm,α=93 J/g.

In Figure 7.33, the area of the post-Tg endotherm is plotted against the mesophase

content as measured by WAXS (and corrected using the 1.20 factor found previously).

A linear regression gave ∆Hm,meso '73 J/g. This value is virtually identical to the

mesophase melting enthalpy reported by Stoclet et al. (70 J/g) [96], which tends to

confirm the validity of the suggested calculation methods.

The crystallinity of the PLA-1.4 samples impregnated at -20◦C was calculated by

WAXS, using the 1.20 correction factor determined previously, and by DSC, using ∆Hm,α=93 J/g.

An example of DSC trace integration is shown in Figure 7.34. On these traces, the post-

Tg endotherm attributed to the melting of the mesophase was assumed negligible. The

corresponding results (DSC and WAXS) are displayed in Figure 7.35. Contrary to what

was observed in the samples impregnated at -50◦C, the two methods only agreed for the

samples re-heated above 100◦C. For these particular samples, the two methods provided

virtually identical results. However, although the general trends given by the two methods

are essentially the same, significant discrepancies are seen for the samples re-heated below
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Figure 7.33: DSC-WAXS correlation for the mesophase in the PLA-1.4 samples impregnated at -
50◦C. The mesophase content calculated from WAXS is corrected using the 1.2 factor
found from Figure 7.32.

100◦C. A similar situation was reported by Marubayashi et al. when studying the effects

of temperature and CO2 on the crystallisation of PLA [70]. They observed a good agree-

ment between DSC and WAXS on samples annealed in air but significant discrepancy (up

to a factor 2) when crystallising PLA in liquid CO2 below 10◦C. They attributed this to

the sensitivity of the X-ray method to the regularity of the crystalline structures, which

often leads to smaller crystallinity results than with other methods. Crystallisation of

PLA assisted by CO2 was stated to generate disordered crystalline structures [70]. This

lack of order was characterised by wide diffraction peaks and diffraction angles shifted

to lower values. Marubayashi et al. also demonstrated that exposure to liquid CO2 at

temperatures below 10◦C generated crystals on a nanometric scale.

Similar explanations seem valid in the present experiments. The crystal size, τ , was

calculated on the samples exhibiting either the α or the α′ form, using the (1 1 0)/(2 0 0)

peak. The Scherrer equation was used:

τ =
K · λ

β · cos(θ)
(7.6)

where K is a shape factor (assumed to be 0.9), λ is the wavelength, θ is half the peak’s

diffraction angle and β is the full-width at half-maximum (FWHM) of the peak, assessed

by fitting a Gaussian curve. The results, plotted against re-heating temperature, are

shown in Figure 7.36 for the PLA-1.4 samples impregnated at -50 and -20◦C. It shows
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Figure 7.34: Method used to integrate the cold-crystallisation exotherm and the melting peak for the
PLA-1.4 samples impregnated at -20◦C.

2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0 1 6 0
0

1 0

2 0

3 0

4 0

5 0

 W A X S  ( c o r r e c t e d )
 D S C  ( 9 3  J / g )

Cr
yst

alli
nit

y (
%)

T e m p e r a t u r e  ( °C )

Figure 7.35: Crystallinity of the PLA-1.4 samples impregnated at -20◦C as a function of re-heating
temperature in the DSC. The DSC values were calculated using ∆Hm,α=93 J/g, while the
WAXS values were calculated using Equation 7.5 (1.20 correction factor).

that, on average, the crystals produced through heating of the samples impregnated at

-20◦C were about half the size of the ones produced through heating of the samples
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impregnated at -50◦C (around 10 nm versus 20 nm). Interestingly, this correlate well with

the long spacings found in previous SAXS measurements for the mesophase and the α′′

crystals (15 nm and 35 nm). This tends to indicate that the size of the crystals developed

through re-heating depended on the geometry of the initial crystalline superstructures.

In addition, it is suggested that the the α′ and α crystals produced when re-heating the

samples previously impregnated at -50◦C were nucleated where the mesomorphic domains

were located. These domains, or what was left of them after melting above Tg, probably

acted as seeds for the α′ crystals to grow from.

With increasing re-heating temperature, the crystal size in the samples impregnated

at -20◦C increased as the crystalline domains developed, reaching 15 nm at 140◦C. In the

case of the samples impregnated at -50◦C, the behaviour was slightly different. After an

initial increase, the crystal size appeared to decrease. This phenomenon corresponded

to the α′-to-α transition. It is likely that at temperatures above 100◦C, both crystalline

forms coexisted. The overlapping WAXS peaks artificially gave larger FWHM values and

therefore smaller crystals. In order to obtain meaningful results in the case of samples

having coexisting crystalline forms, the respective contribution of each should be separated

as performed by Zhang et al. [75]. This was of minor interest here and this procedure was

not performed. The samples impregnated at -20◦C did not suffer of such issue as only the

ordered α form was present independently of the temperature.
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Figure 7.36: Crystal size as a function of re-heating temperature for the PLA-1.4 samples impregnated
at -50 and -20◦C, calculated using the (1 1 0)/(2 0 0) WAXS peak.

These observations on the crystal size provided a justification for the discrepancies

between X-ray and DSC. When reheated in the DSC pans, the samples previously im-
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pregnated at -20◦C first crystallised into small crystals. This low degree of order led to

small values of crystallinity measured by X-ray compared to the DSC results. As the

temperature increased, the size and degree of order of these crystals increased. On these

larger crystals, DSC and X-ray provided comparable results. For the samples impregnated

at -50◦C, the crystals generated through reheating in DSC were immediately large enough

for DSC and X-ray method to give similar results.

7.3.7 Crystalllinity calculations

With the correlation being made between DSC and WAXS, it was now possible to calculate

the different phase contents. Figure 7.37 displays the crystallinity of the impregnated

PLA-1.4 samples, measured by DSC and using ∆Hm,α′′=93 J/g. The data was fitted

with a sigmoid curve. A clear trend is seen: the lower the impregnation temperature, the

lower the α′′ crystallinity. The samples impregnated at -50◦C were even virtually free of

α′′ crystals as previously indicated by the WAXS-DSC correlation experiments performed

on these samples.
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Figure 7.37: Crystallinity (α′′) of the PLA-1.4 samples, measured by DSC, as a function of impregna-
tion temperature.

The opposite trend is observed in Figure 7.38 where the mesophase content is plotted

against impregnation temperature: the lower the temperature, the higher the mesophase

content. The mesophase content was calculated using ∆Hm,meso=73 J/g. A sigmoid

curve was also used to fit the data. Despite a significant scattering of the data points,

these two graphs reveal a clear transition located at around -35◦C, which corresponds to
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the transition in foaming behaviour observed in the previous chapter. This scattering is

mainly explained by the difficulty to integrate the DSC features, in particular due to a

slight overlap of the post-Tg endotherm and the cold-crystallisation exotherm.
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Figure 7.38: Mesophase content of the PLA-1.4 samples, measured by DSC, as a function of impreg-
nation temperature.

Figure 7.39 shows similar data but obtained trough WAXS instead of DSC. The pro-

portion mesophase versus α′′ crystals was assessed using a linear combination of the

WAXS spectra obtained on the samples impregnated at -50◦C and at -20◦C (with amor-

phous contribution removed). It was assumed that these spectra were solely produced

by the mesophase and the α′′ crystalline phase respectively. The absence of mesophase

in the -20◦C samples was supported by the lack of peak at q=0.02 Å−1 in the SAXS

spectra and the absence of a significant post-Tg endotherm in the DSC traces. The trends

qualitatively agree with the DSC data, i.e. increasing mesophase content and decreasing

α′′ content with decreasing impregnation temperature. The transition between the two

crystallisation regimes is also observed at around -35 to -30◦C. Despite this good quali-

tative agreement, strong discrepancies are seen in the crystallinity values for the samples

impregnated close to -20◦C. This issue was addressed earlier and explained in terms of

crystal size. Calculating the exact crystallinity values was not essential here, and having

the DSC and WAXS trends agreeing was of greater importance.

The DSC integration methods were finally applied to the two other PLA grades (PLA-

4.3 and PLA-7.7). With increasing D-content, the integrations became more delicate as

the crystallisation exotherm and the Tg endotherm became less sharp. The results, along

with the ones for PLA-1.4, are displayed in Figure 7.40 (mesophase) and Figure 7.41 (α′′).
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Figure 7.39: Mesophase and α′′ contents in the PLA-1.4 samples, measured by WAXS, as a function
of impregnation temperature.

Despite the scattering of the data, the three grades exhibit the same trends. In addition,

as seen previously by WAXS in Figure 7.13, the mesophase and α′′ contents generally

decreased with increasing D-content in PLA.
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Figure 7.40: Mesophase content of the PLA-1.4, PLA-4.3 and PLA-7.7 samples, measured by DSC,
as a function of impregnation temperature.
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Figure 7.41: Crystallinity (α′′) of the PLA-1.4, PLA-4.3 and PLA-7.7 samples, measured by DSC, as
a function of impregnation temperature.

7.3.8 Stretching experiments

The stretching experiments were performed to illustrate the similarities between the liquid

CO2 impregnation of semi-crystalline PLA in the -50 to -20◦C temperature range and the

tensile stretching of the same PLA at temperatures close to Tg in terms of crystallisation

behaviour.

Figure 7.42 shows typical stress-strain curves exhibited by PLA-1.4 when stretched

at 60 and 70◦C. The tensile behaviour of PLA-1.4 was strongly dependant on the tem-

perature. When stretched at 60◦C, PLA-1.4 showed a yield strength of approximately

4-5 MPa and a strong strain-hardening behaviour appearing above 100% deformation.

Stoclet et al. suggested that this strain-hardening was caused by a cross-linking effect

of the growing mesophase [92]. On the contrary, at 70◦C, PLA-1.4 exhibited a ductile

behaviour, with a much lower yield strength (approximately 1 MPa).

Typical DSC traces of the PLA-1.4 stretched at 60 and 70◦C are shown in Figure 7.43.

The traces are qualitatively similar to the DSC traces of PLA-1.4 impregnated at -50 and

-20◦C respectively (Figure 7.5). By comparison with Stoclet et al.’s work, it can be

therefore assumed that stretching at 60 and 70◦C led to the formation of the mesophase

and the α (or α′) crystals respectively. Using the the values of melting enthalpy calculated

earlier, the PLA-1.4 samples stretched at 60◦C had approximately 10% mesophase and

less than 1% of α/α′ crystals. The samples stretched at 70◦C exhibited approximately

50% α/α′ crystallinity.



200 Low temperature CO2-induced morphology of semi-crystalline PLA

0 1 0 0 2 0 0 3 0 0
0

3

6

9

1 2

1 5

6 0 °C

Te
ns

ile 
str

es
s (

MP
a)

T e n s i l e  s t r a i n  ( % )

7 0 °C

Figure 7.42: Typical stress-strain curve obtained on PLA-1.4 at 60 and 70◦C (ε̇=0.04 s−1).
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Figure 7.43: DSC traces of PLA-1.4 stretched at (a) 60◦C and (b) 70◦C (300%, ε̇=0.04 s−1).
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7.4 Discussions

The experiments presented in this chapter covered a range of measuring techniques. In-

terestingly, most of these results revealed a transition in the liquid CO2-induced crystalli-

sation behaviour at around -35◦C. As this temperature matches the previously observed

transition in the foaming behaviour of semi-crystalline PLA, these results already proved

that polymer morphology foaming are intimately related. Several of the characterisation

techniques used, in particular FTIR, DSC and WAXS, indicated the PLA morphology

developed during impregnation at the lower end of the temperature range and the “meso-

morphic” structure observed by Stoclet et al. are virtually identical. In addition, it was

shown within the present work that stretching PLA-1.4 at a temperature just above Tg

and impregnating PLA-1.4 with liquid CO2 at -50◦C led to similar DSC traces. One can

therefore conclude that liquid CO2 impregnation performed at temperatures lower than

-35◦C induced the formation of a mesophase in semi-crystalline PLA.

7.4.1 Small crystals or mesophase?

The polymer structure developed during impregnation at temperature below -35◦C ex-

hibited similarities with both amorphous and crystalline structures in PLA. This is for

example shown by the full-width at half-maximum (FWHM) of the WAXS peaks. In the

present experiments, the FWHM of the amorphous phase, the mesophase, the α′′ crystals

and the α′ crystals were measured to be approximately 4.5◦, 2◦ 1◦ and 0.3◦ respectively

(λ = 0.8266 Å). These values correlate well with what published by Stoclet et al., who

reported 8◦, 3.5◦ and 0.5◦ for the amorphous phase, the mesophase, and the α′ crys-

tals respectively (λ = 1.54 Å). This suggests an intermediate level of ordering between

amorphous phase and crystalline phase of PLA, hence the name of “mesophase” [92].

Although these authors stated the existence of a distinct PLA phase, one can wonder

if the observed WAXS spectra are not the results of smaller crystals, as the FWHM of

crystalline peaks is also linked to the size of the crystalline domains. In the present case,

it can be suggested that the mesophase is actually composed of small crystals. Stoclet et

al. rejected this possibility as the WAXS spectrum of the mesophase did not show any of

the weaker equatorial diffraction peaks characteristic of the α′ phase. In the present case,

a similar observation was done: the weaker peaks seen on the α′′ spectrum (for example

at 2θ=12◦) were not visible after impregnation at lower temperature (see Figure 7.11).

Stoclet et al. also used FTIR as a method to discriminate crystals and mesophase [96].

A band characteristic of the α and α′ crystals was not visible in the FTIR spectrum of the

mesomorphic samples, but an additional band, not found in either thermally crystallised

nor amorphous samples, was observed for the mesomorphic samples. In the present case,

it was found that the FTIR spectrum was independent of the impregnation temperature,
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therefore making impossible the discrimination between mesophase and α′′ crystals using

FTIR. Regardless of the impregnation temperature, all the samples exhibited a FTIR

spectrum similar to the one obtained by Stoclet et al. for the mesophase.

However, DSC in parallel with WAXS showed that the morphology developed dur-

ing impregnation at -50◦C was distinct from the α′′ crystalline phase formed at -20◦C.

While the α′′ crystals were converted directly into more perfect α crystals upon re-heating

through the glass transition, the ordered structure observed in the samples impregnated

at -50◦C simply disappeared at around 70◦C when re-heated. This conclusively indicated

that this structure was not composed of small crystals of either the α, α′ or α′′ kind, and

that the formed structure was a distinct one.

7.4.2 Mesophase and CO2 uptake

Not only the mesophase explains the DSC traces and WAXS spectra, it can also justify

the shape of the CO2 solubility versus temperature curves presented in Chapter 6. The

amorphous PLA-11.8 exhibited an Arrhenius-type curve with an increasing CO2 uptake

with decreasing impregnation temperature. It was assumed that the crystallinity devel-

oped in this grade through impregnation was negligible and therefore had no effect on CO2

absorption. The data measured in PLA-11.8 could therefore be used as a fully amorphous

reference.

For temperatures above -35◦C, the semi-crystalline grades exhibited lower CO2 absorp-

tion than the amorphous grade and a link was found between D-content and solubility.

The explanation was straightforward: the lower the D-content, the faster and higher the

crystallisation during impregnation and therefore the lower the CO2 uptake. This differ-

ence between amorphous and semi-crystalline PLA nearly disappeared between -40 and

-35◦C where all the solubility-temperature curves met. This seems to correspond to the

temperature at which the crystallisation of PLA into the α′′ form was significantly limited

(Figure 7.41), thus indicating that the mesophase had no significant influence on CO2 ab-

sorption at that point. This can be justified by the small fraction of mesophase present

in the samples (less than 10%). One can also suggest that diffusion of CO2 through the

mesophase is not hindered as it is in crystals, since the mesophase may only be a dis-

ordered aggregation of PLA chains [73]. This is also supported by data in the previous

chapter that showed that, at 50◦C, no difference in the diffusion coefficient was observed

among the different PLA grades (Figure 6.4 (a)).

However, at lower impregnation temperatures, the solubility in semi-crystalline PLA

plateaued while in PLA-11.8 it kept increasing following an Arrhenius law. It is sug-

gested that the polymer swelling has to be considered here. On one hand, PLA is known

to significantly swell when absorbing CO2 [111,191]. Although this was not measured ex-

perimentally, a high swelling could be expected to occur, in particular when CO2 uptake
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reached high values such as 40 or 50%. For example, using results from Pini et al. [191],

it is estimated that when impregnated at -50◦C, the volume of PLA-11.8 and PLA-1.4

samples were multiplied by a factor of 2.3 and 1.9 respectively. On the other hand, the

mesophase developed in semi-crystalline PLA is likely to have introduced a crosslinking

effect on the polymer as suggested by Stoclet et al. [97]. They showed that upon ten-

sile strain at temperatures slightly above Tg, PLA with D-content below 8% developed a

mesophase that acted a crosslinking points. With more than 8% D, no mesophase was

formed and the material could be stretched like an “uncrosslinked rubber”. It is suggested

that a similar phenomenon was observed here. The amorphous PLA grade, when absorb-

ing CO2, was free to swell. The semi-crystalline PLA grades (all with less than 8% D)

developed a crosslinked network due to the formation of a mesophase. These crosslinking

points restricted the swelling of the polymer, and thus CO2 absorption by limiting the

space available for the CO2 molecules between the polymer chains.

7.4.3 Suggested model

Figure 7.44 shows a suggested illustration of morphology of the polymer, based on the

results and discussions. In the two cases (impregnation below and above -35◦C), the ori-

entation is the same. When impregnated above -35◦C, PLA crystallised into α′′ crystals,

arranged into lamellar stacks. Cavities due to CO2 are also present in the polymer ma-

trix. This representation is the same as used in Chapter 5. When impregnated below

-35◦C, the polymer mainly formed a mesomorphic structure, here represented as regions

of well-packed oriented chains. These mesophase “knots” acted as crosslinking points for

a network of amorphous chains and limited swelling and CO2 uptake during impregnation.

Based on the SAXS experiments, it is likely that these mesophase regions, although indi-

vidually oriented, are isotropically distributed with an average distance of about 35 nm

between them.

7.4.4 Consequences on foaming

The results presented in this chapter threw more light on the links between CO2 impregna-

tion, crystalline structure and foaming behaviour. Liquid CO2 impregnation above -35◦C

generated a significant amount of α′′ crystals. This was already known from previous

studies and was also reported by other authors. We previously showed that spherulites,

grown either through pre-impregnation annealing (Chapter 4) or impregnation above 10◦C

(Chapter 5), restrained expansion. On the contrary, small and dispersed crystals still al-

lowed foaming. However, in the present case, although these crystals were small in size,

they still significantly hindered the expansion of PLA. This effect was likely due to an

increased viscosity of the PLA matrix, making cell wall stretching difficult. In addition,
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(a)

(b)

Figure 7.44: Illustration of the polymer morphology developed during liquid CO2 impregnation per-
formed (a) above -35◦C and (b) below -35◦C. Cavities in the matrix are depicted as blue
circles. On both drawings, the x-axis is vertical and the y-axis horizontal.

the WAXS in parallel with DSC showed that the α′′ crystals were rapidly converted into

α crystals upon heating through the glass transition. Assuming that this phenomenon

also occurred during foaming, the conversion into more ordered crystals decreased even

further PLA’s expandability. This resulted into a cellular structure containing small cell
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and thick cell walls (see Figure 6.15). A denser layer of material was also observed near

the surface of the same foamed samples with small areas of non-expanded material. The

present WAXS experiments showed that, in the samples impregnated at -30 and -20◦C,

the crystallinity varied across the samples and was higher at the periphery. Better order-

ing and larger crystals were also suggested by the spectra. Such higher crystallinity and

ordering are likely to have led to poor expansion and higher density near the surface of

the foamed samples.

Impregnation below -35◦C mainly produced a mesomorphic structure in PLA. Such

structure was qualified as highly cohesive by Stoclet et al. This would suggest that it

would be detrimental to good expansion. However, the same authors also stated that this

phase melted at around 70◦C and the present work confirmed this. Upon re-heating, the

mesophase present in samples impregnated at -50◦C melted when reaching Tg, before the

samples re-crystallised, first into the α′, and then into the α form. It is suggested that

residual mesomorphic domains acted as seeds for the nucleation of the α′ crystals. During

heating, there was therefore a small window in which the samples were transformed back

into an amorphous state. It is thought that this window is the key to the foaming of

semi-crystalline grades of PLA. When PLA previously impregnated with CO2 at -50◦C

was plunged into hot water, the mesophase melted and possibly also generated nucleation

sites for the cells before any crystallisation took place. The cells took advantage of the

momentary amorphous state of PLA to expand. It is therefore the lack of crystals (α, α′

or α′′), and the melting of the mesophase above Tg that conferred PLA impregnated at

low temperature its good foamability.

In the previous chapter, it was also suggested that the critical impregnation temper-

ature was not dependent of the D-content of PLA, but that the amplitude of the density

step was. Although only the morphology of impregnated PLA-1.4 was studied in details in

the present chapter, it was shown that the other semi-crystalline grades developed similar

morphologies. The differences in resulting density are therefore likely due to the amount

of crystallinity and other factors such as molecular weight.

7.4.5 On the melting enthalpy of the α and α′ forms

Determining the melting enthalpy of 100% crystalline PLA, ∆Hm, is a difficult task. Most

authors use the value proposed by Fischer et al. [40] without even considering if their sam-

ples contain whether the α or the α′ crystalline form [38,43,47]. Despite the common use

of this value (93 J/g), variations were also reported for the α form: 86 [70], 106 J/g [71]

or even 149 J/g [72]. In addition, some authors reported a significantly lower value of

∆Hm for the α′ form, at around 60 J/g [77, 78]. The methods employed to assess this

enthalpy can however be questioned. Kalish et al. used the heat capacity step at the glass

transition as an indicator of the amorphous content of their samples, assuming that a step
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of zero meant that the sample was 100% crystalline. However, it has been shown that a

“rigid amorphous” fraction, having no participation in the glass transition can be present

in PLA [38, 220], therefore potentially introducing an error. Rathi et al. used a method

developed by Mandelkern et al. for linear polyethylene [221]. They employed oligomers

(less than 10 kDa as measured by NMR), assuming that they crystallised completely [78].

This can be questioned, in particular for their highest molecular weights used (approxi-

mately 60 kDa). These two groups of researchers provided consistent results, and their

calculated value of ∆Hm for α crystal was very close to Fischer et al.’s reported value.

The observations made in this chapter seemed to contradict these published results

as they showed that α and α′ had similar melting enthalpies. This again confirms the

difficulty to obtain an accurate measurement of ∆Hm. However, this only affect the

conclusions in a minor way as the focus was not on the qualitative assessment of the

crystallinity, but more on its nature.
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7.5 Conclusion

In this chapter, the morphology of semi-crystalline PLA developed during liquid CO2

impregnation between -50 and -20◦C was studied using X-ray diffraction (WAXS and

SAXS), DSC and FTIR. The investigation was mainly focused on one grade of PLA but

findings indicated that the crystallisation behaviour observed was essentially independent

of the D-content in the 0 to 8% D range. It was found that two main crystallisation

behaviours were present in the impregnation temperature range investigated. The results

also showed the existence of a critical impregnation temperature at around -35◦C, identical

to the one found in the previous chapter when studying the foaming behaviour of the same

PLA.

When impregnated above -35◦C, semi-crystalline PLA mainly crystallised into the α′′

form, arranged into lamellae as suggested by SAXS. This crystalline form was observed

in earlier chapters and has been reported several time in the literature under similar

conditions. Upon re-heating in a DSC apparatus, this form was shown to be converted

into more stable α crystals.

When impregnated below -35◦C, the α′′ crystals were replaced by a mesomorphic struc-

ture or mesophase of PLA. This structure was shown to be identical to the mesophase

observed by Stoclet et al. upon stretching at temperatures slightly above the glass tran-

sition temperature of PLA. As stated by these authors, it was demonstrated that this

mesophase melted just above Tg, producing the endotherm visible on the DSC traces.

The melting enthalpy was calculated to be 73 J/g, which agrees with published data.

These findings appeared to explain the foaming behaviour of semi-crystalline PLA

described in the previous chapter. PLA samples impregnated above -35◦C developed

a high α′′ content which likely increased the stiffness of the matrix during expansion,

resulting in high densities. On the contrary, the mesophase produced by impregnation

below -35◦C probably melted during the expansion stage in hot water, returning the

samples into an amorphous state more favourable to the making of low density foams.

Although the good foaming behaviour observed when impregnated at low temperature

was explained with these experiments, the exact origin of this mesophase remain unclear.

Published papers on the stretching of PLA indicate a link with the glass transition of PLA.

Stretching at temperatures high above Tg provides enough thermal activation for PLA to

crystallise, while at temperatures close to Tg only a mesophase can be formed through

chain alignment. It is therefore suggested that similar phenomena involving PLA’s Tg and

its relation to the amount of absorbed CO2 were involved here. Investigating the origin

of the mesophase and the critical impregnation temperature will therefore be the topic of

the next chapter.



8
DMTA study of the low-temperature

CO2 impregnation of PLA

8.1 Introduction

In Chapter 6, it was shown that low density foams could be produced using semi-crystalline

grades of PLA by performing the liquid CO2 impregnation at temperatures below -35◦C.

Such findings are potentially beneficial for the making of dimensionally stable foam prod-

ucts, as the crystalline network developed in the foams can decrease or even prevent the

shrinkage observed when heating foamed PLA above its Tg [182, 213]. The morphology

developed during low temperature impregnation was characterised using DSC and X-ray

scattering in Chapter 7. Its was found that impregnation performed above -35◦C prefer-

entially generated α′′ crystals, while impregnation performed below -35◦C preferentially

produced a mesomorphic structure or mesophase in PLA. Although these morphologies

were clearly identified, the origin of the mesophase, and more particularly the origin of

the transition between the two crystallisation behaviours was not clarified. In addition,

it was suggested that the low melting point of the mesophase was responsible for the

foaming ability of semi-crystalline PLA impregnated below -35◦C.

This chapter describes an additional set of experiments performed to provide a better

understanding of the interactions between liquid CO2 and PLA in the -50 to 0◦C range,

and thus explain (i) the origin of the critical impregnation temperature and (ii) the links

209
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between polymer morphology and foaming ability. Dynamic mechanical and thermal

analysis (DMTA) was used on CO2 impregnated PLA sheets as the main investigation

technique.
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8.2 Methods

8.2.1 Sample preparation

NatureWorks Ingeo PLA 3001D (1.4%D, referred to as PLA-1.4), on which the work

was focused in the two previous chapters, was used here. As a comparison, amorphous

PLA 4060D (11.8%D, referred to as PLA-11.8) was also used. The material was dried

at 45◦C before being injection-moulded into rectangular strips (60 × 10 × 1 mm sheet

samples) in a Boy 35M injection moulder. The fast cooling and slow crystallisation rate of

PLA ensured that the samples were predominantly in an amorphous state (less than 5%

crystallinity measured by DSC). The samples were let to equilibrate at 23◦C/50% relative

humidity for at least 48 hours before any testing.

Liquid CO2 impregnation was performed as detailed in Chapter 6 with the exception

of the temperature being controlled using a stirred bath (Techne RCB-80) filled with low-

viscosity silicone fluid (Xiameter PMX-200). The pressure was controlled by a pressure-

reducing regulator (Swagelok KCP series) directly connected to a liquid CO2 cylinder.

The impregnation times were based on the previous measurements of CO2 diffusivity and

the diffusion equations developed by Crank [106] (assuming the samples to be infinite flat

sheets). The criterion used was an average concentration of at least 95% of the solubility

and a concentration in the centre of the samples of at least 90% of the solubility. To

ensure full saturation, this minimum time was multiply by a factor of 1.5. The results,

along with pressures, are listing in Table 8.1. PLA-11.8 was only impregnated at 0◦C

using the same parameters as for PLA-1.4. Diffusion in PLA-11.8 was actually faster

(see Chapter 6), and a shorter impregnation time could have been used. The exact

impregnation temperature was re-calculated at the end of each experiment by integration

and averaging of the temperature-time curve, as it could slightly differ from the nominal

temperature.

Table 8.1: Temperature T , pressure P , diffusion coefficient D, and impregnation times for PLA-1.4.

T (◦C) P (bar) D (10−6 cm2· s−1) Time (min)
-50 27 0.34 210
-40 30 0.41 175
-35 32 0.44 160
-30 34 0.48 150
-20 40 0.56 130
0 55 0.73 100

Once the impregnation completed, pressure was quickly released and the samples

placed in a freezer at -18◦C. While most of the samples were stored in the freezer, some
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were immediately weighed and measured to assess CO2 solubility and swelling. The CO2

concentration c was calculated as:

c = 100 · w − w0

w
(8.1)

where w0 and w are initial and current weights respectively. Another possible definition

of the concentration, referred to as “true” concentration here, was:

c∗ = 100 · w − w0

w0

(8.2)

Unidimensional swelling Sx was calculated as:

Sx = 100 · x− x0

x0

(8.3)

where x is either thickness, length or width of the sample, and the index 0 refers to the

initial value.

The samples were kept at -18◦C until their CO2 concentration reached approximately

6%. They were then transferred into a fridge (2-4◦C) until the CO2 concentration went

below 3%. Then, they were placed at room temperature for at least a week, before being

stored 7 days under vacuum to extract the remaining CO2. The samples were finally

stored at 20◦C/50% relative humidity.

8.2.2 Dynamic mechanical and thermal analysis

At regular intervals during their conditioning at -18◦C, impregnated samples were tested

by dynamic mechanical and thermal analysis (DMTA), in order to measure their glass

transition temperature, its dependence on CO2 concentration, and investigate the visco-

elastic properties of the polymer-CO2 system. The samples were quickly weighed and

measured before being tested. The DMTA apparatus used was a Rheometric Scientific

DMTA V, using a single-cantilever configuration (sample clamped at each end) as shown

in Figure 8.1. The distance between the clamps was 14 mm. The test was performed

in dynamic mode at 1 Hz, 0.1% strain, under a 10◦C per minute temperature ramp.

Depending on the CO2 concentration, and therefore Tg, the test could start as low as

-80◦C (achieved using a liquid nitrogen cooling system) and finished approximately 20◦C

above the glass transition. The relatively fast heat ramp was chosen to minimise the

duration of each test, therefore limiting the CO2 desorption while the test was being

carried out. The glass transition temperature was then calculated using either the onset

of the storage modulus (E ′) drop, the apex of the loss modulus (E ′′) or the apex of the

tan(δ). This is illustrated by Figure 8.2. When possible, the three values will be reported.



8.2 Methods 213

Figure 8.1: DMTA test setup with sample in place in the single-cantilever clamps.

These experiments were also carried out on non-impregnated PLA-1.4 and PLA-11.8

samples (therefore amorphous) and PLA-1.4 samples annealed for 2 hours at 100◦C (first

hour under a light weight to prevent warping).
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Figure 8.2: Example of DMTA traces (PLA-1.4 impregnated at 0◦C, approx. 11% CO2). The Tg calcu-
lated using theE′, E′′ and tan(δ) curves are also indicated (points A, B and C respectively).
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8.2.3 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was used on the samples after complete desorp-

tion (single heating ramp at 5◦C per minute from 20 to 200◦C). In particular, its was

desired to check that the morphology of these injection-moulded samples was identical to

what observed on extruded rods (see Chapter 7).

8.2.4 Transparency measurements

The impregnation temperature had visually a strong impact on the light transmission

properties of the samples. This effect was assessed by measuring the transmittance of the

samples after full desorption, following ASTM standard D 1746-96. A Metertech SP30

photospectrometer set at 550 nm was employed. The transmittance Tr of each tested

sample was calculated as:

Tr = 100 · Ir
I0 · h

(8.4)

where Ir and I0 are the light measured by the detector, with and without the sample in

place respectively, and h the thickness of the tested sample. Non-impregnated samples

were also tested.
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8.3 Results

8.3.1 Solubility and initial swelling

The initial swelling and solubility were measured immediately after impregnation. It ap-

peared that the initial swelling only occurred in the thickness direction. Measurement

of the length or width only provided small changes, typically less than 2%, which was

considered negligible by comparison with the change of thickness (approximately from

30 up to 65% depending on the impregnation temperature) and likely within the mea-

surement error. The swelling in the width and length directions was therefore neglected.

The swelling in thickness could be then assumed to be equal to the volumetric swelling.

This unidirectional swelling originated from the mainly unidirectional CO2 diffusion and

the associated CO2 concentration gradient in the flat sheets as discussed in Chapter 5.

The solubility and swelling results are plotted in Figure 8.3. The solubility-temperature

curve of PLA-1.4 exhibited the same shape as what observed previously, with a deviation

from the typical Arrhenius law for impregnation temperatures below -35◦C. However, the

flattening of the curve between -50 and -35◦C is less obvious than seen previously. “True”

solubility is also displayed on the same graph, as well as swelling. One can already see a

relationship between the two, which is clearly shown in Figure 8.4. Swelling and “true”

solubility are obviously linked with a linear relationship. This has been shown by Pini et

al. on P(DL)LA [191]. Their definition of solubility (q in their paper) was equivalent the

definition of “true” solubility (c∗), and their definition of the swelling (s in their paper)

was equivalent to the one used here. They found the following relationship s = k · q with

k ' 1.3. The present experiments gave a linear coefficient, k ' 1.0

8.3.2 Differential scanning calorimetry (DSC)

The DSC traces obtained on the PLA-1.4 samples after full desorption (see Figure 8.5)

were similar to what was observed previously on extruded rods (see Chapter 7). In

particular, a deep endotherm followed by an sharp exotherm were seen just above the

glass transition temperature for the samples impregnated below the critical temperature

of -35◦C. This confirmed that the injection moulded DMTA samples behaved similarly

to the rods and developed the same morphologies, i.e. mesophase or α′′ crystals, during

impregnation. Therefore, it shows the relevance of these DMTA experiments.

8.3.3 CO2-Tg relationship

The DMTA experiments revealed the plasticising effect of CO2 on PLA. This effect was

already well-known for PLA [117,121,122], and has been reported in the case of the BPN

process [14, 203]. Figure 8.6 shows storage modulus (E ′) curves obtained on PLA-1.4
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Figure 8.3: Solubility, “true” solubility and initial swelling of the PLA-1.4 samples, plotted against the
impregnation temperature.

samples impregnated at -50◦C and tested with various CO2 content. Other impregna-

tion temperatures gave similar trends. Two features were obviously affected by the CO2

concentration: the modulus value in the glass state and the onset of the modulus drop,

which is one of the way chosen to assess the Tg. Both of them increased with decreasing

CO2 concentration, thus making the E ′ traces shift to higher temperatures and modulus

values with time. With high CO2 concentration, i.e. above 20%, determining the onset

of the storage modulus drop proved difficult. The apex for the loss modulus disappeared

too. The apex of tan(δ) was the only way to assess the Tg in these cases. This is possibly

explained by the CO2 desorption during DMTA testing. Samples tested with high levels

of CO2 lost a large amount of it while being tested. For a example, a sample tested with

an initial CO2 content of 42% only had 34% CO2 left after testing. This CO2 loss, and

consequent modulus increase, may have smoothened the onset of the modulus drop and

widened the apparent glass transition. This effect was less pronounced on samples with

lower CO2 concentration.

From this experimental data, the glass transition was assessed and the results are

displayed in Figure 8.7, plotted against CO2 concentration. All the results obtained after

impregnation at different temperatures, including the PLA-11.8 samples impregnated at

0◦C, appeared to follow the exact same trend. This was rather surprising since the DSC

tests showed that the tested samples had significantly different levels of crystallinity de-

pending on grade (PLA-1.4 or PLA-11.8) and impregnation temperature. It is believed

that the CO2 molecules are partly expelled [146] from the crystals when crystallisation
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Figure 8.4: Initial swelling plotted against “true” solubility for the PLA-1.4 samples (impregnated at
various temperatures) and the PLA-11.8 samples (impregnated at 0◦C). The dashed line
is a linear regression forced through the origin of the graph.
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Figure 8.5: DSC traces of the PLA-1.4 samples impregnated at various temperatures (indicated on
the graphs) after full CO2 desorption.

occurs, therefore making the CO2 concentration measured by weight lower than the actual

CO2 concentration in the amorphous phase. Therefore, at equal CO2 concentration (mea-

sured by weight), a higher crystallinity should produce a decrease in the glass transition

temperature. However, the presence of crystals is also known to induce an increase of
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Figure 8.6: Effect of CO2 concentration (indicated on the graphs) on the storage modulus (E′) trace
measured by DMTA. The curves shown here were measured on PLA-1.4 samples impreg-
nated at -50◦C.

the glass transition temperature due to a reduced mobility of the amorphous chains [38].

These two phenomena could have potentially balanced each other.

For CO2 concentrations below 20%, the three methods to measure Tg provided linear

trends, with the regression parameters reported in Table 8.2. The three methods showed

that the Tg decreased by around 3-4◦C per percent of CO2. This value is significantly lower

than the one reported previously (-5.5◦C/%) [14,203]. In the present case, using a bending

configuration, the outer layers of the samples contributed significantly more than the

centre. These outer layers had a lower CO2 content than the rest of the samples, and lower

than the average CO2 concentration measured by weight, resulting in a higher measured

Tg. In the earlier measurements, a rheometer was used in which the CO2-impregnated bars

were subjected to torsion [203]. In this deformation mode, the contribution of the different

layers of the samples was more uniform, therefore likely to provide a more accurate result

when plotted against the average CO2 concentration. In addition, a slower heat ramp

was used (1◦C per minute). The faster heating rate used here may have also shifted the

measured Tg to higher temperatures.

As one can see in Table 8.2, the decrease of the Tg by CO2-assisted plasticisation was

not exactly reversible. After complete desorption, the samples exhibited a slightly higher

Tg than their initial glass transition temperature. This is explained by the crystallisation

that occurred during impregnation. For comparison, the Tg of the oven-crystallised sam-

ples was measured using the same method and the results, significantly higher than for the
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Figure 8.7: Effect of CO2 concentration on the glass transition temperature measured using E′, E′′ or
tan(δ). PLA-1.4 samples impregnated at various temperatures and PLA-11.8 are mixed in
this graph as they gave the same relationships.

Table 8.2: Linear regression parameters of the Tg-CO2 relationship in PLA-1.4 for CO2 concentrations
below 20%. The original glass transition temperature of the PLA-1.4 samples (Tg,0) and the
glass transition of the annealed PLA-1.4 samples (Tg,cryst) are also indicated.

Slope (◦C/%) Intercept (◦C) Tg,0 (◦C) Tg,cryst (◦C)
E ′ -3.9 47.5 46.3 55.6
E ′′ -3.9 53.6 48.2 63

tan(δ) -3.2 62.3 51.7 71

amorphous samples, are shown in Table 8.2. This shows that the presence of crystallinity

induces an increase of the glass transition temperature. This increase is attributed to the

restrained mobility of the amorphous chains in the presence of crystals [38].

As said before, it proved difficult to measure the Tg for CO2 content above 20% using

the E ′ and E ′′-based methods. However, the apex of the tan(δ) still provided a value.

Figure 8.7 shows that the Tg deviated from a linear relationship with CO2 concentration

above 20%. For such high CO2 content, it is likely that the Tg measurement became

unreliable, in particular due to the fast CO2 loss previously mentioned.

8.3.4 Post-Tg modulus drop

Another important feature of the storage modulus traces was the modulus drop happen-

ing through the glass transition. This drop appeared to be strongly dependant on the
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impregnation temperature. Figure 8.8 displays the storage modulus traces of PLA-1.4

samples after full CO2 desorption. With virtually no CO2 left in them, all the samples

exhibited the same Tg. On the other hand, it is clear that the lower the impregnation

temperature, the steeper the modulus drop. Figure 8.9 shows the same storage modulus

traces but at a CO2 concentration of approximately 12%. A similar observation can be

made in this graph.
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Figure 8.8: Effect of impregnation temperature on the storage modulus (E′) trace measured by DMTA
after complete desorption of the PLA-1.4 samples. The traces of an amorphous PLA-1.4
sample and an annealed PLA-1.4 sample are also shown for comparison.

The storage modulus drop was quantitatively assessed by calculating the ratio between

E ′ 10◦C after the Tg and 20◦C before the Tg:

δE =
E ′(Tg + 10)

E ′(Tg − 20)
(8.5)

The corresponding results for PLA-1.4 are displayed in Figure 8.10, plotted against

the impregnation temperature. For comparison, the amorphous PLA-1.4 samples and

the annealed PLA-1.4 samples had a “drop ratio” of approximately 0.03 and 0.5, respec-

tively. Both CO2 concentrations (0 and 12%) gave a sigmoid-shaped curve, confirming

the trend seen in the two previous graphs. These curves also exhibit the same critical

temperature as previously observed by foam density measurement (Chapter 6) or DSC

and WAXS (Chapter 7). One can question the validity of the modulus drop, as geomet-

rical changes could have happened in the samples during testing when going through the
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Figure 8.9: Effect of impregnation temperature on the storage modulus (E′) trace measured by DMTA
on the PLA-1.4 samples with approximately 12% CO2. The exact CO2 content is indicated
between brackets.

glass transition. Post-measuring the dimensions was unfortunately irrelevant for the 12%

CO2 samples due to an obvious foaming. Therefore, it is not possible to state that the

modulus drop for these samples was accurate. However, for the samples with no CO2

left in them, post-measurement was possible as they did not foam upon heating. This

showed that the dimensions changed very little (DMTA test stopped when reached 80◦C).

The change in thickness was for example limited to less than 3%. This showed that the

calculated modulus drop, and its dependence with the impregnation temperature, were

genuine. It could be also argued that the different thicknesses of the samples impregnated

at various temperatures (due to swelling) could have induced errors by affecting the heat

diffusion during testing. However, the lower the impregnation temperature, the thicker

the samples, making the samples impregnated at the lowest temperatures more likely to

show a smoother modulus drop and not the other way around.

8.3.5 Permanent dimensional changes

As said earlier, the CO2 absorbed induced a high swelling of the polymer samples. The

initial swelling was only significant in the thickness direction, leaving the width and length

of the samples virtually unchanged through impregnation. During the desorption stage

in the freezer, the samples slowly shrunk back. In figure 8.11, the swelling of the PLA-1.4

samples in the thickness direction is plotted against the CO2 concentration during this

storage step. It can be seen that the thickness of the samples progressively decreased
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Figure 8.10: Storage modulus drop at 12% and 0% CO2 for PLA-1.4 plotted against impregnation
temperature (exact temperature re-calculated after impregnation).

during storage, but never went back to its original value. For example, through impreg-

nation at -50◦C, the PLA-1.4 samples swelled from 1.0 mm to approximately 1.65 mm

thick. After full desorption, the thickness was around 1.5 mm.
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Figure 8.11: Evolution of the swelling of the PLA-1.4 samples in the thickness direction as a function
the CO2 concentration during the desorption.

Figure 8.12 displays the dimensional changes (in each of the three main directions) after
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full CO2 desorption fro PLA-1.4. Contrary to the observation made immediately after

impregnation, the length and width of the samples changed during desorption, decreasing

of 5 to 18% depending on the impregnation temperature. It can be seen that the lower

the impregnation temperature, the higher the amplitude of these dimensional changes.

This was caused by the increasing solubility of CO2 in PLA, and therefore swelling, with

decreasing impregnation temperature.

- 6 0 - 5 0 - 4 0 - 3 0 - 2 0 - 1 0 0 1 0
- 2 0

- 1 0

0

1 0

2 0

3 0

4 0

5 0

6 0

 T h i c k n e s s
 W i d t h
 L e n g t hSw

elli
ng

 (%
)

I m p r e g n a t i o n  t e m p e r a t u r e  ( °C )

Figure 8.12: Swelling of the PLA-1.4 samples after complete desorption plotted against impregnation
temperature.

8.3.6 Transparency

The visual appearance of the samples was strongly affected by the impregnation condi-

tions. Figure 8.13 shows PLA-1.4 samples impregnated from -50◦C to 0◦C, after complete

CO2 desorption. A gradual change of light transmission properties across the tempera-

ture range is seen. The samples impregnated at 0◦C remained translucent through the

process, whereas the ones impregnated at -50◦C became opaque. It is worth mentioning

that this opacity occurred during the storage period of the process, and not during the

impregnation itself. Coming out of the impregnation vessel, all the samples exhibited a

similar clear aspect, regardless of the impregnation temperature employed. The change

of opacity of the samples impregnated at the lower end of the temperature range only

occurred after about a couple of hours in the freezer.

The light transmission property of the samples was quantified by photospectrometry.

The corresponding transmission results are displayed in Figure 8.14. The plotted data
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Figure 8.13: PLA-1.4 samples after complete CO2 desorption. The respective impregnation temper-
ature were (from left to right) -50, -40, -35, -30, -20 and 0◦C.

exhibits a sigmoid shape, with a transition at approximately -35◦C. This transition corre-

sponds well with the transition in foaming behaviour and crystalline morphology observed

previously.

The clear aspect of PLA-1.4 after impregnation in liquid CO2 at 0◦C has already

been reported in the literature [70, 222]. Under these impregnation conditions, PLA did

not crystallise into large spherulites but into small crystals with a size smaller than the

wavelength of visible light.

The opacity on the samples impregnated at lower temperature is more difficult to

explain. Opacity in semi-crystalline polymer is often associated with the presence of

crystals, organised on a scale large enough to produce light scattering. In the present

case, the increase of opacity seems to correspond with the development of the mesophase.

It also coincides with the appearance of a low angle peak in the SAXS spectra, which

suggested some degree of larger scale ordering of the mesophase as shown in Chapter 7.

Cavities in the PLA matrix are also a potential explanation for light scattering [223].

The presence of cavities has been previously suggested for CO2-treated samples. Such

cavities were attributed to the CO2-induced swelling of the polymer, leaving permanent

voids after CO2 desorption.
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Figure 8.14: Transmittance of the PLA-1.4 samples as a function of impregnation temperature after
full desorption.
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8.4 Discussion

8.4.1 Validity of the DMTA results

The DMTA tests presented in this report were delicate to perform, mainly due to the

instability of the CO2-impregnated samples. They required cautious and minimised han-

dling to avoid CO2 loss, morphological changes or even unwanted foaming. Several issues,

potentially affecting the quality of the results, were raised.

As already mentioned, the slope of the Tg-CO2 relationship was less than previously

measured. Possible reasons include the different testing configuration (cantilever bending

instead of torsion) and the faster heating rate (10◦C per minute instead of 1◦C per minute).

However, the results are qualitatively the same.

CO2 loss during the DMTA test was significant in many cases (especially for CO2

concentrations greater than 20%). This possibly led to the difficulty to measure Tg in

samples with high CO2 concentrations. This issue made necessary the use of a fast

heating rate in order to reduce the amount of CO2 escaping during the test.

The first measurements of the dimensions of the samples straight after impregnation

indicated that the width (and length as well) were not affected, and that only the thick-

ness increased through impregnation. It was then assumed that this fact remained true

throughout the desorption stage in the freezer. Therefore, the width of the samples was

not measured prior to each test and assumed to be constant at 10 mm. This also allowed

to minimise the handling time of the samples. It only appeared later on that the width

decreased during the storage stage. This decrease of the width was comprised between

5 and 16% after full desorption (see Figure 8.12). This error did not affect the test it-

self. The test was controlled in strain (0.1% strain at 1 Hz). In the single-cantilever

configuration used, the maximum strain ε can be expressed as:

ε =
12 · t
l2
· d (8.6)

where t is the thickness of the sample, l the length between the clamps (and not the total

length of the sample), and d is the deflection, driven by the instrument. This equation

shows that the width w had no influence on the way the test was controlled by the

instrument. However, the post-test calculations (e.g. stress or moduli) were affected by

this error. For example, the maximum stress σ was calculated as:

σ =
3 · l

4 · w · t2
· F (8.7)

where F is the force measured by the instrument. One can see that the value of the

calculated σ depends on w. The induced error however only affected the amplitude of the
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stress measured and consequently also the moduli (E ′ and E ′′) by multiplying them by a

constant factor. Thus, it did not have an impact on the loss tangent (tan(δ) = E′′

E′
), the

“drop ratio” (δE) or any of the measurement methods for Tg.

8.4.2 Origin of the critical impregnation temperature

The CO2-Tg relationship investigated in this report provided valuable information on

the origin of the crystalline structures developed during liquid CO2 impregnation in the

temperature range studied, and in particular explanations for the existence of a critical

impregnation temperature (-35◦C).

It was shown that with decreasing impregnation temperature, the CO2 uptake in-

creased, leading to a decrease of the glass transition temperature. Crystallisation of

PLA occurred because this decrease was large enough to place the polymer into a rub-

bery state, thus providing molecular mobility and ability to crystallise [121, 122]. For

instance, when PLA was impregnated at 0◦C, the Tg dropped to about 0◦C as measured

by the tan(δ) method, but to -35◦C as measured by the E ′ method. This indicates that

molecular motion was possible and led to crystallisation of PLA into the α′′ form. This re-

lationship between impregnation temperature, CO2 concentration and Tg is summarised

in Figure 8.15. This graph shows that with decreasing impregnation temperature, the

difference (∆T ) between impregnation temperature (T ) and glass transition temperature

(Tg) as measured using the E ′ method decreased. It is very likely that below a certain

value of ∆T , crystallisation into the α′′ form was not possible any more. The molecular

chains did not have enough mobility to re-organise. However, the swelling induced by CO2

uptake still forced the chains into a stretched configuration. A similar situation was de-

scribed by Stoclet et al. when they studied the tensile deformation of PLA at temperature

around Tg [92, 96]. They showed that, when stretched at a sufficiently high temperature

(about 70-80◦C, function of the strain rate), PLA crystallised into the disordered α′ form.

At lower temperatures, this crystalline form did not appear but a mesomorphic phase

was produced. They explained this phenomenon by comparing strain rate and relaxation

rate of the polymer chains. In the previous chapter, this was also observed for PLA-1.4

stretched at 60 and 70◦C. Stretching at 60◦C produced a mesophase while stretching at

70◦C led to crystallisation of PLA-1.4. Using DSC and X-ray scattering methods, it was

shown that the mesophase they described was identical to the morphology observed in

semi-crystalline PLA samples impregnated below -35◦C. Therefore, it is suggested that

when impregnation took place below -35◦C, the CO2-induced Tg decrease was not suffi-

cient to provide the mobility required for PLA crystallisation. The chain stretching due

to swelling still allowed some degree of re-organisation which materialised as the creation

of a mesophase.
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Figure 8.15: Temperature-solubility for PLA-1.4 plotted along with the Tg-CO2 concentration experi-
mental data (fitted with exponential decay functions).

8.4.3 Consequences on foaming

This set of experiments not only provided explanations on the origins of the mesophase

but also on the links between this mesophase and the foaming ability of PLA when

impregnated below the critical temperature.

Crystallinity was already known to be detrimental for foaming by hindering the ex-

pansion of the polymer matrix in a solid-state foaming process [145, 190]. We showed in

Chapter 5, that crystals organised in spherulitic structures severely restrained foam ex-

pansion. On the contrary, small dispersed crystals allowed expansion despite a significant

amount of crystallinity. However, its is likely that such small crystals still restrained the

expansion to some extent by increasing the elongational viscosity of the material during

foaming.

It was observed that, when impregnated at -30 or -20◦C, PLA-1.4 only expanded to

high density in the 300 to 400 g/L range (Chapter 6). The foam cells were small and had

thick walls, suggesting that the walls stretching was difficult and restrained cell growth.

This was explained by the presence of small α′′ crystals in the PLA matrix.

When PLA-1.4 was impregnated below -35◦C, an ordered phase was also found in the

PLA matrix, but in a mesomorphic form. Stoclet et al. demonstrated that this mesophase

was nearly as cohesive as the crystalline phase of PLA but melted at around 70◦C, pro-

ducing the post-Tg endothermic peak seen on DSC traces [96]. Chapter 7 confirmed this

via WAXS and DSC experiments. A consequence of this melting was also visible in the

DMTA curves plotted in Figure 8.8 and Figure 8.9. The lower the impregnation temper-
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ature, the sharper the modulus drop at the glass transition. Quantitatively assessing this

modulus drop (δE) with Equation 8.5 revealed a sigmoid shape centred on approximately

-35◦C. This phenomenon was observed on samples containing 12% CO2 and samples with

virtually no CO2 remaining.

This sharp drop of the modulus at the glass transition in the samples impregnated

below -35◦C is explained by the melting of the mesophase. Upon heating through the glass

transition, the cohesive mesophase disappeared returning the samples into a complete

amorphous state. In the case of a sample being foamed, this transformation is highly

beneficial as it provides a matrix free from crystals, more compliant as shown by the

DMTA results, and therefore readily expandable. On the contrary, upon heating, the

samples impregnated above -35◦C kept their α′′ crystalline content. Results detailed in

Chapter 7 even showed that the α′′ crystals were converted into more stable α crystals

when heating through the glass transition. This conferred the samples the ability to

retain a significant degree of stiffness above Tg. For samples being foamed, this stiffness

acted as a constraint against expansion and only high densities were achieved. These

DMTA experiments therefore confirmed the crucial role of the mesophase in the foaming

of semi-crystalline grades of PLA, as suggested in the previous chapter.
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8.5 Conclusion

The previous chapter, supported by papers from other authors [92, 96], aimed at char-

acterising the morphology of semi-crystalline PLA impregnated with liquid CO2. It was

determined that a mesomorphic form of PLA was produced when impregnating below

the critical impregnation temperature of -35◦C. However, the mechanisms responsible for

the appearance of the mesophase, as well as the relationship with the subsequent foaming

behaviour, were not fully explained.

The DMTA study presented here provided answers to this question. The mesophase

is thought to originate from the CO2-induced swelling and stretching of the PLA chains,

under conditions preventing crystallisation of PLA due to a too low T−Tg differential. The

temperature under which these conditions are present, namely below -35◦C, is a function

of the temperature-solubility relationship and the CO2 concentration-Tg relationship in

PLA.

Although the mesophase is highly cohesive [96], it was shown to melt just above

Tg. This translated into a sudden drop of the storage modulus as measured by DMTA,

much faster than in samples that crystallised into the α′′ form. This phenomenon is very

fortunate. During the expansion step (in hot water or steam) of the foaming process,

the mesophase melts, returning the matrix to an amorphous state, favourable to good

expansion.

The DMTA study, correlated with other experimental and literature data, provided a

solid explanation for the existence of the mesophase and the critical impregnation tem-

perature, as well as clarifying its role in the foaming process. This understanding of the

underlying mechanisms in the low-temperature impregnation process could potentially

help improve it. A major drawback of this process is the low temperature required, easily

achievable at lab-scale but likely to be energy-consuming and problematic at larger scale.

Knowing the origins of the critical impregnation temperature will provide directions of

research in order to raise it, make the process more suited to scale-up and allow to benefit

from the properties of semi-crystalline PLA foams.
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Prefoaming of semi-crystalline

polylactic acid and dimensional
stability

9.1 Introduction

Polylactic acid (PLA) is currently attracting a lot of interest as a commodity plastic,

mainly for packaging applications. This interest is driven by a general concern about the

sustainability of plastic materials, but the growing use of PLA is only possible thanks to its

good mechanical properties, comparable to other common thermoplastics. NatureWorks

and Purac, two main players in the field of lactic acid and PLA, do agree on the potential of

PLA to partially replace current commodity plastics such as polypropylene, polyethylene,

polyamide and polyethylene terephthalate [1]. However, its low glass transition temper-

ature at around 55-60◦C limits the possible applications (e.g. hot food containers). One

of the most obvious ways to overcome this issue is controlling the crystallinity of PLA.

By means of adjusting the enantiomer ratio, adding nucleating agents or annealing the

products, it is possible to significantly improve the heat deflection temperature (HDT) of

PLA [30,47].

In the case of the BPN foaming process, the low-Tg issue is not only limited to HDT

but primarily to shrinkage. During the foaming process, the polymer chains of PLA

231



232 Prefoaming of semi-crystalline polylactic acid and dimensional stability

located in the cell walls are considerably stretched as the cells expand. Upon cooling,

these chains are “frozen” into a thermodynamically unstable conformation. Re-heating

the foam above the glass transition temperature allows these “frozen-in” chains to move

back into a more favourable state. The cell walls shrink and therefore the whole expanded

structure shrinks as well. Valuable information can be found in the literature about the

dimensional stability of stretched PLA films [57, 58, 162]. Comparison with films can be

made since the cell walls in an expanded thermoplastic foams can be described as bi-

axially stretched films [59]. These published studies showed that, by using a suitable

semi-crystalline grade of PLA and by controlling the processing parameters, it is possible

to tailor the crystallinity of the PLA films, and ultimately suppress the shrinkage.

It was shown that PLA with a low D-content was a potential candidate for foams with

improved dimensional stability. It was suggested that such grade developed a cohesive

crystalline network when foamed, beneficial for stability above the glass transition tem-

perature [213]. Chapter 6, as well as the two following, demonstrated that impregnation at

low temperature was necessary to process such PLA into low density foams and the under-

lying phenomena were characterised. Although the impregnation step of semi-crystalline

PLA is now understood, the expansion step has been rather overlooked. As foams share

similarities with films, it is expected that the prefoaming conditions significantly affect

the crystallinity of the product and thus its thermal properties.

In this chapter, a semi-crystalline PLA grade with a low D-content was chosen. The

influence of the foaming temperature and time on the dimensional stability was inves-

tigated. Differential scanning calorimetry (DSC) helped correlating the stability results

with the morphology of the foamed samples.
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9.2 Methods

9.2.1 Materials

NatureWorks LLC PLA 3001D, on which most of the experiments of the previous chapters

were based, was used in this study. PLA 3001D is a low D-content grade (1.4% ±
0.2% [47]) and therefore is classified as semi-crystalline. The PLA pellets were dried

overnight at 60◦C and processed on a Labtech twin-screw extruder (model LTE 26-40).

The extruded strands, cooled using a water bath, were pelletised into approximately 2 mm

cylindrical beads. The material was then conditioned at 23◦C and 50% relative humidity

for a month before foaming.

9.2.2 CO2 impregnation and foaming

The extruded beads were impregnated with liquid CO2 at -50◦C under 27 bar in a 10 mL

pressure cell, as detailed in Chapter 6. In order to determine the ideal impregnation time

for this particular geometry, a finite element analysis was performed using the Abaqus

software. The beads were modelled as elliptic cylinders with the following dimensions:

• length: 1.9 mm.

• major axis: 1.9 mm.

• minor axis: 1.5 mm.

The coefficient of diffusion was assumed to be 0.34·10−6 cm2·s−1 as found in Chapter 6 for

this grade of PLA at -50◦C. The simulated overall CO2 concentration, and CO2 concen-

tration in the centre of the bead, is plotted against time in Figure 9.1. This simulation

showed that an impregnation time of 140 minutes gave a CO2 concentration similar to

what obtained in the rods used in Chapter 6 after 200 minutes impregnation, considering

both overall concentration and concentration in the centre where it is the lowest.

Once the beads impregnated with CO2, they were removed from the pressure cell and

placed in a freezer at -18◦C. The beads were foamed after 90 and 180 minutes (± 5 minutes)

in the freezer. Preliminary desorption experiments indicated that the CO2 concentration

in the beads was 18.5 to 19.5 wt% and 15.5 to 16.0 wt% respectively. Foaming was

performed in hot water at 60, 70 and 80◦C for times ranging from 1 to 90 seconds.

After foaming, the samples were immediately quenched in cold water and dried at room

temperature using a strong air flow. The samples were further conditioned to equilibrate

at 20◦C and 50% relative humidity for three months before their density (d) was measured

by water displacement. The expansion ratio (ε) was defined as:

ε =
d0

d
(9.1)
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Figure 9.1: CO2 concentration increase over a 4 hour impregnation at -50◦C, averaged over the whole
bead, and in the centre.

where d0 is the density of unprocessed PLA 3001D (1.24 g.cm−3 [224]). It was chosen to

discuss the results in terms of expansion ratio rather than density because of the linear

relationship between expansion ratio and crystallinity demonstrated by Keshtkar et al.

on extruded PLA foams [60].

9.2.3 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) has been shown to be a useful tool to investigate

the crystallinity and morphology of stretched PLA films [162]. In the present experiments,

DSC was performed on about 2.5 to 5 mg for each of the foamed samples using a TA

Instruments Q1000 DSC apparatus. A single heat ramp from 20 to 200◦C at 5◦C per

minute was used. Triplicates were tested only for the samples foamed for 1, 10 and

90 seconds, the other samples being tested only once.

9.2.4 Dimensional stability

In order to assess their dimensional stability, the dry foamed samples were placed in an

oven set at 70◦C, i.e. above Tg, for 25 hours. The samples were then conditioned at room

temperature for a few hours, allowing them to cool down, before density measurements

were carried out as previously. The volumetric shrinkage (SV ) was calculated using either

of the following formulae:
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SV = 1− di
df

(9.2)

SV = 1− εf
εi

(9.3)

where di and df are the initial and final densities respectively, and εi and εf the initial

and final expansion ratio respectively.

9.2.5 Wide-angle X-ray scattering (WAXS)

WAXS was performed on the SAXS/WAXS beamline at the Australian Synchrotron.

The wavelength used was 0.8266 Å (15 keV) and the camera length was 120 mm. The

diffracted X-rays were collected on a MAR165 CCD detector. Only the samples foamed

at 70◦C after 90 minutes at -18◦C were tested. Samples before and after oven-annealing

at 70◦C were tested. Data processing was performed similarly to previous chapters (for

example Chapter 7).
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9.3 Results

9.3.1 Foaming

The expansion ratio versus foaming times is shown in Figure 9.2 for the different foaming

temperature and storage times used. These plots clearly show the effects of foaming

temperature and storage time, therefore CO2 concentration, on the expansion behaviour

of the PLA-CO2 system. Each of these curves can be described with an initial steep

increase of the expansion ratio during the first 20 seconds in hot water, followed by either

a stabilisation or a slight decrease of the expansion ratio.

The slope of the initial increase of the expansion ratio is related to the cell nucle-

ation and the initial cell growth in PLA. It can be seen that this slope increases with

increasing foaming temperature (by about a factor 2 every 10◦C) and with increasing

CO2 concentration. The contribution to the nucleation rate can be explained by the the-

ory developed by Colton and Suh and validated on polystyrene-CO2 systems with various

nucleating agents [148, 149]. The equations they developed depend on the predominant

nucleation mechanism, homogeneous or heterogeneous. However, both mechanisms lead

to an increase of the nucleation rate in the polymer-CO2 system with increasing foam-

ing temperature and CO2 concentration. Temperature and CO2 concentration also both

favoured cell growth by plasticizing PLA and therefore allowed polymer extension in the

cell walls. Increased temperature also increased CO2 diffusivity and thus the transport of

CO2 from the PLA matrix to the growing cells.

The maximum expansion is equally influenced by temperature and CO2 concentra-

tion. The amount of CO2 dissolved in the matrix determines the maximum theoretical

expansion of the foam [137, 155] as it gives the maximum volume of the cells. Increas-

ing temperature decreases the extensional stiffness of the matrix in the cell wall, thus

decreasing the constraint imposed to the growing cell and its final expansion [151].

The decrease of expansion ratio after about 20 seconds of foaming is essentially seen at

high CO2 concentration and high temperature (Figure 9.2 (a)). This collapse of the foam

was attributed to the blowing agent escaping from the foam by Naguib et al. [155]. As the

cells grow and the cell walls get thinner, CO2 tends to diffuse out of the cells. The PLA

matrix, in which amorphous chains have been stretched into a non-stable state above its

glass transition temperature, can then relax. This shrinkage leads to a decrease of the size

of the cells and overall expansion ratio. This phenomenon is accentuated by the foaming

temperature as CO2 diffusivity in PLA increases with increasing temperature [115, 116].

Cell coalescence will also accelerate CO2 loss. This cell coalescence has been observed

in semi-crystalline PLA foams and was attributed to the presence of crystals acting as

defects and initiating cracks in the cell walls [59].
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Figure 9.2: Expansion ratio plotted against the foaming time at 60, 70 and 80◦C for the impregnated
beads stored for 90 minutes (a) and 180 minutes (b).

9.3.2 Differential Scanning Calorimetry (DSC)

All the samples provided qualitatively similar DSC traces when heated from room tem-

perature up to 200◦C. Figure 9.3 shows a typical DSC trace. The main features that were

observed on the thermograms were:

• a glass transition with an endotherm (Eendo).
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• post-glass transition exotherm (Eexo).

• melting endotherm (Em) with its peak at T = Tm.

These features were present on all the samples but with varying intensities depending on

the foaming conditions. The features observed around the glass transition were obvious

on the samples foamed for short times (e.g. 1 or 5 seconds) but their amplitude decreased

rapidly with increasing foaming time.
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Figure 9.3: Example of DSC trace obtained when heating a foamed sample from 20 to 200◦C at 5◦C
per minute. This particular sample was foamed at 70◦C for 1 second after a 90 minutes
storage.

Similar DSC traces can be found in the literature related to stretched PLA films and

fibres [162]. The endothermic peak associated with the glass transition was caused by the

relaxation of stretched amorphous polymer chains re-heated above the glass transition

temperature Tg [214, 225]. This peak has been reported on totally amorphous PLA sam-

ples as well, so is not necessarily related to crystallinity [214]. The exotherm, observed

by Aou et al. on low-D PLA, has been attributed to a “strain-induced nucleation en-

hanced crystallisation” and is thought to be indirectly related to the amount of deformed

amorphous chains [162]. These similarities between the DSC traces of foamed PLA and

stretched PLA films can be explained by the similar nature of the cell walls and stretched

films [59].

Figure 9.4 displays an example of how crystallinity increased during prefoaming, in

parallel with the expansion ratio. All the samples exhibited a monotonic increase of
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crystallinity during prefoaming, despite the expansion ratio dropping in some cases after

20 seconds prefoaming. The initial increase in crystallinity can be attributed to strain-

induced crystallisation as the material in the cell wall is being stretched. However, the

increase of crystallinity still observed when the samples were obviously already collapsing

during the foaming cannot be caused by the alignment of the polymer chains upon stretch-

ing of the cell walls. It is likely to be due to the relaxation of some stretched amorphous

chains and their crystallisation facilitated by the presence of already crystallised mate-

rial. This increase of crystallinity during the collapse phase of the foaming is therefore of

similar nature as the post-Tg exotherm observed in the DSC traces.
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Figure 9.4: Example of evolution of expansion ratio and crystallinity with increasing prefoaming time
(90 minutes storage, 80◦C prefoaming). Note that the crystallinity is here displayed in J/g,
to be divided by 0.93 [40] to get a percentage crystallinity.

In Figure 9.5, the crystallinity is plotted against the expansion ratio. Only the data

corresponding to the increasing part of the expansion is displayed. In other words, the

samples showing signs of collapse during foaming were not used for this graph. The

graph shows that crystallinity is mainly controlled by the expansion ratio. Interestingly,

this relationship appears independent of foaming temperature. This observation tends

to confirm that the crystallisation was mainly strain-induced and not thermally induced.

Data reported by Keshtkar et al. indicated a linear relationship between expansion ratio

and crystallinity [60]. In the present case, it is clearly non-linear. The process used

by Keshtkar et al. and the one used here are significantly different. In the former,

foaming takes place in the molten state while in the latter, it takes place in the solid state.

This difference could explain the distinct crystallinity-expansion ratio relationships. In
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Chapter 6, it was found that, prior to foaming in hot water, crystallinity was virtually

non-existent in the samples (apart from a mesophase which was likely to melt in the early

stage of foaming). In Figure 9.5, a power-law (represented by a dashed line) was used to

fit the data.
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Figure 9.5: Crystallinity of the foamed samples versus their expansion ratio. Samples exhibiting col-
lapse during foaming were discarded from this graph. Note that the crystallinity is here
displayed in J/g, to be divided by 0.93 [40] to get a percentage crystallinity.

The exotherm (Eexo) is plotted against the expansion ratio in Figure 9.6 (increasing

part of the expansion only). Observations similar to what has just been described can

be made, except that the exotherm decreased with the expansion ratio. As for the crys-

tallinity, the amplitude of the exotherm appears to be mainly a function of the expansion

ratio during the expansion phase of the foaming in hot water.

9.3.3 Dimensional stability

Shrinkage of the foamed beads appeared to decrease monotonically with increasing foam-

ing time. Figure 9.7 illustrates this with the samples foamed after 90 minutes of storage

at -18◦C. Samples foamed for a short amount of time, exhibited shrinkage of about 45%,

which means a volume reduced by nearly a factor 2 during oven-annealing. Increasing

foaming temperature also seems to reduce shrinkage. Shrinkage even virtually disappeared

on samples expanded at 80◦C for 90 seconds. It therefore appears that a wide range of

dimensional stabilities can be achieved, from high to non-existent shrinkage, depending

on the exact processing conditions.
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Figure 9.6: Post-Tg exotherm of the foamed samples versus their expansion ratio. Samples exhibiting
collapse during foaming were discarded from this graph.
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Figure 9.7: Shrinkage (70◦C, 25 hours) plotted against the foaming time at 60, 70 and 80◦C for the
impregnated beads stored for 90 minutes-18◦C.

The shape of the curves displayed in Figure 9.7 is a strong hint that shrinkage is

related to the expansion ratio. This is confirmed by Figure 9.8 where shrinkage is plotted

against expansion ratio. As for Figure 9.5 and Figure 9.6, only the data corresponding

to the increasing part of the expansion is shown. The graph shows that the higher the
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expansion ratio, the lower the shrinkage. This was previously observed [213]. The trend

observed is generally linear over the studied range.
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Figure 9.8: Shrinkage (70◦C, 25 hours) plotted against the expansion ratio for the samples foamed
at 60, 70 and 80◦C. Samples exhibiting collapse during foaming were discarded from this
graph.

Figure 9.7 indicates that the shrinkage decreased monotonically with foaming time. In

particular, this means that the samples exhibiting collapse during foaming in hot water

showed lower shrinkage during oven-annealing despite their decreased expansion ratio.

This observation is easily explained. Collapse during foaming and shrinkage during oven-

annealing originated from the same driving force: the stretched amorphous polymer chains

relaxing when exposed to temperatures above their glass transition. The collapse observed

during foaming acted as a pre-annealing of the foamed samples, allowing the PLA chains

to relax to a more stable conformation, therefore reducing the amount of shrinkage during

further oven-annealing. Figure 9.8 also shows an effect of the CO2 concentration on the

shrinkage. At same foaming temperature and expansion ratio, lower CO2 concentration

seems to lead to lower shrinkage. It is very unlikely that this effect was due to CO2 re-

maining in the foamed samples when measuring the density and performing the shrinkage

experiments as the samples were let to equilibrate three months after foaming. After this

long conditioning period, it is expected that any difference in residual CO2 between the

beads foamed after 90 or 180 minutes of storage would be insignificant.

Crystallinity has previously been shown to have a great effect on the dimensional

stability of PLA samples. Harris and Lee demonstrated a significant increase in the heat

deflection temperature (HDT) of injection-moulded samples using the same PLA grade as



9.3 Results 243

in this chapter [47]. Several authors studied the impact of crystallinity in PLA films and

fibres and showed a clear benefit on shrinkage [57,58,162,226]. The shrinkage results were

therefore compared with the thermal features observed with DSC. Shrinkage is plotted

against foam crystallinity and post-Tg exotherm in Figure 9.9 and Figure 9.10 respectively.

Foamed samples with a crystallinity lower than 35 J/g exhibited a shrinkage of about 40-

45%. Above 35 J/g, shrinkage significantly decreased with increasing crystallinity until

it reached 0% at approximately 43 J/g. This narrow range of crystallinity (35-43 J/g) in

which the shrinkage rapidly disappeared agrees with the critical value of approximately

40% crystallinity (37 J/g) reported in the literature for stretched PLA films [58,162]. Aou

et al. specify a range of 34-39 J/g [162]. Above this critical value, the crystals are said

to form a rigid network preventing the relaxation of the stretched amorphous polymer

chains [162].
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Figure 9.9: Shrinkage observed on the samples (70◦C, 25 hours) plotted against their crystallinity.
Note that the crystallinity is here displayed in J/g, to be divided by 0.93 [40] to get a per-
centage crystallinity.

Figure 9.10 also shows an obvious trend between shrinkage and post-Tg exotherm:

shrinkage decreasing with decreasing exotherm. This relationship was observed by Aou

et al., but was described as only an indirect correlation. The exotherm was caused by

the crystallisation of stretched amorphous phase that did not crystallise during foaming,

but relaxed when heated in the DSC and consequently crystallised with the help of pre-

existing crystals. Shrinkage is cause by the relaxation of the chains when heated above

the glass transition. The amplitude of the exotherm is therefore indirectly related to the

amount of shrinkage that was observed [162].
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Figure 9.10: Shrinkage observed on the samples (70◦C, 25 hours) plotted against the post-Tg
exotherm seen on the DSC traces.

9.3.4 Wide-angle X-ray scattering (WAXS)

The WAXS spectra (background subtracted and amorphous contribution removed) ob-

tained before and after the oven treatment are shown in Figure 9.11 (a) and (b) respec-

tively. As already shown by DSC, the longer the foaming time, the higher the crystallinity

in the foamed samples. The crystalline form present was clearly the α or α′ form [80].

The relatively wide peaks also suggests that the crystallites were small.

The WAXS spectra after oven-treatment provide more interesting information. They

indicate that, for the samples foamed for long times such as 40 or 90 seconds, the crys-

talline structure and crystallinity hardly changed through oven-annealing. This shows

that the crystalline morphology developed during foaming was stable, which supports the

low shrinkage results. On the contrary, large changes occurred in the samples foamed

for short times such as 1 or 5 seconds. In these cases, the main crystalline peaks, ini-

tially wide and small in intensity, became sharp and intense through annealing. This

indicates that they significantly crystallised further in the oven. The sharper peaks com-

pared to the samples foamed for long times also indicates the presence of larger crystals.

This shows that a short foaming time did not lead to a stable crystalline network in the

PLA foams. The small crystalline content, and therefore the large amount of amorphous

material available, allowed the initial crystals to grow further.
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Figure 9.11: Crystalline-only WAXS spectra of foamed samples (90 minutes storage in freezer, foam-
ing at 70◦C) before (a) and after (b) oven treatment at 70◦C. The spectra are normalised
with their respective total scattering intensity (amorphous and crystalline) and the vertical
axis scaling is the same in both graphs.
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9.4 Discussion

The shrinkage results presented here showed that the processing conditions had a tremen-

dous effect on the dimensional stability of foamed semi-crystalline PLA. The dimensional

stability of such foam is not inherent to the PLA grade used, and the final product can

exhibit good or poor properties depending on the exact foaming conditions. The DSC

measurements showed that this relationship between stability and processing conditions

is made through the polymer morphology developed during expansion. It is therefore

essential to understand the mechanisms at play during expansion in order to control the

shrinkage. Figure 9.12 illustrates the foam expansion process.
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Figure 9.12: Illustration of the expansion process and the associated phenomena. The dotted line
represents the ideal expansion with no cell coalescence or gas pressure drop.

In the early stage of the expansion, as the cells are growing due to the gas pressure

generated by CO2, the cell walls and the polymer chains contained in them are stretched.

This stretching of initially amorphous chains allows them to crystallise through strain-

induced crystallisation [60]. This increase in crystallinity is clearly seen in Figure 9.5. If

the foam sample is quenched in this early stage of expansion, the amorphous chains that

did not crystallise are left in an extended conformations, which is a less thermodynami-

cally stable arrangement than a coiled conformation. Such sample, if re-heated above the

glass transition temperature, will inevitably tend to shrink. Above the glass transition

temperature, the amorphous chains are given enough mobility to re-arrange into a more

favourable coiled conformation. If this contraction is transmitted to the rest of the struc-

ture, the whole foam sample shrinks. This phenomenon was well described by Trznadel
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and Kryszewski in a comprehensive review on shrinkage in oriented polymers [182]. The

relaxing chains are then easily crystallised due to some pre-existing crystallites. This

gives the post-Tg exotherm observed on the DSC traces [162]. WAXS also showed that

large crystals were then formed. However, the forces associated with the contraction of

the amorphous chains can be balanced by stiffer surrounding elements, such as crystalline

blocks. Depending on the degree of continuity of the crystalline network, the shrinkage of

the sample can be partly or completely suppressed . This explains the decrease of shrink-

age with increasing crystallinity observed in the present experiments. This decrease of

shrinkage is consequently accompanied with a decrease of the post-Tg exotherm. Aou et al.

reported that a crystallinity of 40% in oriented PLA formed a network which suppressed

shrinkage [162]. This value was confirmed by Tsai et al. [58] and agrees with present

observations (Figure 9.9). WAXS confirmed this stability by showing that the crystalline

structure of highly expanded PLA foams hardly changed through oven-annealing.

As the foam expands, the cell walls get thinner and are prone to cracking due to the

presence of small crystallites [59]. Gas loss is accelerated and the gas pressure inside the

cell decreases. With the removal of the force responsible for the stretching of the cell walls,

the extended amorphous chains are free to relax, thus resulting in premature shrinkage,

however limited by the already generated crystalline network. The relaxing chains can of

course crystallise onto the pre-existing crystals, allowing the crystallinity of the sample

to increase further even if the expansion ratio decreases. The premature shrinkage will of

course reduce further shrinkage, if the foam sample is annealed later on.
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9.5 Conclusion

This chapter showed that the prefoaming conditions (temperature, time, CO2 concentra-

tion) used for the expansion of a semi-crystalline grade of PLA had a significant impact

on the density as already known but also on crystallinity and dimensional stability.

It appeared that the dimensional stability of the foamed material was strongly related

to its expansion ratio, independently of the foaming temperature used. It was shown

that the higher the expansion ratio, the lower the shrinkage. Based on published research

on shrinkage in stretched PLA films and oriented polymers in general, it was possible to

correlate this result with the DSC traces of the foamed samples. As the foam expanded,

the orientation of the amorphous phase increased. This orientation was responsible for

the shrinkage observed when annealing the samples, but was equally responsible for the

strain-induced crystallisation of PLA during foaming. With increasing expansion ratio,

the crystallinity of the samples increased too, generating a reinforcing crystalline network

able to resist the contraction of the extended amorphous chains upon re-heated above the

glass transition temperature. It was observed that the shrinkage dropped significantly

(and virtually disappeared) in the 35 to 43 J/g region, in agreement with figures published

by others.

In some cases, pre-mature collapse or shrinkage of the foam was observed during

foaming. This was likely caused by CO2 escaping the beads due to a combination of high

temperature, thin cell walls and possible cell wall fracture and cell coalescence.

Overall, this study provided valuable information for the development of semi-crystalline

PLA foams and improvement of their properties. It revealed that the foaming parameters,

and by extension the thermal history of the foam, have a major impact on the dimensional

stability. High dimensional stability is not only due to the inherent properties of the PLA

grade used. Such information is essential in order to enhance the dimensional stability of

semi-crystalline PLA foams in following chapters.
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Effects of D-content and molecular

weight on the foaming behaviour of
semi-crystalline PLA

10.1 Introduction

In the previous chapters, most of the research recent effort was focused on understanding

the effect of the impregnation temperature and the D-content on the foaming behaviour of

PLA. D-content was shown to have a strong impact on the final properties of the products

as it controls the crystallisation of the polymer. Another important property of the PLA

feedstock is molecular weight.

Molecular weight, as well as molecular weight distribution and polymer topology in

general (degree of branching, cross-linking), are important factors in foaming processes.

The molecular weight of linear PLA influences the crystallisation rate [32]. The lower

Mw, the higher the mobility of the chains during the crystallisation process. Branching

also seems to enhance crystal nucleation [46,136]. More importantly, these parameters di-

rectly affect the foaming behaviour of PLA. Much work has been carried out on extrusion

foaming and molten-state batch foaming where increased melt strength appeared benefi-

cial [80, 136, 157, 159]. The benefits are mainly a widening of the processing temperature

window, and a decrease of cell coalescence allowing higher expansion ratio. NatureWorks

249
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LLC even developed an extrusion foaming grade that requires further branching for en-

hanced melt strength to ensure low density foams [160]. This need of high melt strength

is not specific to PLA. For example, Naguib et al. studied the extrusion foaming of

polypropylene foams and stated that branching is essential to prevent cell coalescence

and blowing agent loss [155]. It is therefore clear that controlling the melt-strength or

viscosity of the polymer is crucial for optimising a foaming process. Unfortunately, the

BPN process is different from extrusion foaming, and published data on the effect of molec-

ular weight on the solid-state foaming of polymer is rather scarce. The case of expanded

polystyrene (EPS) could provide useful information but most of the related knowledge

is well protected by expandable beads manufacturers [6]. However, many patents on the

subject (some of them listed by Britton [6]) highlight the importance of controlling the

molecular weight distribution and even suggest that multimodal distributions are greatly

beneficial. Intuitively, low molecular weight polymer has a lower extensional viscosity,

allowing fast expansion. Higher molecular weight polymer can ensure the integrity of

the foamed structure. On the contrary, Stafford et al. stated that that the foaming of

polystyrene (using supercritical CO2), is independent on molecular weight and polydisper-

sity [227], although they showed that the presence of a low molecular weight component

significantly influenced the cell density.

In this chapter, the effect of molecular weight, polydispersity and isomeric ratio on

the foaming behaviour of semi-crystalline PLA was investigated. Branching was not

considered here.
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10.2 Methods

10.2.1 Material

In this chapter, six grades of PLA were employed to investigate the effects of both D-

content and molecular weight. PLA 3251D, 3001D and 4032D from NatureWorks LLC

had a D-content of approximately 1.5% and three distinct molecular weights. PLA 3051D

and 4042D, also from Nature Works LLC, had a D-content of approximately 4-4.5% and

two distinct molecular weights. An additional, non-commercial, PLA with approximately

4%D but a lower molecular weight was used. Prior to extrusion, the various grades

were dried at 60◦C. The five PLA grades from NatureWorks LLC were extruded on a

LabTech twin-screw extruder (model LTE 26-40). The extruded strands were cooled in a

water bath and pelletised into approximately 2 mm cylindrical beads. Due to the small

quantity available, the non-commercial 4%D lower molecular weight grade was extruded

on a LabTech single-screw extruder (model LE20-30/C). The temperature profile used

depended on the grade, but for each grade was in the 170 to 185◦C region. The pelletised

material was then conditioned at 23◦C before further use.

The molecular weight of the extruded samples was measured by gel permeation chro-

matography (GPC) in chloroform (10 mg/mL) at 30◦C. Duplicates were tested on a

Polymer Laboratories (Agilent) PL-GPC 50 system using a mixed C column and IR de-

tection. The values, relative to polystyrene, are displayed in Table 10.1. The labels used

throughout this chapter are also indicated.

Table 10.1: GPC results relative to polystyrene for the pure polymers.

Sample D-content (%) Mw (kDa) Mn (kDa) PDI Label
3251D

1.5
95 53 1.8 1.5%-LMw

3001D 115 60 1.9 1.5%-MMw

4032D 180 88 2.0 1.5%-HMw

Non-commercial 4%D
4

107 61 1.8 4%-LMw

3051D 152 77 2.0 4%-MMw

4042D 188 91 2.1 4%-HMw

As seen in Table 10.1, all the extruded samples exhibited similar polydispersities (1.8

to 2.1). As mentioned in the introduction, it was suspected that the distribution of

molecular weights could have an impact on the foaming behaviour. For example, lower

molecular weight components and higher molecular weight components could provide

fast expansion and stabilisation respectively. In order to assess this possibility, “bimodal

molecular weight” blends of PLA 3251D and PLA 4032D were made with 20% ratio

increments (labelled Bx where x is the percentage of 4032D in the blend). The same

extrusion process as the previous samples was used. GPC was performed again and
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the results are displayed in Table 10.2 along with the data corresponding to the pure

4032D and 3251D samples. Note that the GPC results of the parent polymers are slightly

different to the ones showed previously in Table 10.1. This is possibly explained by subtle

variations in the testing conditions. One can see that the polydispersity index increased

when blending the two grades as it widened the molecular weight distribution. This

can also be seen in Figure 10.1. The weight-averaged (Mw) and number-averaged (Mn)

molecular weights are also plotted against the blend composition in Figure 10.2.

Table 10.2: GPC results relative to polystyrene for the blends.

Sample Mw (kDa) Mn (kDa) PDI
B0 (3251D) 80 38 2.1

B20 92 40 2.3
B40 111 47 2.4
B60 125 51 2.5
B80 137 53 2.6

B100 (4032D) 166 76 2.2

Figure 10.1: Molecular weight distributions for the 4032D-3251D blends.

10.2.2 Impregnation

As shown previously, semi-crystalline PLA requires impregnation with liquid CO2 at low

temperatures in order to be foamed. The critical temperature of -35◦C did not appear

to be affected by D-content nor molecular weight (see Chapter 6). The impregnation

was here performed at -50◦C under 27 bar pressure. Approximately 10 g of each sample,

weighed prior to impregnation, were enclosed into a nylon mesh bag. The bag were
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Figure 10.2: Effect of the composition on the molecular weight of the 3251D-4032D blends.

placed inside a 150 mL Berghoff pressure vessel, cooled to the desired temperature using

a Techne RCB-80 stirred cooling bath, filled with low viscosity silicone fluid. Once the

temperature inside the vessel had reached approximately -47◦C, the system was let to

equilibrate for at least 10 to 15 minutes to ensure that the temperature was uniform

throughout the vessel and samples. Once this equilibrium stage completed, liquid CO2,

pre-cooled using a stainless steel coil, was fed into the vessel. Despite these precautions

(pre-cooling, equilibrium stage), the temperature in the vessel increased when CO2 was

fed. However, only a few minutes were needed for the temperature to decrease below

-40◦C (i.e. significantly below the critical impregnation temperature of -35◦C) and about

10 to 20 minutes to return to -50◦C (± a few degrees). Figure 10.3 shows three examples.

The initial temperature increase and the rate at which temperature decreased back to

the set temperature significantly varied from one experiment to the other as it seemed to

depend on several parameters such as the loading of the vessel or the CO2 feeding rate

which was difficult to accurately control with this system.

The same impregnation time of 140 minutes was used for all the PLA grades as the

diffusion coefficient was shown to only slightly vary among the different grades. The time

was based on previous experiments and a FEA simulation described in Chapter 9. Once

the impregnation completed, the bagged samples were transferred into a freezer (-18◦C)

while trying to minimise the exposure of the samples to heat.
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Figure 10.3: Examples of evolution of the vessel temperature with time during the first 40 minutes of
impregnation.

10.2.3 Desorption measurements

Before being able to perform any foaming of the impregnated samples, it was necessary

to know their desorption rate under the storage conditions (-18◦C). For this purpose, the

evolution of the CO2 concentration in the samples (c) was calculated by weighing them

at regular intervals:

c = 100 · w − w0

w
(10.1)

where w and w0 are current and initial (prior to impregnation) weights of the sample

respectively (minus the weight of the mesh bag, assumed to have absorbed negligible

amount of CO2). In order to prevent any undesirable foaming or re-crystallisation during

the weighing of the samples, they were transferred as quickly as possible from freezer

to scale inside a cold container, and a foam insulation was placed between the samples

and the metal pan of the scale. Typical desorption curves are shown in Figure 10.4.

No significant difference was seen among the samples, apart from the initial desorption

which was strongly affected by the amount of dry ice formed when depressurising the

impregnation vessel. In particular, dry ice could remain trapped between the beads and

slow down the diffusion of CO2 by lowering the surrounding temperature. Moreover,

the weight of dry ice in the bags would affect the concentration calculation. Another

factor which could be responsible for variability in the desorption rate was the size of

the bundles. The beads were significantly cooled down upon depressurisation, and time
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was needed for them to equilibrate to freezer temperature during storage. The bigger

the bags, the higher their thermal inertia, meaning that they stayed cold for longer and

therefore lost their CO2 slower. This is why the amount of beads per sample was kept

roughly constant, at 10 g.

1 0 0 1 0 0 0 1 0 0 0 0
5

1 0

1 5

2 0

2 5

3 0

3 5

4 0

CO
2 co

nc
en

tra
tio

n (
%)

T i m e  ( m i n u t e s )

 3 2 5 1 D
 3 0 0 1 D
 4 0 3 2 D
 S 4
 3 0 5 1 D
 4 0 4 2 D

Figure 10.4: Typical desorption curves at -18◦C.

10.2.4 Foaming

Foaming was performed when the samples reached a CO2 concentration of 17 to 20%. Just

prior to foaming, the exact CO2 concentration was measured. Foaming was performed in

60, 70, 80 or 90◦C water, with the exception of the Bx blends which were only foamed at

80◦C. For each sample, beads were placed into five plastic jars with mesh at both ends

(see Figure 10.5, approximately 1 g per jar). The five jars were immersed and agitated

in the hot water for 5, 10, 20, 40 and 60 seconds respectively and then immediately

dipped in cold water to stop further expansion. The jars containing the foamed beads

were then dried under a strong air flow at room temperature. Each experiment (PLA

grade/temperature combination) was performed in duplicates, aiming for one low and

one high CO2 concentration (above and below 19% respectively), in order to correct for

the effect of CO2 concentration on foam expansion. After drying, the beads were stored

at 20◦C/50% relative humidity for at least two days before density measurements.
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Figure 10.5: Plastic jars used for foaming and drying of the beads.

10.2.5 Foam characterisation

Density

The density of the beads was assessed by fluid displacement in distilled water. In order

to correct for the effect of the CO2 concentration at foaming, the interpolated density d

at a concentration c = 19% was calculated as:

d = d1 + s · (c− c1) (10.2)

with s being the slope of the density-concentration curve, assumed to be linear in the

17-20% range:

s =
d1 − d2

c1 − c2

(10.3)

The indices 1 and 2 refer to the foamed duplicates. This procedure is illustrated in

Figure 10.6.

The expansion ratio ε was defined as:

ε =
d0

d
(10.4)

where d0 is the density of the raw polymer assumed to be 1240 g/L.
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Figure 10.6: Density at 19% CO2, calculated for 4042D foamed at 80◦C, plotted against foaming time.

Crystallinity

Differential scanning calorimetry (DSC) was performed on selected foamed samples. Be-

tween 3 and 6 mg of material were used for each test (single heat ramp from 20 to 200◦C

at 5◦C per minute). Due to the large number of samples, only some of them were tested

in triplicates. These will be indicated in the results section. The crystallinity (Xc) of the

foamed samples was calculated as:

Xc = 100 · ∆Hm −∆Hc

∆H0

(10.5)

where ∆Hm and ∆Hc are melting and cold-crystallisation enthalpy respectively and ∆H0

is the melting enthalpy of 100% crystalline PLA (93 J/g [40]), assuming that the α form

was the predominant crystalline form in the foam samples. This crystalline form is also

the main one in extruded PLA foams as stated by Wang et al. [80].

Dimensional stability

Dimensional stability was assessed on selected foamed samples by annealing them in

an oven at 70◦C for 24 hours. After a few hours at room temperature, their density

and expansion ratio were re-measured by water displacement. The dimensional change
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(volumetric shrinkage), SV , was calculated as:

SV = 100 · (1− di
df

) (10.6)

SV = 100 · (1− εf
εi

) (10.7)

with the indices i and f referring to “initial” and “final” respectively.



10.3 Results 259

10.3 Results

10.3.1 Expansion ratio

All the different grades, independently of D-content or molecular weight, exhibited qual-

itatively similar expansion behaviour. The expansion curves, obtained after the densities

had been corrected for CO2 concentration (Equation 10.2), are displayed in Figure 10.7

(1.5%D) and Figure 10.8 (4%D). During the first stage of the foaming step (up to 10

or 20 seconds), the samples expanded rapidly. The higher the foaming temperature, the

faster this initial expansion. The expansion then slowed down gradually to either sta-

bilise or decrease, depending on foaming temperature and PLA properties. This typical

behaviour was described in the previous chapter.
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Figure 10.7: Expansion ratio plotted against foaming time, for the 1.5%D samples, at 60, 70 80 and
90◦C.

When foaming was performed at 60 and 70◦C, no decrease of the expansion ratio,

i.e. no in-process shrinkage or collapse, was observed. In these conditions, the effect

of the molecular weight on the expansion was obvious for both D-content levels: the

lower the molecular weight, the higher the expansion. This is illustrated by Figure 10.9

where the expansion ratio after 60 seconds of foaming at 60 and 70◦C is plotted against
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Figure 10.8: Expansion ratio plotted against foaming time, for the 4%D samples, at 60, 70 80 and
90◦C.

weight-averaged molecular weight (Mw). It is rather obvious that this trend is explained

by the decreasing viscosity of the matrix with decreasing molecular weight. This graph

also highlights the effect of D-content on expansion. At equivalent molecular weight, the

samples with 1.5%D expanded significantly less than the ones with 4%D. This is likely to

be due to the higher crystallisation rate of PLA with higher optical purity, and the higher

elongational viscosity induced by the presence of crystals.

At higher foaming temperature, i.e. 80 and 90◦C, the expansion behaviour became

more complex with the appearance of in-process shrinkage or collapse. The foaming tem-

perature and foaming time at which this shrinkage appeared depended on the grade used,

but all of them without exception showed signs of it. As explained in the previous chap-

ter, this shrinkage was caused by the stretched conformation of the amorphous part of

the polymer during foaming. Unless a sufficiently strong crystalline network was simul-

taneously put in place, the stretched amorphous chains relaxed back to a more stable

conformation due to heat and CO2-assisted plasticisation, thus leading to shrinkage.

Due to the positive effect of the foaming temperature on expansion at the lower end

of the temperature range, but its detrimental effect at higher temperatures due to exces-
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Figure 10.9: Expansion ratio after 60 seconds of foaming at 60 and 70◦C.

sive shrinkage, each PLA grade exhibited a maximum expansion at around 70 to 80◦C.

This maximum expansion is plotted against Mw in Figure 10.10. Once again, it shows

that higher D-content led to better expansion, and that molecular weight is a critical

parameter. In the case of the 1.5%D grades, the expansion-Mw curve exhibits a clear

optimum. The high molecular weight grade (1.5%-HMw) expanded the less, whatever

the foaming temperature was, likely due to its high viscosity. The low molecular weight

grade (1.5%-LMw) showed promising expansion behaviour at low temperature, but also

early shrinkage, already significant at 80◦C. In the case of the 4%D grades, a maximum

is not clearly visible on the graph as the Mw range studied was probably too narrow.

However, one can expect a maximum at Mw ' 100 kDa. This is supported by the fact

that the 4%-LMw PLA showed some strong hints of in-process shrinkage at 80 and 90◦C,

in a same manner as 1.5%-LMw.

10.3.2 In-process stability

Although high expansion is a sought property for a foaming grade of PLA, the in-process

stability is equally important. A critical issue with the foaming of PLA remains the

narrow processing window, in terms of foaming temperature and foaming time. Highly-

expandable amorphous grades are for example very sensitive to the duration of the pre-

foaming step, where a few seconds make a great difference, and to the temperature which

can result in excessive shrinkage if set too high.

Figure 10.7 and Figure 10.8 already showed that the stability of the samples during
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Figure 10.10: Maximum expansion plotted against Mw for the 1.5%D and 4%D samples.

expansion strongly varied across the range of grades used. The chosen way to quantify this

stability at a particular foaming temperature was to calculate the ratio between expansion

after 60 seconds of foaming and maximum expansion. Obviously, this “stability ratio” was

equal to 1 at 60 and 70◦C where no collapse was observed and decreased with increasing

temperature. The results obtained at 80 and 90◦C are shown in Figure 10.11. Optical

purity appears to have a positive effect on stability, although slight. However, molecular

weight had a tremendous impact on stability, confirming the belief found in the literature

that high molecular weight provides integrity to the foamed structure.

10.3.3 Crystallinity

Due to the large number of samples produced by these experiments, only selected ones

were tested for crystallinity by DSC. For each grade, the samples tested were the ones

foamed at what appeared to be the optimum foaming temperature. This was 70◦C for

1.5%-LMw, and 80◦C for the others. 1.5%-MMw foamed at both temperatures was tested.

For each grade, 6 samples foamed between 5 and 40 seconds were tested, discarding the

samples affected by in-process shrinkage. The effects of this in-process shrinkage on DSC

were covered in the previous chapter. For each grade, the foamed samples with the extreme

expansion ratios were tested in triplicates. The results are displayed in Figure 10.12.

The graph shows that the crystallinity developed during foaming is rather independent

of the molecular weight and is essentially controlled by D-content and expansion ratio.

Variations within each D-content group could be explained by slight variations of D-
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Figure 10.11: Stability ratio at 80 and 90◦C as a function of Mw.

content, as it was not accurately determined. For instance, by measuring the melting

temperature of the different grades [24, 40], it was suspected that the D-content of 4%-

LMw was slightly lower than for the other 4%D grades. This would justify that the

crystallinity of the 4%-LMw foamed samples appeared slightly higher in Figure 10.12.

The effect of expansion ratio on crystallinity has been reported previously [60] and

is caused by a strain-induced crystallisation phenomenon commonly observed for films

and fibres [56–58, 162]. Keshtkar et al. reported a linear relationship between expansion

ratio and crystallinity in extruded PLA foams up to ratios of 40 [60]. The present results

indicate a similar trend in the 20 to 70 range. However, previous results showed that the

relationship is far from linear for the BPN process at lower expansion ratios (see previous

chapter).

As expected, the D-content had a tremendous effect. At similar expansion ratio,

the 1.5%D foams had a crystallinity about 15 J/g higher than the 4%D foams. This

observation was reported before [228] but is not specific to the BPN process and is a

general rule for PLA [24].

10.3.4 Dimensional stability

The dimensional stability results are plotted against expansion ratio in Figure 10.13. De-

spite the high scattering in the data, the general trends indicate that shrinkage decreased

with increasing expansion ratio and decreasing D-content. As shown just before, the

crystallinity in the samples increased with increasing expansion ratio, thus producing an
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increasingly cohesive network preventing shrinkage.
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Figure 10.13: Shrinkage plotted against expansion ratio.

Although all the other results appeared rather consistent, 1.5%-LMw exhibited a sin-

gular behaviour with a higher shrinkage than the other 1.5%D samples, despite similar
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crystallinity as indicated by Figure 10.12. A suggested reason for this behaviour is a

molecular weight not high enough to provide significant continuity in the crystalline net-

work.

10.3.5 Bimodal molecular weight blends

The expansion curves at 80◦C obtained with the blends (along with the original parent

polymers) are reported in Figure 10.14. The six curves cover a range of behaviour from

stable but slow expansion (B100) to fast expansion followed by shrinkage (B0). These

behaviours correspond of course to what was described with the pure polymers in the

previous sections. It is interesting to point out that the expansion curves are not linear

combinations of the curves corresponds to the parent polymers (B0 and B100). For exam-

ple, the B20 blend expanded better than both B0 and B100. If the base polymers were not

mixed homogeneously and formed separate phases, then the volume (V ) of a the foamed

sample would be expressed as:

V =
∑
i

εiV0,i (10.8)

= V0

∑
i

εixi (10.9)

where V0 is the initial volume of the sample, and V0,i, xi and εi the initial volume, weight

fraction and expansion ratio of the ith component respectively. The overall expansion

ratio would then be:

ε =
∑
i

εixi (10.10)

Therefore, if good mixing of the base polymers had not been achieved and they foamed

independently, the overall expansion ratio would have been a linear combination of the

individual expansion ratios. As it is clearly not the case here, it suggests that satisfactory

mixing was achieved during extrusion. Furthermore, a synergistic effect between low and

high molecular weights is observed.

Figure 10.15 shows the comparison between the expansion curves of 1.5%-MMw (Mw

' 115 kDa, PDI=1.9), B20 (Mw ' 92 kDa, PDI=2.3) and B40 (Mw ' 111 kDa, PDI=2.4).

The three materials behaved similarly at 80◦C. In figure 10.16, the maximum expansion of

the blends at 80◦C is plotted against Mw. The maximum expansion of 1.5%-MMw is also

indicated on the same graph. It shows that 1.5%-MMw followed the same trend as the

blends. These observations seem to indicate that the foaming behaviour did not depend

on polydispersity, and that the weight-averaged molecular weight (Mw) was enough to

predict the foaming behaviour. However, it can be argued that the polydisperities fab-
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Figure 10.14: Expansion ratio of the blends at 80◦C plotted against foaming time.

ricated through blending were not high enough to properly assess the effect on foaming.

Unfortunately, the base grades available did not allow to produce wider molecular weight

distributions.
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Figure 10.15: Comparison between the expansion curve of 3001D (1.5%-MMw) and the expansion
curve of B20 and B40 (80◦C foaming).

In spite of these limitations, the results obtained through the foaming of the blends

support well the results obtained on the pure polymers. In particular, they confirmed
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Figure 10.16: Maximum expansion expansion ratio at 80◦C for the blends as a function of Mw.

that, with 1.5%D PLA, a weight-averaged molecular weight of around 100 to 110 kDa is

optimal for expansion.
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10.4 Discussions

10.4.1 Optimal molecular weight

In previous chapters, the focus was made on the D-content as the main parameter control-

ling the foaming behaviour of PLA in the BPN foaming process. However, as mentioned

in the literature, molecular weight is also an important factor influencing the foaming

of polymers. The present study confirmed this as it showed a strong effect of molecular

weight on expansion ratio, in-process stability as well as dimensional stability to a certain

degree. However, molecular weight did not appear to affect the crystallinity in the PLA

foams, at same D-content and same expansion ratio. This is a rather surprising observa-

tion, as crystallisation rate in bulk PLA is known to increase with decreasing molecular

weight due to higher chain mobility [32]. This seems to indicated that the crystallisa-

tion in the expanding foams was primarily strain-induced and not thermally induced, as

already suggested in Chapter 9.

The PLA samples with a low D-content (about 1.5%) demonstrated that a weight-

averaged molecular weight (Mw) of around 100 to 120 kDa was ideal in terms of maximum

achievable expansion, and also crystallinity since crystallinity is strongly related to ex-

pansion. This range of molecular weight also provided a reasonable in-process stability

to the foam. Polydispersity did not seem to affect the foaming behaviour significantly,

since bimodal blends exhibited very close foaming behaviour to grades with identical Mw

but narrower molecular weight distributions, as shown by Figure 10.16. It was however

suggested that wider molecular weight distributions could have had a more significant

effect.

In the samples with approximately 4%D, the same observations were made, although

the molecular weight range studied was not wide enough to confidently state on the

optimal molecular weight. In-process stability was significantly increased by a higher

molecular weight. Maximum expansion ratio was also expected around Mw=100 kDa.

These findings demonstrated that some concepts proven for extrusion foaming (of

PLA or other polymers) are only partly applicable to the BPN process. Wang et al.

showed that expansion ratio increased with increasing chain branching density in extruded

PLA foams. They stated that the low melt-strength of unmodified PLA was a “major

obstacle” to achieving low density extruded foams using PLA [80]. Naguib et al. reported

similar findings with extruded polypropylene foams. They explained that increased melt-

strength reduced cell coalescence, and therefore loss of blowing agent [155]. This concept

of increased melt-strength via branching or increased molecular weight is relevant to some

degree for the BPN process as it was shown that increased molecular weight increased the

in-process stability of the foams. In addition, it was previously shown that cell coalescence,

due to cell wall cavitation, was present in the foaming of semi-crystalline PLA [228].
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However, this increased stability did not translate automatically into increased expansion

ratio. This was caused by the fact that the expansion does not occur in the melt state in

the case of the BPN process and that viscosity is thus tremendously increased compared

to extrusion foaming.

10.4.2 Improving the dimensional stability

It was previously demonstrated that the dimensional stability of PLA foams was signif-

icantly improved when crystallinity above 40% was produced as supported by literature

on PLA films (Chapter 9). The amount of crystallinity produced during expansion was

shown to depend on D-content and expansion ratio primarily. The present study added

the effect of molecular weight on dimensional stability. It was observed that too low

molecular weight, despite a significant amount of crystallinity, was detrimental to stabil-

ity as shown by the 1.5%-LMw. It is suggested that a minimum molecular chain length is

required to ensure connectivity between crystals and integrity of the crystalline network.

At first, the results presented here seem to suggest that the lower the D-content, the

better the dimensional stability. However, it was also shown that dimensional stability

increased with increasing expansion ratio, and that higher D-content gave higher expan-

sion. Figure 10.12 showed that 1.5%D grades quickly built a crystalline network thanks

to their inherent fast crystallisation rate. This crystalline network once reaching about

40%, assured the integrity of the foamed structure under heat, but was also likely to re-

strain further expansion during foaming. On the opposite, the 4%D samples, due to their

lower crystallisation ability only reached crystalline levels of about 30% at most, despite

high expansion. But what about intermediate values of D-content? A PLA grade with

a D-content slightly higher that 1.5% may allow higher expansion but still reach around

40% crystallinity. The goal would be therefore to determine the envelope described by

the maximal expansion associated with each D-content, as shown by Figure 10.17. This

illustration is only a speculation and further work, based on intermediates D-contents,

would be necessary to confirm it.



270 Effects of D-content and Mw on the foaming behaviour of PLA

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0
0

1 0

2 0

3 0

4 0

5 0

1 . 5 %

Cr
yst

alli
nit

y (
J/g

)

E x p a n s i o n  r a t i o

4 %

M a x i m u m  e x p a n s i o n  f o r  e a c h  D - c o n t e n t

Figure 10.17: Illustration of the suspected relationship between expansion ratio and crystallinity for
various D-contents. Note that the crystallinity is here displayed in J/g, to be divided by
0.93 [40] to get a percentage crystallinity.
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10.5 Conclusion

In this chapter, the effects of D-content and molecular weight on the foaming behaviour,

foam crystallinity and foam dimensional stability were studied.

D-content was found to have a significant effect on expandability and foam dimensional

stability. Expandability was found to decrease with decreasing D-content, this attributed

to the effect of the crystals on the elongational viscosity of PLA. Decreasing D-content

was also shown to lead to an increase of the crystallinity of the foam, at constant expan-

sion ratio, which is beneficial for dimensional stability. However, as expansion ratio and

crystallinity are strongly linked, it was also suggested that an optimal D-content exists

for best stability and good expansion.

The molecular weight of the PLA matrix was shown to have a large control on the

foaming behaviour of PLA. As a general rule, low molecular weight led to fast expansion

but poor in-process stability as indicated by premature shrinkage, whereas high molecular

weight led to slow and limited overall expansion, but assured a stable expansion. The

value of Mw=100 kDa seemed to be a good compromise and led to the highest expansion

ratios. The effect of polydispersity was investigated too but, within the experimental

conditions, no strong influence on foaming was observed.

It is suspected that other aspects of the process could be affected by the molecular

weight and the D-content. For example, the fusing between the beads during the moulding

step, and the resulting visual appearance and inter-bead strength are likely to be affected.

Additionally, this work showed that NatureWorks PLA 3001D (referred to as 1.5%-

MMw in this chapter) was a satisfactory PLA grade for bead foaming in terms of expansion

and resulting crystallinity.
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11
Moulding and properties of
semi-crystalline PLA foams

11.1 Introduction

It was previously demonstrated that semi-crystalline grades of PLA could be foamed to

low densities using the BPN bead foaming process (Chapter 6). Results also showed that

the resulting foams had greater dimensional stability at elevated temperature compared

to their amorphous counterpart [213]. However, these observations were only based on

prefoamed material, without involving any moulding step. It was therefore essential to

confirm the positive effect of increased crystallinity on dimensional stability at elevated

temperature for moulded foam samples. In addition, moulded samples would allow the

testing of mechanical properties and assess the influence of crystallinity on these.

It was shown earlier than the increased dimensional stability of semi-crystalline PLA

foams was caused by the presence of a continuous crystal network in the polymer. This

network originated from the strain-induced crystallisation occurring during the prefoam-

ing step of the foaming process (Chapter 9). This is very similar to the crystallisation

induced by the stretching of semi-crystalline PLA films, which contributes to their sta-

bility. In particular, it was found that the higher the expansion ratio, the higher the

crystallinity and the higher the dimensional stability. These observations were made on

freely-expanded samples. Keshtkar et al. observed a similar link between expansion ratio

273
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and crystallinity in extruded PLA foams, which are also freely-expanded foams [60]. One

can then wonder if adding a moulding step would affect these previous findings. When

prefoamed prior to moulding, the beads are only partially expanded. Further expansion is

achieved in the mould. However, this expansion is constrained as the beads are restrained

by their neighbours and the shape of the mould. This restricted foaming may induce

a different crystallisation and therefore different heat properties. Moulding also intro-

duces additional factors (steam temperature, fusing time). Possible effects could include

in-process shrinkage (see Chapter 9), or heat-setting as performed in film manufactur-

ing [57,58].

The mechanical properties of PLA foams are largely controlled by the density [14],

similar to EPS [169]. However, the mechanical data collected to date are only for foams

made from amorphous grades of PLA. SEM observations indicated that semi-crystalline

and amorphous PLA produced foams with slightly different cell sizes [213] which could

impact on the mechanical properties [178]. Previous DMTA experiments also suggested

different tensile properties due to distinct cellular structures [213]. In addition, the adhe-

sion between semi-crystalline PLA beads is expected to be lower than between amorphous

PLA beads as semi-crystalline PLA is less subject to sticking, for example during drying

at elevated temperatures [44]. This effect could lead to lower tensile or flexural strength.

This chapter aims at providing an overview of the properties of moulded semi-crystalline

PLA foam blocks. Semi-crystalline and amorphous PLA foam blocks were prepared.

Thermal and mechanical properties were characterised. The effect of some processing

parameters were also studied.
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11.2 Methods

11.2.1 Moulded samples preparation

An amorphous PLA grade, NatureWorks LLC PLA 4060D (11.8%D), and a semi-crystalline

PLA grade, NatureWorks LLC PLA 3001D (1.4%D), were used in this study in order to

assess the effects of crystallinity on the properties of moulded PLA foams. Amorphous

PLA 4060D has been used extensively in the BPN process and most of the data reported

to the public is based on this grade [14,206]. Semi-crystalline PLA 3001D has been shown

to produce foams with high level of crystallinity due to its low D-content [213]. This grade

also has a molecular weight close to ideal for good expansion (Chapter 10). These two

grades were extruded into approximately 2 mm beads (Labtech twin-screw extruder model

LTE 26-40).

Liquid CO2 impregnation of the amorphous PLA was carried out following the BPN

patent [9] using a 1 L Parr pressure vessel cooled in a glycol-water bath. Impregnation

of the semi-crystalline PLA was performed in the low temperature setup described in

Chapter 10. The impregnation parameters for both grades are reported in Table 11.1.

For the impregnation, the beads were bagged in nylon mesh cloth (20 g ± 1 g).

Table 11.1: Liquid CO2 impregnation parameters for PLA.

Semi-crystalline Amorphous
Temperature (◦C) -50 10

Pressure (bar) 25 60
Time (minutes) 140 60

After impregnation, the bags were stored at -18◦C until the CO2 concentration (deter-

mined by weight and monitored over time) dropped to the required level. The PLA beads

were then put in dry ice (-78.5◦C) in order to maintain the CO2 concentration at this

desired level and therefore allowing reproducible samples to be made. Prefoaming was

done in hot water with the beads placed between two sieves, followed by a rapid quench

in cold water to stop further expansion. The prefoaming times were chosen to target

a bulk density, and thus moulded block density, of 40 g/L. The prefoamed beads were

then packed into a 5.5×5.5×10 cm aluminium mould. The mould was equipped with top

and bottom ports to allow steam to pass through. Once closed, the mould was screwed

onto the steam outlet of a pressurised steam boiler. An outer sleeve was placed around

the mould. The mould and sleeve setup is schematised in Figure 11.1. The vacuum was

applied to the outer sleeve until the pressure in the chamber dropped from atmospheric

pressure to approximately 0.1 bar. The steam outlet valve of the boiler was opened for the

desired fusing time. The steam outlet valve was then closed while vacuum continued for
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another 20 seconds. Following this, the mould was quickly disconnected from the boiler

and plunged in cold water. The moulded blocks were dried at room temperature under

a strong air flow for a few hours. The exact moulding parameters used for the two PLA

grades are reported in Table 11.2. Note that the steam temperature when it reaches the

mould was measured at approximately 15◦C lower than the boiler temperature.

Figure 11.1: Diagram illustrating the mould and sleeve assembly connected to steam and vacuum.

Table 11.2: Standard prefoaming and moulding parameters for PLA.

Semi-crystalline Amorphous
CO2 concentration (%) 19-21 14-15
Pref. temperature (◦C) 65 70

Pref. time (seconds) 20 14
Boiler temperature (◦C) 110 90

Steam outlet valve Half-opened Fully opened
Fusing time (seconds) 20 40

The main motivation for using semi-crystalline PLA instead of amorphous PLA was

the predicted enhanced dimensional stability, including lower shrinkage at elevated tem-
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perature. It has been shown that shrinkage of this particular semi-crystalline grade was

strongly dependant on the foaming conditions used (Chapter 9). This previous work pro-

vided basic understanding of the expansion and shrinkage process and therefore ways to

achieve higher dimensional stability when using a semi-crystalline PLA grade. Conse-

quently, additional moulded semi-crystalline foam samples were prepared with modified

conditions in order to assess these proposed strategies:

• Lower density. Strain-induced crystallinity and dimensional stability were found to

increase with expansion ratio. Lower density samples were prepared by prefoaming

the impregnated beads at slightly higher CO2 concentration (around 21%) and for

longer time (25 to 27 seconds). The targeted density was 30 g/L.

• Longer fusing. Longer fusing does not induce higher expansion since the beads

are restrained in the confined space of the mould. However, it was suspected to

induce a relaxation of the stretched amorphous chains in the cell walls and further

crystallisation, without inducing simultaneous shrinkage due to the internal CO2

pressure. Such in-process relaxation is similar to the heat-setting of PLA films

analysed by Smith et al. [57] and would theoretically reduce subsequent shrinkage.

A fusing time of 40 seconds was used.

Following manufacturing, the samples were stored for at least four weeks at 23◦C/50%

RH before any testing. An unpublished study revealed that the mechanical properties

of freshly moulded foams varied significantly until stabilising after four weeks [229]. Re-

maining CO2 was suspected to cause a slight plasticisation of the polymer and modify

the mechanical properties of the foams [177]. In addition, the initial internal pressure due

to the blowing agent can have a significant impact on the compressive properties of the

foam [178,230]. However, this effect disappears quickly due to the high diffusivity of CO2

in foamed polymers [99] and the gaseous CO2 in the cells is assumed to be replaced by

air.

11.2.2 Mechanical testing

Only two tests, compression and tensile, were conducted to characterise the mechanical

behaviour of the foam blocks. Compression is a major deformation mode for foams used

for protective purposes (helmets, protective packaging) and therefore compression testing

is widely used to characterise foams. Tensile testing is less common, mainly due to its

delicate setup. Particle foams are also rarely subjected to deformation in pure tensile

mode, but this mode is indirectly involved when a foam product is being bent. Impor-

tantly, tensile testing can provide information on the fusing strength between neighbouring

beads [164]. Particle foams are known to generally fail by debonding at the bead bound-

aries. Such data could also be collected using a bending test. However, due to the size of
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the fused blocks, the span-to-depth ratio required for a meaningful flexural test [180] and

the size of the expanded beads, the validity of a bending test would be rather limited.

Compression testing

Compression testing was performed according to ASTM standard D1621 on at least five

samples per set of conditions. Three test samples (50×50 mm cross-section and 27 mm

height) were cut per moulded block using a band saw. The cut samples were compressed

parallel to the long direction of the moulded blocks. The cut samples were stored at

least 40 hours at 23◦C/50% RH before testing. The dimensions of each sample were

measured accurately before testing and the density calculated. Testing was performed

on an Instron Universal testing machine model 5566 at a rate of 10%/minute. The

compression properties of PLA foams are only slightly affected by the compression rate

used [229]. This was also found for polystyrene foams over a wide range of strain rate [177,

178, 231]. Compressive modulus, strength and stress at 10% were calculated using the

Scilab script in Appendix G. The Poisson’s ratio, and the friction at the foam/metal

interface, were assumed to be negligible in compression [232].

Tensile testing

The tensile testing method was based on a combination of ASTM standard D1623 and

ISO standard 1926. Testing was performed on at least five dog-bone samples cut from the

moulded block using a band-saw and a hot-wire cutter. The samples had a 30 mm long,

20 mm × 20 mm straight section. The full dimensions are shown in Figure 11.2 (a). The

samples were tested in the long direction of the moulded blocks, i.e. the same direction as

for compression testing. The samples were glued to metal fixtures using an epoxy resin1.

The resin was then left to cure at 23◦C/50% RH for at least 40 hours before testing. An

example of glued sample is shown in Figure 11.2 (b).

The testing was carried out on an Instron Universal testing machine model 5566 with

a speed of 3 mm/minute. The strain in the straight section of the samples was measured

using the VIC-2D video strain-measurement system. For this purpose, a pattern was

drawn on each sample. From the stress-strain data, the tensile modulus was calculated

via a linear regression over the first 0.5% strain range.

14.5 parts Uroxsys ECS resin, 1 part Uroxsys ECS summer hardener, 0.35 part Aerosil R202 fumed
silicate (by weight).
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(a) (b)

Figure 11.2: Tensile testing sample: (a) schematic with dimensions (in mm) and (b) sample glued to
the loading fixtures.

11.2.3 Thermal characterisation

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was performed on the foamed samples using a

single heat ramp from 20 to 200◦C at 5◦C per minute. Between 3 and 6 mg of material

were used for each test. Triplicates were tested on selected samples only. The crystallinity

(Xc) of the foamed samples was then calculated as:

Xc = 100 · ∆Hm −∆Hc

∆H0

(11.1)

where ∆Hm and ∆Hc are melting and cold-crystallisation enthalpy respectively and ∆H0

is the melting enthalpy of 100% crystalline PLA (93 J/g [40]), assuming that the α or α′

form were the predominant crystalline forms in the samples as found in Chapter 4 and

Chapter 9.

Dynamic mechanical and thermal analysis

The DMTA characterisation was carried out on a TA Instruments RSA-G2 apparatus in

compression mode using two parallel aluminium plates. The foam samples were cut into

15 mm high cylinder with a diameter of 25 mm. A sample mounted between the plates

is shown in Figure 11.3. The dimensions of each sample were measured before testing

and the density calculated. The samples were tested in the same direction as the long

direction of the moulded blocks.
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Figure 11.3: DMTA sample mounted between the aluminium plates.

A compressive stress of 10 kPa was applied to the samples throughout the test. This

stress, corresponding to less than 10% of the yield strength of the foams, assured good

contact between the metal plates and the sample. This also allowed monitoring the

dimensional changes (thermal expansion and shrinkage) occurring during the test. The

samples were left to equilibrate at 25◦C for 5 minutes and were then heated at 2◦C per

minute up to 90 or 150◦C for the amorphous and semi-crystalline PLA foams, respectively.

At the same time, strain oscillations were applied to the samples (0.1% strain, 1 Hz).

Storage modulus (E ′) and loss modulus (E ′′) were recorded. A finite element analysis

of the heat diffusion in the samples indicated that, with this particular heating rate, the

difference between the oven temperature and the temperature at the centre of the samples

was less than 1.5◦C.

11.2.4 Scanning Electron Microscopy (SEM)

Cross-sections of the moulded foams and fractures in the tested tensile samples were

observed using a Jeol field emission scanning electron microscope JSM 6700F. The samples

were coated with chromium to avoid charging.
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11.3 Results

11.3.1 Block fusing

Figure 11.4 shows typical examples of the fused blocks. Although the two PLA grades and

the different foaming parameters provided similar visual appearance, subtle differences

were observed. The amorphous PLA gave a better finish than the semi-crystalline PLA,

with sharper edges and smoother surface. Generally, a top-to-bottom gradient was seen

in the moulded blocks. Good fusion between the beads was observed at the top, while

gaps were visible at the bottom. This gradient was clearly due to the steaming direction.

Beads located at the top of the mould were directly exposed to heat. As these beads

fused together during the moulding and the channels between them disappeared, steam

had more difficulty to penetrate the block. Consequently the beads located at the bottom

of the mould were significantly less exposed to heat. In the case of the semi-crystalline

PLA foams made with a longer fusing time, the direct exposure of the top to the incoming

steam also resulted in a slight collapse of some beads at the surface.

Figure 11.4: Typical fused blocks.

SEM imaging showed that the various samples were all mainly closed-celled (Fig-

ure 11.5). Full characterisation of the cellular structure was not carried out but noticeable

differences were observed between amorphous and semi-crystalline PLA foams. The cell
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size distribution in the semi-crystalline foams appeared uniform throughout the beads.

For these samples, the cell diameter was in the order of 100 µm. One can also notice the

presence of cracked cell walls, previously reported for this process [213] as well as for ex-

trusion foaming of semi-crystalline PLA [59]. The cell size in the amorphous foams varied

significantly from one bead to the other and also within each bead. However, in general,

it was lower than for the semi-crystalline foams, with a diameter at around 50 µm.

(a) (b)

Figure 11.5: SEM images of cross-sections of the moulded samples: (a) amorphous PLA foam and
(b) semi-crystalline PLA foam.

11.3.2 Mechanical testing

Compression testing

Typical compression curves for the various samples are shown in Figure 11.6. All the

samples provided similar curves with an initial elastic region, a plateau corresponding to

the collapse of the cells and a final steep stress increase due to the compaction of the

foam [176,178]. The resulting compression properties are displayed in Figure 11.7. Each

of these properties followed a linear trend when plotted against the foam density. This

has already been reported for the BPN PLA foams prepared from amorphous PLA [14].
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Interestingly, for the semi-crystalline PLA foams, these properties appeared independent

of the preparation conditions (at same density). However, amorphous and semi-crystalline

foams showed different compressive behaviour. While their respective yield strength and

strength at 10% strain were virtually identical at same density, a significant difference

was observed between their respective modulus. For instance, at 40 g/L, the amorphous

foams exhibited a compressive modulus of more than 10 MPa whereas the compressive

modulus of the semi-crystalline foams was approximately 7 MPa. This observation con-

firms previous results based on flexural testing of single expanded rods [213]. The results

showed no clear relationship with the position of the samples in the moulded blocks.
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Figure 11.6: Typical compression stress-strain curves for the PLA foam samples.

Another interesting observation was seen in the post-test behaviour of the foams. All

the samples sprung back after testing over a short period of time (a few minutes), but to

various extents. The residual strain in the samples was measured a few days after testing.

Results are shown in Figure 11.8, plotted against the position in the moulded blocks.

The amorphous foam samples exhibited the lowest residual strain, i.e. the strongest

spring-back, with no dependence on position within the blocks. On the contrary, the

semi-crystalline foams showed high residual strain which was amplified closer to the top

of the moulded block. The residual strain was also significantly higher for the low density

and the long fused samples compared to the standard semi-crystalline samples. These

observations indicated that the degree of spring-back was related to the exposure to heat.

The higher this exposure, either due to position in the block or longer prefoaming or

fusing, the higher the residual strain.
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Figure 11.7: Compressive modulus (a), yield strength (b) and strength at 10% strain (c) plotted against
density.
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Figure 11.8: Residual strain in the compression samples as a function of the position in the blocks.

Tensile testing

Typical tensile stress-strain curves are displayed in Figure 11.9. In tensile mode, the

deformation range was small (a few percent), until the samples failed by debonding be-

tween the beads. From these curves, modulus, maximum stress and maximum strain were

calculated. These are plotted in Figure 11.10. Tensile modulus was significantly higher

than in compression but followed similar trends. This higher modulus in tensile mode is

explained by the fact that stresses are less effectively transferred by the thin cell walls in

compression than in tension as they easily buckle [179, 233]. The modulus was found to

increase with increasing density. It also appeared higher for amorphous foams than for

the semi-crystalline foams. As for the compression modulus, no influence of the moulding

conditions could be seen among the semi-crystalline foams.

The semi-crystalline foam samples were significantly more brittle than the amorphous

samples. The semi-crystalline samples typically fractured at a tensile stress of 0.3 MPa

independent of the density. The amorphous samples fractured between 0.4 and 0.5 MPa.

This distinct behaviour between amorphous and semi-crystalline foams was also reflected

in the maximum strain at break.

The SEM images of the fractures of amorphous and semi-crystalline foams are dis-

played in Figure 11.11. The surface of the amorphous beads exhibited significant signs of

damage, such as pulled out skin or even pieces of fractured beads still embedded on the

surface. This indicated a strong fusion between neighbouring beads. On the contrary,

the surface of the beads in the fractured semi-crystalline foams was smooth and free of
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Figure 11.9: Typical tensile stress-strain curves for the PLA foam samples.

such signs of damage. The pores observed on the pictures are due to fracture of cell walls

during the foaming process [59, 213], and not due to tensile testing. These SEM images

confirmed that the lower strength of the semi-crystalline foams was due to poor interfacial

bonding.

11.3.3 Thermal characterisation

Differential scanning calorimetry

Despite their name, the “amorphous” foams developed some crystallinity through the

foaming process as indicates by DSC (see Figure 11.12). Although this crystallinity was

limited to less than 5% as calculated using Equation 11.1, this illustrates the ability of

the foaming process to generate crystalline order in PLA. This crystallinity was likely to

be produced through strain-induced crystallisation during expansion.

The semi-crystalline moulded foams were significantly crystallised (between 40 and

47%). These values are similar to what was calculated in Chapter 9 on freely expanded

beads of the same PLA grade. Interestingly, the crystallinity in these samples seemed

independent of the density. This is likely to be due to the narrow density range studied

(30-45 g/L) and the fact that the crystallinity plateaus at high expansion ratios as seen

in Chapter 9. However, a dependence on the position in the moulded blocks was observed

as shown by Figure 11.13. This effect is likely due to the amount of heat received by the

sample. More heat resulted in more relaxation and therefore crystallisation of the foamed

PLA, in a similar way as beads relaxing when freely foamed for longer times, as discussed
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Figure 11.10: Tensile modulus (a), maximum stress (b) and maximum strain (c) plotted against den-
sity.
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(a) (b)

Figure 11.11: SEM images of the fracture in tensile testing samples: (a) amorphous PLA foam and (b)
semi-crystalline PLA foam.

in a Chapter 9.

Dynamic mechanical and thermal analysis

Data typical of that collected during the DMTA experiments is shown in Figure 11.14.

Storage modulus (E ′), loss modulus (E ′′), tan(δ) and the deflection are plotted against the

temperature. In this particular example, a semi-crystalline PLA foam prepared under the

standard conditions was used. As expected, significant changes occurred through heating

above the Tg. Firstly, E ′ dropped significantly at the glass transition. Figure 11.15 shows

more examples of this feature for amorphous and semi-crystalline PLA foams. For the

amorphous PLA foams, the onset of the modulus drop was located at approximately

60◦C which corresponds to the original Tg of the polymer. This drop was sharp and

an order of magnitude in stiffness was lost in about 10◦C. For the semi-crystalline PLA

foams, the onset of the drop appeared at around 70◦C. This drop was more progressive

and a significant stiffness was maintained at elevated temperatures. This was due to the

crystalline content of these foams. The melting point of this particular grade of PLA is
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Figure 11.12: Typical example of DSC traces for the amorphous and semi-crystalline moulded foams.
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Figure 11.13: Crystallinity plotted against the position in the moulded blocks. The error bars show the
standard deviation of the selected samples tested in triplicates in the DSC.

at approximately 170◦C.

The tan(δ) curves provided further interesting information. As can be seen in Fig-

ure 11.16, these curves varied strongly depending on the grade of PLA used. They also

depending on the foam preparation conditions. The amorphous PLA foams exhibited a
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Figure 11.14: Example of DMTA traces obtained on a semi-crystalline sample (standard foaming
conditions, middle of the block, 43 g/L).
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Figure 11.15: Storage modulus (E′) as a function of temperature for various samples.

tan(δ) peak centred on 70-71◦C. However, the semi-crystalline foams exhibited two peaks,

with varying relative intensity. The first peak was located at 70-72◦C which corresponds

to the peak for the amorphous samples. The second peak was located at 86-88◦C. In

order to link these features with the foaming conditions, a deconvolution of these peaks

was performed for the semi-crystalline foams. Firstly, a B-spline was used to model the
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baseline. The B-spline was anchored at points below 35◦C and above 135◦C. Each of the

two peaks was modelled using a pseudo-Voigt function:

tan(δ) = A1

[
2µ1wL,1

4π(T − Tc,1)2 + w2
L,1

+ (1− µ1)

√
4ln2√
πwG,1

exp

(
−4ln2

w2
G,1

(T − Tc,1)2

)]

+ A2

[
2µ2wL,2

4π(T − Tc,2)2 + w2
L,2

+ (1− µ2)

√
4ln2√
πwG,2

exp

(
−4ln2

w2
G,2

(T − Tc,2)2

)]
(11.2)

where Ai are the amplitudes, Tc,i the centres, wL,i and wG,i width factors and µi shape

factors. An example of the fitting procedure is shown in Figure 11.17. From this fitting,

the ratio between the intensity of the two peaks (A1/A2) was calculated. Figure 11.18

indicates a strong link between this ratio and the density of the PLA foams: the lower the

density, the smaller the first tan(δ) peak. This peak was almost negligible for the lowest

density samples. Another relationship was seen between the position of the second peak

and the position within the moulded block from which the DMTA samples were taken as

shown in Figure 11.19. It seems that higher exposure to heat slightly shifted this peak to

higher temperature.
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Figure 11.16: Tan(δ) as a function of temperature for various samples.

The deflection-temperature curves also provided useful information on the dimensional

stability of the foam samples under elevated temperature. In particular, these curves indi-

cate at which temperature the samples started to shrink, and therefore can ultimately help

determining the temperature range within which these foams can be used for future appli-

cations. Some examples of deflection-temperature curves are displayed in Figure 11.20. It
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Figure 11.17: Illustration of the fitting procedure for tan(δ) for the semi-crystalline samples.
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Figure 11.18: Ratio between the two tan(δ) peaks for the semi-crystalline samples plotted against
density.

is important to note that the initial part of these curves was slightly increasing in a linear

fashion, although hardly noticeable on the graph. This increase was caused by thermal

expansion (approximately 0.01%/◦C).

The amorphous PLA foams started shrinking at 60-65◦C. This corresponds to the Tg

of the polymer and also the onset of the modulus drop as seen in Figure 11.15. For the
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Figure 11.19: Centre of the second tan(δ) peak for the semi-crystalline samples plotted against the
position in the moulded blocks.
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Figure 11.20: Deflection as a function of temperature for various samples. The two smaller arrows
indicate the two deflection steps observed in the semi-crystalline samples.

semi-crystalline PLA foams, two deflection steps existed in most semi-crystalline samples

(indicated by the two small arrows on Figure 11.20). The first step was very subtle (less

than 1% deflection) and located at 60-65◦C, i.e. at the same temperature as for the

amorphous foams. The second step was more defined with its onset located between
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75 and 85◦C depending on the sample. The presence of these two steps matches the

existence of two tan(δ) peaks. Once this second deflection temperature was reached,

large variability was observed among the samples. For some of them, deflection seemed

to stabilise in the 100-120◦C region. Others deflected abruptly without exhibiting any

plateau. Interestingly, the two behaviours seem linked to the onset temperature of the

main deflection: the higher the onset, the faster the following deflection.

The deflection-temperature data could provide information on the heat deflection tem-

perature (HDT) of the samples. Here, the temperature at which the samples reached 5%

shrinkage was extracted from the deflection curves (curves corrected for thermal expan-

sion). The results are shown in Figure 11.21. For comparison, the amorphous foams gave

a HDT of 67◦C using this method. One can seen a clear influence on the position in

the moulded block and the moulding conditions on the HDT. The results indicate that

increasing exposure to heat during moulding (either due to location in the block of pre-

foaming and fusing time) led to increased HDT. This trend is similar to the one observed

earlier on the position of the second tan(δ) peak.
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Figure 11.21: Temperature to reach 5% deflection plotted against the position in the block for the
semi-crystalline PLA foams.
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11.4 Discussion

11.4.1 Mechanical properties

Modulus

While compressive strength (measured at the yield point or at 10% strain) was compa-

rable between amorphous and semi-crystalline foams, the latter exhibited a significantly

lower modulus, both in compression (Figure 11.7 (a)) and tension (Figure 11.10 (a)).

This was rather surprising as increased crystallinity in PLA is generally synonymous with

increased stiffness [30, 47], and has been observed in PLA fibres [81, 234] and films [42]

where crystallisation is strain-induced. However, it is not only the crystallinity but also

the polymer orientation which affects mechanical properties [42]. This has been observed

for other polymers such as PET [235]. Since the cell walls in PLA foams can be described

as stretched films [59], increased modulus was expected for the semi-crystalline foams.

In the case of foamed polymers, the problem is complicated by the effects of the cellular

structure. Popular models linking cellular structure with mechanical properties are the

ones developed by Gibson and Ashby for cellular materials [176]. They have been inten-

sively used for modelling the mechanical behaviour of polymeric foams [177–179,236,237].

According to these models, the modulus of the foam (E), relative to the modulus of the

solid polymer (E0), can be expressed as:

E

E0

= φ2ρ
2

ρ2
0

+ (1− φ)
ρ

ρ0

(11.3)

where ρ and ρ0 are the densities of the foamed and solid polymer respectively, and φ

is the proportion of material in the cell edges. The contribution of the gas present in

the cells is neglected for small strains [178]. Ramsteiner et al. showed that this model

worked satisfactorily for foams such as extruded polystyrene, albeit some modifications

were required to accommodate the fact that the cell walls have a lower contribution to

stress transfer in compression than in tension [179]. This model clearly shows that the

density is not the only factor influencing the modulus of the foam, but that the cellular

structure itself has an effect. This parameter φ was not determined in the present case.

However, one can suggest that φ differed between amorphous and semi-crystalline foams

and this could have affected their modulus. Other authors suggested that this model

was incomplete as it does not take the cell size into account [177, 236]. Bureau and

Gendron proposed to substitute ρ/D (D being the mean cell diameter) for ρ to model

the compression properties of polystyrene foams [177]. In the present case, at equivalent

density, the semi-crystalline foams seemed to exhibit larger cells than their amorphous

counterparts (Figure 11.5) and this would explain their lower modulus. Other suggested
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explanations could include the defects in the semi-crystalline foams seen in Figure 11.5 (b)

and Figure 11.11 (b), or the lower fusion between the beads in the semi-crystalline foams

as revealed by tensile testing. Rossacci and Shivkumar showed that bead fusion had a

noticeable effect on tensile modulus [164].

Residual strain

As for the differences in stiffness, it is difficult to elucidate the differences in residual

strain observed after compression moulding. Several factors may be involved such as the

cellular structure, or the morphology and orientation of the polymer in the cell walls and

edges.

Although having negligible effect at small strain levels, the contribution of the gas

trapped in the cells becomes significant at large strains [178]. The built-up gas pressure

during compression testing is likely to help strain recovery when unloading. The semi-

crystalline foams usually exhibited cracks in the wall of the cells as seen in Figure 11.5 (b)

and Figure 11.11 (b). On the contrary, the cell walls in the amorphous foams remained in-

tact through the process. Gas loss during compression testing, as observed by Ramsteiner

et al. on polystyrene foams [179], was therefore probably higher in the semi-crystalline

foams than in the amorphous foams, causing a lower spring-back. The higher residual

strain observed in the low density samples and the samples subjected to more heat during

the process would be explained by a larger amount of cavitated walls.

The amount of residual strain was constant throughout the amorphous samples, but

varied significantly across the semi-crystalline samples for which residual strain seemed

to increase with increasing exposure to heat (due to prefoaming time, moulding time or

position within each moulded block). The same dependence on exposure to heat was

also observed for the thermal properties of the semi-crystalline foams, for instance, the

temperature required to reach 5% deflection in the DMTA tests. This suggests that the

polymer morphology contributed to the strain recovery behaviour. Yu et al. showed that

the elongation at break of previously stretched PLA was higher for an amorphous grade

than for a semi-crystalline grade [42]. It is therefore possible that brittle fracture of cell

edges occurred in the semi-crystalline foams at high compression strain, which inevitably

induced permanent strain. Different heat exposure through the samples and within each

block may have caused variations in crystallinity or orientation of the semi-crystalline

polymer. These are known to affect the mechanical properties of fibres [226, 234] and

films [42]. Cell walls and edges may have been affected in similar ways during the process,

leading to different recovery behaviours, depending on their thermal history.
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Tensile strength

The tensile testing of the samples revealed the typical brittle behaviour observed for

particle foams with fracture occurring at the beads boundary, as seen for EPP [179] or

EPS [238, 239]. When the quality of the fusion between the beads is high, the fracture

occurs through the beads instead of between the beads. Tensile strength and strain at

break are strongly affected by the bead fusion [239]. Several manufacturing parameters

can influence it such as moulding time and temperature [171]. The present experiments

showed that the fusion between the beads was much lower in the semi-crystalline foams

than in the amorphous foams. This was indicated by the lower tensile strength and lower

strain at break. The lack of damage at the surface of the beads in the SEM images of

the tensile fractures also confirmed the lower adhesion between neighbouring beads in

the semi-crystalline foams. Adhesion between the beads in this process is likely to be

due to interdiffusion of the polymer chains across the interface [164]. This phenomena

requires contact pressure and high mobility of the chains above Tg [240]. In the case of

the amorphous PLA foams, high mobility is assured by the temperature, the presence of

plasticising CO2 and the low crystallinity. For the semi-crystalline foams, mobility of the

polymer chains was strongly restricted due to the high crystalline content (around 40%).

This lower mobility prevented diffusion of the polymer molecules across the bead-bead

interface, thus limiting bonding strength. For semi-crystalline polymers, fusing has to be

carried out close to the onset of the melting point to ensure adhesion [241]. In the present

case, the moulding temperature (around 100◦C) was far below the melting point of the

PLA grade used (approximately 170◦C).

This limited bead fusion in the semi-crystalline foams had a negative impact on the

foam properties. Only tensile strength was studied here but bending strength is likely to be

affected too since in bending mode failure typically occurs on the face subjected to tension.

Synbra’s solution to this issue was using a coating on the pre-expanded PLA beads to

promote adhesion [12,175]. Such approach could be used here, although re-impregnation

of the pre-expanded beads would be necessary as they would lose their remaining blowing

agent in the process. One can also suggest using beads prepared with an amorphous

external layer, through co-extrusion for instance. Higher moulding temperature could

also be used. For instance, EPE and EPP foams are moulded at temperatures just below

their melting point, therefore allowing fusing despite their high crystallinity [6]. This

method was not tested here due to the limitation of the moulding equipment.

11.4.2 Thermal properties

Improving the heat resistance properties of the PLA foams was a main driver for de-

veloping a semi-crystalline alternative. Clear differences had already been demonstrated
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between amorphous and semi-crystalline prefoamed samples [213] but the results had

not been extended to moulded articles. The DMTA experiments presented here using

moulded blocks confirmed these initial observations.

Two glass transition temperatures

The moulded semi-crystalline foams exhibited tan(δ) traces with two peaks. The first one

coincided with that of the amorphous foams while the second was located about 15◦C

higher. This was also reflected in the presence of two shrinkage onsets. Radjabian et al.

observed similar multiple tan(δ) peaks in semi-crystalline PLA fibres [226]. These two

peaks, which seem to correspond to two glass transition temperatures, are attributed to

two distinct amorphous fractions referred to as “mobile amorphous fraction” and “rigid

amorphous fraction” by Magon and Pyda [220]. The mobile amorphous fraction consists in

amorphous chains far away from constraining crystalline regions, and therefore becoming

mobile at the same temperature as in a fully amorphous sample. On the other hand, the

rigid amorphous fraction consists in oriented amorphous chains confined within or close

to crystals [38, 226]. Magon and Pyda showed that the temperature at which the rigid

fraction regains mobility corresponds to the crystallisation temperature used in the case

of annealed solid samples [220]. The same holds true here as the second peak is in the

vicinity of the moulding temperature.

Figure 11.18 showed that the relative intensity of the two peaks was a function of the

foam density. Lower density means higher expansion, higher crystallinity (although crys-

tallinity did not vary significantly in these semi-crystalline samples) and higher orientation

of the amorphous phase in the foamed samples. Assuming that the assignment of the two

peaks to the mobile and rigid amorphous phases is correct, the decreasing intensity of the

first peak indicates a decreasing mobile fraction. This demonstrates that during foaming,

the amorphous chains are effectively stretched and locked by the simultaneously produced

crystals.

Shrinkage

As described previously in Chapter 9, the shrinkage of PLA foams above the glass tran-

sition temperature is driven by the relaxation of the amorphous chains stretched during

the process. Upon heating above the glass transition temperature, these chains tend to

adopt a coil configuration. This contraction is transmitted to the whole structure which

shrinks as a result [182]. For the amorphous PLA foams, no obstacle to shrinkage was

present and the foams started to shrink at the glass transition temperature. Figure 11.20

shows that this shrinkage appeared within a short temperature range (60-65◦C).

The first deflection step in the semi-crystalline foams was located at the same temper-
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ature as for the amorphous foams. It seemed related to the mobile amorphous fraction

discussed earlier. This first step was very small in comparison with the amorphous foams.

This can be attributed to the high crystallinity of the samples (around 40-45%) which

acted as a physical network preventing shrinkage in a similar way as in PLA fibres [226]

and films [57,58].

Despite the melting temperature of the semi-crystalline PLA used being around 170◦C,

the second deflection step, marking a definite shrinkage, started at 75-85◦C depending on

the sample. The crystals generated during foaming could therefore not assure complete

stabilisation of the cellular structure up to their melting. Note that the results reported

earlier in Chapter 9 on the shrinkage of prefoamed samples were recorded after annealing

at 70◦C, therefore right between the two shrinkage steps observed here. It is likely that

these crystals, or the network they formed, were highly imperfect. When reheated, the

rigid amorphous fraction eventually relaxed and induced shrinkage of the foam. As stated

by Magon and Pyda, the devitrification of the rigid fraction is strongly linked to the

crystallisation temperature. One can then suggest that higher moulding temperature

could lead to increased onset of shrinkage. Figure 11.21 supports this by showing that

the samples taken from the top of the blocks (therefore receiving more heat and probably

exposed to higher temperature) exhibited higher HDT (measured at 5% deflection).



300 Moulding and properties of semi-crystalline PLA foams

11.5 Conclusion

The experiments presented here demonstrated that semi-crystalline PLA could be suc-

cessfully foamed and moulded to low density (30 g/L). The moulded samples were char-

acterised in terms of mechanical and thermal properties. These results were compared

with that of an amorphous PLA foam prepared using the standard BPN process.

The mechanical properties tested for showed significant differences between amorphous

and semi-crystalline PLA foams. Tensile and compressive stiffness were lower in the semi-

crystalline foams at same density. Although not confirmed, the effect is suspected to be

due to a different cellular structure (cell size, edge/wall ratio). Compressive strength was

identical between the two PLA foams. Tensile strength was strongly reduced by the use of

a semi-crystalline grade. It appeared three times lower than in the amorphous foams. This

was likely caused by the inherent lower adhesion properties of semi-crystalline polymers

when processed at temperatures below their melting point.

Interestingly, the DMTA experiments revealed the coexistence of two distinct amor-

phous fractions in the semi-crystalline foams, namely a mobile and a rigid (or confined)

amorphous phase. This was mainly shown by the presence of two peaks in the tan(δ)

curves. The ratio between these two fractions was linked to the density of the foam. The

lower the density, the lower the amount of mobile amorphous phase.

The heat stability of the semi-crystalline foams was about 15 to 20◦C higher than

for the amorphous foams. This was shown by the drop in storage modulus (E ′) and the

onset of shrinkage. Two steps in shrinkage were observed for the semi-crystalline foams,

corresponding to the two tan(δ) peaks. While the first one was small and always located

at the same temperature as for the amorphous foams, the second one appeared dependent

on the thermal history of the foam during manufacturing (prefoaming time, moulding time

or position in relation to the steaming port). Higher heat exposure led to a higher onset

temperature for shrinkage. HDT values (measured as the temperature at 5% shrinkage)

as high as 90◦C were recorded under some conditions.

This work confirmed the positive effect of semi-crystalline PLA on the heat stability

of foams produced through the BPN process. However, further work would be required to

fully understand and optimise the thermal properties of the moulded foams. The poorer

mechanical properties of the semi-crystalline foams also need to be addressed.
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Summary and conclusions

The initial aim of this research was to get a better understanding of the interactions be-

tween PLA and CO2 and the effects on the foaming behaviour of PLA in the BPN bead

foaming process. The role of crystallinity was also a major point of focus. Despite some

benefits in terms of cell nucleation, cell stabilisation during expansion and improved final

properties, the presence of crystals was generally considered as detrimental for foaming.

Although the literature is abundant on the subject, most of it was specific to particular

processes such as extrusion-foaming. Therefore, these results were not directly transfer-

able to the BPN process, which is a distinct technology. In particular, the use of liquid

CO2 makes it unique in the foaming technology landscape.

Preliminary work provided strong hints on the effects of crystallinity and CO2 im-

pregnation on the foaming behaviour of PLA (Chapter 3). This was investigated further

using grades of PLA with higher propensity to crystallise compared to the grades used

previously. This allowed assessment of the potential benefits in terms of properties of

the foams, as well as extending the feedstock usable by the process and making it less

sensitive to feedstock properties variations.

301
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12.1 Influence of the impregnation temperature

12.1.1 CO2 impregnation around ambient temperature

In agreement with published data [70], the CO2-induced crystallisation of PLA varied

significantly during liquid CO2 impregnation in the -10 to 25◦C temperature range. When

impregnated above approximately 10◦C, low crystallinity PLA (8.2%D) crystallised into

spherulites. This crystallisation appeared to be isotropic as shown by X-ray diffraction.

When impregnated below 10◦C, this PLA crystallised into small strongly oriented crystals.

This anisotropy was caused by the swelling of PLA during CO2 impregnation.

In both cases, SAXS showed that the crystals were arranged into lamellar stacks.

Despite the distinct crystalline superstructures developed above and below 10◦C, the

crystal forms were not affected by the temperature in the studied range. The impregnated

samples predominantly crystallised into the precursor of the α′′ form (or it precursor) near

the surface of a specimen, and the more common α form in the centre of the specimen. The

distribution of the two forms across the thickness of the samples was explained in terms

of CO2 diffusion during impregnation. However, the percentage crystallinity remained

constant through the thickness, with the exception of a thin highly crystallised skin on

the surface of the specimens.

This transition in the crystalline superstructure of PLA translated into a difference in

its foaming behaviour. Samples impregnated above 10◦C hardly expanded during foaming.

Only small pores were observed. These were separated by large regions of solid material.

This poor expansion was a result of the presence of cohesive spherulites. On the contrary,

samples impregnated below 10◦C developed a regular cellular structure during foaming,

albeit slightly high densities and thick cell walls. This foaming was made possible due to

the lower viscosity of the matrix which consisted of small crystals.

12.1.2 Sub-zero CO2 impregnation

In the next stage of this investigation, the temperature of the CO2 impregnation was

extended to lower temperatures (as low as -50◦C) using higher crystallinity PLA (for

example 1.4%D). When impregnated with liquid CO2 above -35◦C, observations were

essentially the same as described in 12.1.1 despite the different PLA grade used. PLA

crystallised into the α′′ form, organised into lamellae. When impregnated under such

conditions, 1.4%D PLA foamed to high density (300 g/L) but still exhibited a well defined

closed-cell structure.

On the contrary, when impregnated below -35◦C, the α′′ was replaced by a mesomor-

phic form of PLA, or mesophase, previously observed on PLA stretched at temperatures

close to Tg. This structure is highly cohesive according to other authors. However, using
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WAXS in parallel with DSC, this form was able to melt at approximately 70◦C with a

melting enthalpy of 73 g/L, in accordance with published data. This melting was for-

tunate as it allowed the CO2-impregnated material to return to an amorphous, readily

expandable, state during foaming in hot water. Densities as low as 30 g/L were easily

achieved with 1.4%D PLA. DMTA experiments, performed on CO2-laden PLA samples,

confirmed that upon heating above their Tg, the modulus of the samples impregnated

below -35◦C dropped significantly more than that of samples impregnated above -35◦C.

This low modulus of the matrix was responsible for its good expandability.

This transition between α′′ form and mesophase at -35◦C was observed using X-ray

scattering techniques, DSC, spectrophotometry and also by solubility measurements. In-

deed, the mesophase restricted the swelling of PLA by introducing a crosslinking effect

and thus reduced CO2 absorption. It was suggested that this transition originated from

the differential between the impregnation temperature and the Tg of the impregnated

polymer, taking into account the plasticisation effect of CO2. Despite the plasticisa-

tion, at temperatures below -35◦C, molecular motion was too low to allow crystallisation.

Alignment through swelling of the polymer chains resulted in the mesophase.

The effect of the impregnation temperature on the crystalline morphology and the foam

cellular structure over the whole temperature range covered by liquid CO2 is summarised

in Figure 12.1.
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12.2 Prefoaming and moulding of semi-crystalline PLA

The major part of the research work focused on the phenomena involved during liquid

CO2 impregnation. Once these were understood and the optimum impregnation condi-

tions determined, the subsequent steps of the process (prefoaming and moulding) were

examined.

12.2.1 Prefoaming and crystallisation

Prior to prefoaming, semi-crystalline PLA impregnated at -50◦C contained virtually no

crystallinity. Only a mesomorphic phase was present. This phase was shown to disappear

during prefoaming.

The prefoaming step was shown to be a similar process as the stretching of PLA films

and fibres. This was not surprising as the cell walls are essentially biaxially oriented films.

As for films and fibres, crystallinity (of the α or α′ kind) was quickly generated through

strain-induced crystallisation. The amount of crystallinity in the prefoamed beads was

shown in Chapter 9 and Chapter 10 to be mainly dependent on the expansion ratio and

the D-content in PLA. Prefoaming temperature or molecular weight did not show observ-

able effects. This confirmed that the crystallisation was mostly strain-induced. However,

temperature and molecular weight strongly influenced the expansion behaviour. In gen-

eral, lower molecular weight and higher prefoaming temperature allowed fast expansion

but with low in-process stability (i.e. premature shrinkage or collapse). Higher molec-

ular weight led to slower and lower expansion but provided more stability and widened

the processing window in terms of time and temperature. A molecular weight of 100

to 120 kDa was found to give the highest expansion ratios while offering reasonable in-

process stability. Decreasing D-content was found to lead to decreased expansion. This

was attributed to the crystalline links between the polymer chains, increasing viscosity.

In Chapter 9, the crystallinity was shown to have a tremendous impact on the di-

mensional stability of the prefoamed beads (measured as shrinkage at 70◦C). Shrinkage

was high for low-crystallinity foamed samples but was significantly decreased when crys-

tallinity reached around 40%. This threshold correlated well with literature data on the

shrinkage of films and fibres. Above this value, the crystals formed a cohesive network,

blocking the shrinkage caused by the relaxation of extended amorphous chains. Low

molecular weight PLA was an exception as it showed significant shrinkage despite high

crystallinity. This was attributed to the shorter chains that failed to connect the crystals

into a continuous network.
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12.2.2 Moulding

Moulding of semi-crystalline PLA foams was proved successful in Chapter 11. Densities

as low as 30 g/L were achieved with crystallinity above 40%. With such crystallinity, the

foams possessed good heat stability compared to amorphous PLA foams. The temper-

ature at which the semi-crystalline foams exhibited shrinkage and loss of modulus was

measured at 15 to 20◦C higher than that of the amorphous foams. While this was a

major improvement, it was significantly lower than what the melting point of the semi-

crystalline PLA grade used suggested. DMTA experiments revealed the complex thermal

behaviour of the semi-crystalline foams and showed that moulding parameters such as

the steam temperature controlled the stability range of the foams. This suggested that

further improvements could be attained by optimisation of the moulding process.

The mechanical properties of the semi-crystalline foams were slightly lower than that

of their amorphous counterparts. Compressive and tensile stiffness were reduced, likely

due to a different cellular structure. More importantly, the tensile strength significantly

deteriorated. This major drawback may be attributed to a lack of bonding between the

beads caused by the lower adhesion properties inherent to semi-crystalline polymers. This

issue needs to be addressed to assure the integrity of the moulded articles.
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12.3 Summary

The crystallisation behaviour of semi-crystalline PLA under liquid CO2 exposure was

studied over a wide range of temperatures. Three main regimes were identified. As

reported in the literature, above 10◦C, spherulites were formed. Below 10◦C, only small

dispersed crystals were created. More interestingly, with liquid CO2 impregnation carried

out below -35◦C, crystallisation of PLA was prevented and was replaced by the formation

of a mesomorphic structure. The origins of this unique structure was attributed to similar

mechanisms as for its formation under stretching around the glass transition.

These distinct crystallisation regimes resulted in different foaming behaviour. In par-

ticular, impregnation carried out below -35◦C allowed foaming of semi-crystalline grades

of PLA to low densities. These foams developed a high level of crystallinity during ex-

pansion via strain-induced crystallisation. It was found that this crystallinity provided

the foams with improved heat stability properties compared to their amorphous counter-

parts. However, some mechanical properties were slightly impaired. Despite this, these

newly-developed foams show promising thermal properties and further optimisation of

the moulding process is expected to lead to major improvements.
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12.4 Recommendations for future work

Optimisation of the moulding step is advised in order to (i) improve the beads bonding

strength and thus provide better integrity to foamed articles, and (ii) further enhance the

dimensional stability of the foams at elevated temperature. The first issue could be solved

by developing a coated bead (through co-extrusion for instance) or increase the moulding

temperature. Adjusting the temperature could also help improve dimensional stability.

Post-processing options include annealing for example.

The work presented here was performed on a laboratory scale. Despite showing promis-

ing results, upscaling feasibility needs to be investigated. The temperatures required for

the impregnation step imply a high energy cost. It is therefore essential to assess the

economical and environmental impact of this process. Since it was suggested that the

critical impregnation temperature was partly determined by the polymer’s original Tg,

an obvious way to make upscaling more realistic would be to increase PLA’s Tg. This

could theoretically be achieved through blending with higher-Tg polymers, cross-linking

or chemical modifications.

The initial BPN E-PLA process was designed to resemble the EPS process. However,

several features of the newly-developed semi-crystalline foams are in common with the

manufacturing of expanded polypropylene (EPP) foams instead. These include the high

crystallinity in the beads which reduces interbead fusion and the short shelf-life of the

impregnated and prefoamed beads. It would therefore be interesting to test EPP methods

for semi-crystalline E-PLA: complete pre-expansion, re-impregnation with pressurised air

and moulding under pressure at higher temperature.

The knowledge gathered on the PLA-CO2 system is likely transferable to other poly-

mers with similar thermal properties or CO2-affinity. One can suggest blends of PLA with

poly(methyl methacrylate) or polycarbonate, polyethylene terephthalate and others.
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12.5 Outputs from this work
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A
Scilab functions for the CO2 uptake in

injection moulded bar samples

// parameters required for the fitting of the experimental data

// to modify if required

folder="Q:\BioMatEng\Jean-Philippe\PhD work\cryst-study\..

uptake\"

datafile="imp-20.txt"

[M,text]=fscanfMat(folder+datafile);

real_p0=[60*1E-6] // initial coeff of diffusion (cm^2/minute)

p0=[1.0] // scale factor that the algorithm will adjust

Cexp=22.7 // equilibrium uptake

lexp=0.15 // half thickness of the samples

dlexp=0.001 // thickness step for the integration of the total uptake

nexp=100 // # of terms in the Crank equation sum

// this function provides the concentration at a given point/time

// 2l thickness of bar (cm)

// D diffusion coeff (cm^2/minute)

// t time (minutes)

// x position from the centre of the specimen (cm)

// n max index in the sum (100?)

function conc=eq417(Cmax, l, D, t, x, n)

conc=1.0;

for k=0:n

A=(-1)^k/(2*k+1);

B=exp(-1.0*D*(2*k+1)^2*%pi^2*t/4/l^2)

C=cos((2*k+1)*%pi*x/2/l)

conc=conc-4*A*B*C/%pi;

end

conc=Cmax*conc;

endfunction

// this function provides the local concentration at a given point

// versus impregnation time

// T total impregnation time

// dT time step

function local_uptake(Cmax, l, D, T, dT, x, n, graph)

if ~exists(’graph’, ’local’)

graph=%t

end

time=0:dT:T;

filename=folder + "local_uptake-x=" + string(x) +"-D=" + ..

string(D) + "-l=" + string(l) + ".txt";

conc=eq417(Cmax, l, D, time, x, n)

fprintfMat(filename, [time; conc])

if(graph)

plot(time, conc)

end

endfunction

// this function calculates the overall uptake of the sample

// at a given time

function av_conc=total_uptake(Cmax, l, dl, D, t, n)

x=0:dl:l;

Nx=length(x)

profile_conc=eq417(Cmax, l, D, t, x, n)

av_conc= ( sum(profile_conc(2:(Nx-1))) + profile_conc(1)/2 + ..

profile_conc(Nx)/2 ) / (Nx-1)

endfunction

// function to minimise in the fitting algorithm

function res=fun(p, z)

res=0.0

time=M(:,1)

for i=1:length(z)

res = res + ( z(i)-total_uptake(Cexp, lexp, dlexp, ..

real_p0(1)*p(1), time(i), nexp) )^2

end

endfunction
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// main fitting function

// return the coeff of diffusion

// and saves the fitting curve into a new file

function p=fit_uptake()

[p, err]=datafit(fun, M(:,2), p0, algo=’gc’);

xaxis=0:max(M(:,1))/100.:max(M(:,1));

simul=zeros(1, length(xaxis))

for i=1:length(xaxis)

simul(i)=total_uptake(Cexp, lexp, dlexp, real_p0(1)*p(1), ..

xaxis(i), nexp)

end

disp(size(xaxis))

disp(size(simul))

plot( xaxis, simul)

plot(M(:,1), M(:,2), ’o’)

filename=folder + "simul." + datafile;

fprintfMat(filename, [xaxis; simul])

endfunction



B
Scilab script for the azimuthal

processing of the WAXS data in
Chapter 5

folder="Q:\BioMatEng\Jean-Philippe\PhD work\Synchrotron #2\..

Synchrotron 2 - data\Scion\short\sector analysis A series\";

kap_file="kapton and peaks.csv"; // kapton and amorphous peaks

lines(0);

//sector_analysis_back_sub("A3\", "A3 amorph parameters.csv", "A3_3")

// this function calculates the crystallinity associated with each

// azimuthal sector of one particular file and returns it as a list

// of crystallinities.

// It also calculates the anisotropy coefficient based on the

// crystallinity.

// The function takes as input the text file produced by SAXS15ID

// containing the spectrum of each azimuthal sector, the parameters

// for the fitting of the amorphous phase found previoulsy, the

// kapton+air background and the definition of the amorphous peaks.

function [cryst, orientf]=one_file(subfold, kap, am_param, filename)

data=excel2sci(filename, sep=" ");

s=size(data);

data=evstr( data(4:s(1), :) );

s=size(kap);

n_theta=s(1);

s=size(data);

disp(filename)

if s(1)~=n_theta then

printf("n_theta (kap) = %d\n", n_theta);

printf("n_theta (data) = %d\n", s(1));

error("Incompatible size of kap and data (n_theta).")

end

disp("File loaded")

disp(am_param)

results=zeros(s(1), s(2))

cryst=zeros(1, s(2)-1)

results(:, 1)=data(:, 1);

for i=2:s(2)

results(:, i) = data(:, i) - am_param(2)*kap(:,2) - ..

am_param(3) - am_param(4)*kap(:, 3) - ..

am_param(5)*kap(:, 4) - am_param(6)*kap(:, 5) - ..

am_param(7)*kap(:, 6);

integral=0.0;

for j=400:650

width=(results(j+1, 1)-results(j-1, 1))/2

integral=integral+results(j, i)*width

end

cryst(1, i-1)=100*integral/(integral + am_param(4) + am_param(5))

end

integ=mean(cryst(1, 1:18))

minimum=min(cryst(1, 1:18))

maximum=max(cryst(1, 1:18))

orientf=(maximum-minimum)/integ

printf("f = %f\n", orientf);

output_name=folder + subfold + "processed." + basename(filename) ..

+ ".txt";

fprintfMat(output_name, results);

disp("Processed")

endfunction

// This function encapsulates the previous one to process an

// entire folder containing all the frame acquired on one sample

// the results (sector’s crystallinity and anisotropy factor)for

// each frame are exported into text files

function sector_analysis_back_sub(subfold, am_param_file, raw_root)
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kap=excel2sci(folder + kap_file);

s=size(kap);

n_theta=s(1)-1;

printf("n_theta = %d\n", n_theta);

kap=evstr( kap(2:s(1), :) );

am_param=evstr(excel2sci(folder + subfold + am_param_file));

s=size(am_param);

n_files=s(2);

raw_files=sort(listfiles(folder + subfold + raw_root + "*"));

disp(basename(raw_files));

s=size(raw_files)

if s(1)~=n_files then

printf("columns = %d\n", n_files);

printf("files = %d\n", s(1));

error("# of columns in param. file different from ..

actual # of files.")

end

printf("n_files = %d\n", n_files);

cryst=zeros(n_files+1, 19)

orientation=zeros(n_files, 1)

for j=1:19

cryst(1, j)=45+(j-1)*10

end

for f=1:n_files

[cr, orientf]=one_file(subfold, kap, am_param(:, f), raw_files(f))

cryst(f+1, :)=cr

orientation(f, 1)=orientf

end

cryst_out_name=folder + subfold + "cryst." + raw_root + ".txt";

orient_out_name=folder + subfold + "orient." + raw_root + ".txt";

fprintfMat(cryst_out_name, cryst);

fprintfMat(orient_out_name, orientation);

endfunction



C
Scilab script for the processing of the

SAXS data in Chapter 5

//a version with my own definition of the orientation factor

folder="Q:\BioMatEng\Jean-Philippe\PhD work\Synchrotron #2\..

Synchrotron 2 - data\Scion\long\";

zero=0.001;

lines(0);

// the background to be subtracted later on

airdata=excel2sci(folder + "air-data.csv", sep=" ");

airdata=evstr(airdata(:,1));

// function to process one single frame

// (one sample, one position, 36 azimuthal sectors)

function [integ, orient, isa, osa, peak] = ..

one_frame(subfold, filename, thickness, quiet)

data=excel2sci(filename, sep=" ");

s=size(data);

data=evstr( data(4:s(1), :) );

s=size(data);

nq=s(1);

nphi=s(2)-1;

if nphi~=36 then

printf("nphi = %d\n", nphi);

error("nphi is not 36.")

end

disp(filename)

printf("nq = %d\n", nq);

printf("nphi = %d\n", nphi);

disp("File loaded")

baselines=zeros(nq, nphi+1)

baselines(:,1)=data(:,1)

results=zeros(nq, nphi+1)

results(:,1)=data(:,1)

x=data(:,1)

// xind: indices corresponding to the sections of data

// used to fit the baselines

xind=find( ((x>0.015)&(x<0.025)) | ((x>0.06)&(x<0.07)) )

integrations=zeros(1, 36)

// int_indices: indices corresponding to the peak

// to be integrated

int_indices=find( (x>0.02)&(x<0.06) )

steps=(x(int_indices+1)-x(int_indices-1))/2

// "sa" means small angles < 0.02 A-1

integ_sa=zeros(1, 36)

ind_sa=find( (x>0.005)&(x<0.02) )

steps_sa=(x(ind_sa+1)-x(ind_sa-1))/2

// the azimuthal sector comprising the beamstop are discarded

for sector=4:33

// let’s subtract the blank, and normalise with the thickness

y=(data(:, sector+1)-airdata(:, 2) )/thickness

// discarding the data coresponding

// to the masked areas in SAXS15ID)

yind=find( y>zero)

indices=intersect(xind, yind)

// linear regression for the baseline

newx=x(indices)

newy=y(indices)

X=[newx^-1, newx^-2, newx^-3]

mody=newy.*newx

[a, b, sig]=reglin(X’, mody’)

X0=[x^-1, x^-2, x^-3]

yfit=(X0*a’+b).*(x^-1)

baselines(:, sector+1)=yfit
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results(:, sector+1)=y-yfit

signal=results(:, sector+1)

peak_int=sum( signal(int_indices).*steps )

integrations(1, sector)=peak_int

integ_sa(1, sector) = sum( y(ind_sa).*steps_sa )

if quiet==0 then ..

printf("%s: sector %d to %d degrees, int = %f, sig = %f\n", ..

basename(filename), 10*sector-10, 10*sector, peak_int, sig);

end

end

// printing the results in text files

output_baselines=folder + subfold + ..

"baselines-4." + basename(filename) + ".txt";

output_results=folder + subfold + ..

"results-4." + basename(filename) + ".txt";

fprintfMat(output_results, results);

fprintfMat(output_baselines, baselines);

// calculating the average baseline and data-baseline

// based on a 180 degrees sector

averaged=zeros(nq, 3)

averaged(:, 1)=data(:,1)

for j=1:nq

averaged(j, 2)=mean(baselines(j, 4:21))

averaged(j, 3)=mean(results(j, 4:21))

end

output_averaged=folder + subfold + ..

"averaged-4." + basename(filename) + ".txt";

fprintfMat(output_averaged, averaged);

[m, k]=max(averaged(int_indices, 3))

tmp=x(int_indices, 1)

peak=tmp(k, 1)

// calculating the orientation factor

integ=mean(integrations(1, 4:21))

minimum=min(integrations(1, 4:21))

maximum=max(integrations(1, 4:21))

orient=(maximum-minimum)/integ

isa=mean(integ_sa(1, 4:21))

minimum=min(integ_sa(1, 4:21))

maximum=max(integ_sa(1, 4:21))

osa=(maximum-minimum)/isa

printf("%s: peak o-f = %f, background o-f = %f\n", ..

basename(filename), orient, osa);

disp("Processed")

endfunction

// function to process one whole folder

// (one sample scanned every 200 microns)

function process_one_folder(fileroot, thickness, quiet)

subfold=fileroot + "\"

raw_files=sort(listfiles(folder + subfold + ..

fileroot + "*.sector.txt"));

disp(raw_files)

s=size(raw_files)

nfiles=s(1)

disp("Starting processing...")

results=zeros(nfiles, 5)

for i=1:nfiles

[integ, orient, isa, osa, peak] = ..

one_frame(subfold, raw_files(i), thickness, quiet)

results(i, 1)=integ

results(i, 2)=orient

results(i, 3)=isa

results(i, 4)=osa

results(i, 5)=peak

end

output_name=folder + fileroot + ".calcs-4.txt";

fprintfMat(output_name, results);

disp("Processing finished!")

endfunction



D
Scilab script for the curve fitting of CO2

absorption in PLA rods

disp("Don’’t forget to modify the following parameters if needed:")

// parameters to modify

filename="3001D-0.txt" //two columns, time (s) and concentration (%)

plateau=22.92618308 (%)

radius=0.19/2 //cm

real_p0=[0.5*1E-6] //initial guess for D (cm^2/s)

p0=[1.0]

disp("Reload script if input file has been modified.")

data_dir="Q:\BioMatEng\Jean-Philippe\PhD work\Cryo-Sat

\absorption\Scilab_data\";

[M,text]=fscanfMat(data_dir + filename);

// first 20 zeros of the 0-order bessel function

jos=[2.4048255577,

5.5200781103,

8.6537279129,

11.7915344391,

14.9309177086,

18.0710639679,

21.2116366299,

24.3524715308,

27.4934791320,

30.6346064684,

33.7758202136,

36.9170983537,

40.0584257646,

43.1997917132,

46.3411883717,

49.4826098974,

52.6240518411,

55.7655107550,

58.9069839261,

62.0484691902];

// CO2 uptake as a function of D (cm^/s) and t (s)

function conc=uptake(D, t)

conc=1.0*plateau;

for n=1:20

alphan=jos(n)/radius;

conc=conc-4.0*plateau/(radius^2*alphan^2)*exp(-D*alphan^2*t);

end

conc=conc;

endfunction

// the function to minimise

function res=fun(p, z)

difference=z-uptake(real_p0(1)*p(1), M(:,1))

res=sum(difference^2)

endfunction

// optimisation function

function results = fit_uptake()

[fd,e]=mopen(data_dir+"results.log", ’ab’);

[p, err]=datafit(fun, M(:,2), p0, algo=’gc’);

plot(M(:,1), M(:,2))

simul=uptake(real_p0(1)*p(1), M(:,1) )

plot( M(:,1), simul)

mfprintf(fd, ’\n%s\n’, filename);

mfprintf(fd, ’%s\t%f\n’,

[’r’; ’plateau’;’D0 (x10^-6)’;’D (x10^-6)’;’err’],

[radius;plateau;real_p0(1)*p0(1)*1E6;real_p0(1)*p(1)*1E6; err]);

mclose(fd);

results=real_p0(1)*p(1)

endfunction

319



320 Scilab script for the curve fitting of CO2 absorption in PLA rods



E
Scilab script for the simulation of CO2

profiles in PLA rods

data_dir="Q:\BioMatEng\Jean-Philippe\PhD work\Cryo-Sat\..

workplan 3001D\";

//T: total time (s)

//R: radius (mm)

//Nt: number of time steps

//Nr: number of radius steps

//Ceq: the solubility

//C0: the intial conc profile, a (1, Nr+1)-matrix

//D: diffusion coefficient (cm^2.s^-1)

function conc_profile=diffusion_simul(T, R, Nt, Nr, Ceq, C0, D)

delta_r=R/Nr;

delta_t=T/Nt;

average_conc=zeros(1, Nt+1);

results2=zeros(1, Nr+1);

results1=C0;

//initialisation of the concentration averaged over the rod

V=%pi*R^2;

total=0.;

for j = 1:Nr

total = total + ..

2.*%pi*((j-0.5)*R/Nr)*R/Nr*(results1(j)+results1(j+1))/2;

end

average_conc(1)=total/V;

//main iteration loop

//using cylindrical coordinates

for i = 1:Nt

for j = 2:Nr

term1=(results1(j+1)-results1(j-1))/((j-1)*2*delta_r^2);

//see the "2" that is not present if in spherical coordinates

term2=(results1(j+1)-2*results1(j)+results1(j-1))/delta_r^2;

results2(j)=results1(j) + delta_t*D*(term1 + term2);

end

results2(1)=results2(2);

results2(Nr+1)=Ceq;

for j = 1:Nr+1

results1(j)=results2(j);

end

//Calculation of the average concentration

V=%pi*R^2;

total=0.;

for j = 1:Nr

total = total + ..

2.*%pi*((j-0.5)*R/Nr)*R/Nr*(results1(j)+results1(j+1))/2;

end

average_conc(i+1)=total/V;

end

plot(0:delta_r:R, results1’);

conc_profile=results1;

endfunction

//t_total: impregnation time (s)

//r: rod radius (cm)

//Nt: number of time steps

//Nr: number of radius steps

//Ceq: solubility (%)

//D: diffusion coefficient (cm^2/s)

//Nprof: number of concentrtaion profiles to be exported

function results=imp_profiles(t_total, r, Nt, Nprof, Nr, Ceq, D)

results=zeros(Nr+1, Nprof+1);

rad=0:r/Nr:r;

results(:,1)=rad’;

C0=zeros(1, Nr+1);

for n=1:Nprof

prof=diffusion_simul(n*t_total/Nprof, r, ..

int(n*Nt/Nprof), Nr, Ceq, C0, D);

results(:, n+1)=prof’;

end

print(data_dir+"simulation.tmp.txt", results)

endfunction

//imp_profiles(200*60, 0.19/2, 200, 5, 10, 40, 0.341541E-6)
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Crystallinity effects in PLA foams

This paper (revised version submitted to the Journal of Cellular Plastics and accepted for

publication) is based on a preliminary assessment of the effects of D-content on the final

properties of the PLA foams. These results were initially presented at the Biofoams 2011

Conference.

• J.-P. Garancher and A. Fernyhough. Crystallinity effects in polylactic acid (PLA)

based foams. Biofoams 2011 conference, 2011.

• J.-P. Garancher and A. Fernyhough. Crystallinity effects in polylactic acid-based

foams. Journal of Cellular Plastics, 48(5):387-397, 2012.
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Abstract  

The use of carbon dioxide (CO2) for the production of polylactic acid (PLA) foams has been increasingly 

studied recently.  Much of the reported work has used supercritical CO2 as a processing or foaming medium.  

However, a new foaming process which uses sub-critical liquid CO2 conditions has been developed by the 

Biopolymer Network Limited (BPN). It is generally recognised that processing crystalline thermoplastics, 

including crystalline PLA polymers, into foam products using CO2 is difficult due to lower solubility of 

liquid CO2 in polymers, and the increased polymer rigidity hindering the expansion of the polymer matrix. 

However, fundamental studies, and the associated knowledge of the foaming mechanisms at play, have 

allowed some new approaches to be developed within sub-critical CO2 conditions which overcome many of 

these difficulties in PLA foams. 

In this study, several commercially available grades of PLA, ranging from crystalline to amorphous, were 

processed using CO2 via the BPN process (sub-critical CO2). By adequately adjusting the process parameters, 

different crystalline grades were successfully foamed to low density. The resulting foams exhibited low to 

high levels of crystallinity, and consequently displayed varying thermal or physical properties. Cellular 

structures were observed by Scanning Electron Microscopy (SEM). Crystallinity and thermal behaviour of 

the foamed samples were characterised using Differential Scanning Calorimetry (DSC). Mechanical 

properties and dimensional stability were also investigated. It was shown that the selection of PLA feedstock, 

and its associated processing conditions, had a significant impact on the final quality and properties of the 

foams. 

  

Keywords: polylactic acid, carbon dioxide, crystallinity, foaming, dimensional stability 

INTRODUCTION 

Polylactic acid (PLA) is the most well known emerging bioplastic [1]. It is mostly manufactured by ring-

opening polymerisation of lactide (cyclic dimer of lactic acid), which is currently mainly produced through a 

process which involves fermentation of sugars from corn starch. PLA is therefore biobased, but is also 

compostable [2]. Early uses for PLA were in medical applications, such as implants, due to its biocompatibility. 

Nowadays, PLA is used as a commodity plastic for packaging, mouldings, and fibre and textile applications. 

According to interviewed lactide and PLA producers, this thermoplastic has a high potential to replace – at least 

partially – current commodity polymers such as polyethylene, polypropylene and polyamide [1].  

A novel application for PLA is particle foaming. The Biopolymer Network, New Zealand, (BPN) developed 

a technique using commercially available PLA and sub-critical liquid carbon dioxide (CO2) to produce 

mouldable particle foam. The method involves absorption of CO2 by PLA, followed by pre-expansion and then 

moulding, in a similar fashion to that used in the expanded polystyrene (EPS) industry [3].  

Due to the existence of two lactic acid enantiomers (D and L isomers), PLA can be manufactured in a wide 

range of structures and associated commercial grades with varying levels of D and L isomer contents. In 

particular, various crystallisation behaviours can be achieved by controlling the D-content of the mostly L-

isomer PLA chains [4]. Unfortunately, crystalline thermoplastics are known to be more difficult to process into 

foams using CO2 [5]. This is often attributed to lower CO2 solubility and/or higher matrix stiffness [6, 7]. 

Moreover, CO2 can induce polymer crystallisation in such processes. In the BPN process, it is known that the 

processing parameters used during the CO2 absorption and desorption, have a significant effect on the foaming 

of semi-crystalline PLA [8, 9]. By carefully adjusting the process parameters to the PLA properties, semi-

crystalline grades could be foamed to low densities using the BPN process.  



 

 

In this paper, several grades of PLA, covering a wide range of crystallinity, were foamed to low densities. 

The effects on the cellular structure, as well as some thermal and mechanical properties are reported. 

EXPERIMENTAL 

Materials  
In this work, four commercial grades of PLA were chosen to cover a wide range of crystallinity levels. Three 

semi-crystalline grades (SC1, SC2 and SC3) were used as well as an amorphous grade (AM). Crystallinity and 

crystallisation behaviour in PLA are strongly driven by the isomeric (D/L) ratio in the PLA chains. In PLA 

containing mostly the L-isomer, crystallinity and crystallisation rate tend to decrease with increasing D-content 

[4, 10]. Annealing at 100°C was performed using DSC to assess their inherent crystallisation rate and resulting 

crystallinity. These values are reported in Table 1. All the PLA grades used had a glass transition temperature of 

55-60°C. 

 
Table 1. Some properties of the PLA grades used. Thermal properties were measured by DSC at 100°C. 
PLA D-content (%) Crystallisation ½ time (minutes) Crystallinity (%) Melting point (°C) 

SC1 1.4 3-4 23 ~170 

SC2 4.3 22-23 19 ~150 

SC3 7.7 121-124 18 ~140 

AM 11.8 - - - 

 

The various PLA samples were melt-extruded using a LabTech single-screw extruder. PLA was previously 

dried overnight at 45°C. The extruded strand was cooled using a water bath, and pulled using a constant speed of 

10 m/minute, producing regular strands with a 1.8 mm cross-section. The strands were then cut into 

approximately 15 mm long rods, and conditioned at 23°C and 50% relative humidity for at least 48 hours before 

use.  

Foaming 
Following the foaming process developed by the BPN, the samples were first impregnated with liquid CO2 in 

a 10 mL pressure cell. The set-up allowed pressure and temperature to be accurately controlled. It is widely 

known that contacting PLA with CO2 enhances its crystallisation [11, 12], and that solid-state foaming behaviour 

of thermoplastics is largely dependent on their crystallinity [5, 12]. Therefore, the impregnation parameters had 

to be chosen depending on the PLA grade used. In order to make comparisons relevant among the semi-

crystalline PLA foams, only two set of parameters were used. One was used for the semi-crystalline grades 

(SC1, SC2 and SC3), and the other for the amorphous PLA (AM). Once the impregnation was completed, the 

samples were removed from the cell, conditioned and then expanded in hot water. The semi-crystalline grades 

required a higher temperature to expand optimally and were foamed at a temperature 5°C higher than the 

amorphous PLA (80°C for the semi-crystalline grades, and 75°C for the amorphous grade). When the desired 

density was reached (controlled by the expansion time), the samples were quenched in an ice-water bath to stop 

any further expansion and then dried at room temperature under a strong air flow. Two densities were targeted 

for the samples: 40 and 60 g/L. After conditioning at least 48 hours at 20°C and 50% relative humidity, the 

density of the foamed samples was measured on six replicate rods per sample by fluid (water) displacement. 

Differential Scanning Calorimetry 
Differential Scanning Calorimetry (DSC) was carried out on the foamed samples (40 and 60 g/L) before and 

after oven-treatment. A single heat ramp was used to heat up about 2-4 mg of foam from 20 to 200°C at a rate of 

5°C per minute. Crystallinity was calculated by measuring the area under the melting peak and subtracting the 

area under the cold-crystallisation peak (if present). The enthalpy of fusion of 100% crystalline PLA was 

assumed to be 93 J/g [10]. 

Dimensional stability 
For the dimensional stability tests, the six rods used for the density measurements were re-dried under air-

flow at room temperature and then put in an oven at 70°C for 24 hours. The samples were then conditioned again 

at 20°C/50% relative humidity for about 1 hour before another density measurement was carried out, using the 

same water displacement method. The relative volume variation after prolonged exposure to 70°C (normalised 

using AM PLA foam as a reference) was used to assess the dimensional stability: 
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where �� is the initial volume of the samples and Δ� the volume change. 

Scanning Electron Microscopy 
Rod samples were fractured in liquid nitrogen. The exposed cross-sections were mounted onto SEM sample 

holders and coated with chromium. These cross-sections were then observed using a Jeol Field Emission 

Scanning Electron Microscope (FESEM) JSM 6700F. The surface of each rod was also investigated. 

Mechanical testing 
In order to compare the effect of the different PLA grades used on the mechanical behaviour of the PLA 

foams, a Rheometric Scientific DMTA V (Dynamic Mechanical and Thermal Analysis) system was employed 

since it allowed the use of small specimens. The samples used for the DMTA testing were prepared as explained 

previously, except that the rods were foamed between two steel plates, restricting their expansion in one 

direction and so producing consistently flat 3 mm thick foamed bars. They were made in a range of densities 

(about 60 to 150 g/L). Samples were then air-dried and stored at 20°C/50% relative humidity for at least 4 days 

to prevent any remaining CO2 from affecting the mechanical properties. The samples were re-cut to about 35 

mm long and 4 mm wide bars for the flexural testing, and their density was calculated. Each sample was tested 

using a three-point bending configuration with a support span of 28 mm and a loading rate of 10% per minute 

(0.00167 s
-1
) at room temperature. 

RESULTS 

Differential Scanning Calorimetry 
The DSC results showed that decreasing D-content led to an increase of the melting temperature of the 

foamed samples. This relationship between D-content and melting temperature is well-known for PLA [4, 10] 

and is explained by Flory’s theory on crystallisation in copolymers [13]. An increase of the crystallinity is also 

observed. The levels of crystallinity in the foamed samples are summarised in Figure 1. Crystallinity in the 

foams appears as a linear function of the D-content. As stated earlier, the D-content is widely known to control 

crystallisation rate and overall crystallinity in a linear fashion [4, 10]. The SC1 PLA foam developed nearly 50% 

of crystallinity, a level relatively high for PLA [14]. Even the amorphous PLA developed a low level of 

crystallinity, resulting from combined effects of CO2, heat and polymer stretching. It was expected that the 

higher the foam expansion, the higher the stretching of the polymer chains leading to crystallisation as can be 

observed on PLA films [15] or extrusion foaming [16]. However, here, lower density did not seem to lead to an 

increase of crystallinity. On the other hand, the oven-treatment at 70°C increased the crystallinity only slightly. 

For example, the crystallinity of the SC1 PLA foam samples only rose from 46 to about 49% after 24 hours in 

the oven. 

 
Figure 1. Crystallinity (measured by DSC) in the samples foamed at 40 and 60 g/L, before and after the oven 

treatment. 



 

 

Dimensional stability 
The effect of the PLA foam crystallinity on the dimensional stability can be seen in Figure 2. Increasing 

crystallinity led to increasing stability, characterised by volume variation. This relationship was not linear, and a 

more pronounced decrease of volume variation was achieved by using the SC1 PLA. In bi-oriented PLA films, it 

has been observed that a critical level of crystallinity of about 40% was necessary to significantly improve 

dimensional stability [17, 18]. Above this level, the crystal fraction of the polymer forms a rigid network. The 

work presented here supports this hypothesis, since the SC1 foam was the only foam with crystallinity above 

40%, as shown by DSC. 

The degree of foam expansion also seemed to affect the stability of the product. This is particularly 

significant in the SC1 PLA foams: the lower the density, the higher the stability. However, this cannot be 

explained by a difference of crystallinity since DSC showed that SC1 PLA foamed to 40 and 60 g/L each had a 

similar level of crystallinity.  

 

 

Figure 2. Normalised volume variation at 70°C for 24 hours plotted against the foam crystallinity. 

Scanning Electron Microscopy 
SEM pictures of the cross-sections of the samples foamed down to 40 g/L (Figure 3) show that all the 

different PLA grades used generally exhibited a closed-cell foam structure. Although the size of the cells could 

vary through the cross-section (not shown here), it was possible to see that the semi-crystalline PLA grades 

developed larger cells than the amorphous PLA. This observation can be explained by the presence of crystals in 

PLA. It is known that PLA can crystallise when exposed to CO2. The subsequent crystals can then affect the cell 

nucleation (by acting as nucleating agents [19]) and therefore control the final cellular structure, cell density and 

overall density. Given the fact that all these pictures were taken at the same density (40 g/L), the smaller cell size 

in the amorphous PLA indicates a possible higher cell nucleation density. In the semi-crystalline PLA, the 

nucleation was probably controlled by the crystals (heterogeneous). On the contrary, in AM PLA, the cell 

nucleation was more likely to be homogeneous and therefore the cell density not limited to the number of 

crystals. However, the fact that the semi-crystalline grades and the amorphous grade of PLA were processed 

using slightly different parameters makes the comparison rather delicate.  

The foam samples made out of AM PLA exhibited a smooth surface (Figure 4 (d)). On the contrary, the SC1 

PLA foams had a very distinct surface where the cells located close to the surface seemed to have opened to the 

outside of the rod, leaving a perforated skin (Figure 4 (a)). On the AM PLA foam skin, it is still possible to spot 

the underlying bubbles, as regularly distributed circles, but these remained closed during the foaming process. 

SC2 and SC3 PLA foams showed an intermediate state, with only a few below-the-surface bubbles opening to 

the outside while the majority of them remained closed (Figure 4 (b) and (c)). Figure 5 shows a higher 

magnification view of one of these pores on the SC2 PLA foam. The cavitated cell wall was described by Mihai 

et al. as a “lace structure” [20]. They observed this phenomenon when extrusion-foaming semi-crystalline PLAs. 

They assumed this particular structure to be due to the presence of crystallites in the cell walls. During the cell 

growth, the cell walls are considerably stretched. The presence of crystals can make the stretching difficult and 

lead to defects in the stretched materials [17]. Failure can be initiated in the amorphous zones between the 

crystallites, leading to this cavitated cell wall structure. This observation on the surface of the samples suggests 

that such cavitated cell walls also exists inside the foam sample, therefore giving some degree of 

interconnectivity between the cells, i.e. open-cell content,  in the semi-crystalline foams. 

  



 

 

  
(a) (b) 

  
(c) (d) 

Figure 3. SEM observations of the cross-sections at 40 g/L: (a) SC1, (b) SC2, (c) SC3 and (d) AM. 
 

  
(a) (b) 

  
(c) (d) 

Figure 4. SEM observations of the skins at 40 g/L: (a) SC1, (b) SC2, (c) SC3 and (d) AM. 

 

 
Figure 5. “Lace structure” observed through an external pore of SC2 foam. 



 

 

Mechanical testing 
From the mechanical tests, the flexural modulus of the samples was calculated and plotted against the density 

(Figure 6). A linear relationship between density and modulus can be seen in the density range used for the tests. 

This is not surprising since the mechanical properties of thermoplastic foams are strongly related to their density 

and such linearity has been shown previously for the BPN's PLA foam [21] and for EPS as well [22]. More 

surprisingly, at equivalent density, the SC1 PLA foams were more flexible or, rather, of lower modulus than the 

foams made with the other grades. In fact, SC2, SC3 and AM PLA seem to follow similar values and the same 

trend, but the line followed by SC1 sits about 15 to 20 MPa lower. The opposite was initially expected: a higher 

degree of crystallinity could be expected to result in a higher stiffness of the PLA [23]. However, a degree of 

open-cell content, as suggested previously, can explain a decrease of mechanical stiffness, in particular in 

tension [24], which is the case of the lower face of the bended specimens. 

 

 
Figure 6. Flexural modulus measured by DMTA. 

CONCLUSION 

Several grades of PLA with D-content ranging from 1.4 to 11.8% were foamed using sub-critical CO2 and the 

BPN proprietary process. It was shown that all grades could be foamed to low densities, producing foamed 

samples with crystallinity ranging from a few percent up to about 50%. The final level of crystallinity appeared 

to be a linear function of the D-content. The presence of a crystalline fraction in the foamed samples and low 

densities improved their dimensional stability. As previously reported in the literature, a significant improvement 

in dimensional stability was seen above a level of approximately 40% crystallinity. 

The cellular structure of the foams was also affected by the grade employed. In particular, low D-content 

grades with relatively high levels of developed crystallinity led to a unique perforated surface morphology and a 

higher open-cell content which appeared to lower the flexural modulus of the foam samples. 
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G
Scilab script for the calculations of the

compressive properties

folder="Q:\BioMatEng\Jean-Philippe\PhD work\Fusing Finally..

\Compression on Instron\compression 29-01-2013\"

str_step=0.1

str_window=1

str_max=10

n_steps=str_max/str_step

offset=0.2

function one_folder(folder_name)

list_files=ls(folder+folder_name+"\*.csv")

//disp(list_files)

s=size(list_files)

//disp(s)

fd=mopen(folder + folder_name + ".RESULTS.csv", ’w’)

results =["File", "Modulus (MPa)", "Yield (MPa)", ..

"Strength @ 10% (MPa)", "x0 (%)"]

mfprintf(fd, "%s , %s , %s , %s , %s\n", results(1,:))

for i=1:s(1)

disp(list_files(i))

data=excel2sci(list_files(i));

s=size(data)

n=s(1)

strain=100*evstr(data(3:n,1))

stress=evstr(data(3:n,2))

modulus=0;

inters=0;

str0=strain(1)

for j=0:n_steps

indices=find( (strain>=(str0+j*str_step)) & ..

(strain<=(str0+j*str_step+str_window)) )

x=strain(indices)

y=stress(indices)

//plot(x,y)

//disp(indices, x, y)

[a,b,sig]=reglin(x’,y’)

//disp(a)

if a>modulus then

modulus=a

inters=b

end

end

x0=-inters/modulus;

difference=stress-modulus*(strain-x0-offset)

ind1=find(difference<=0.0)

ind2=find((strain-x0)>=10)

yield=stress(ind1(1))

y_strain=strain(ind1(1))

strength10=stress(ind2(1))

s10_strain=strain(ind2(1))

//disp(modulus, inters, x0, yield, strength10)

//display on a plot of the results (shifted by x0)

plot(strain-x0, stress)

plot(y_strain-x0, yield, ’o’)

plot(s10_strain-x0, strength10, ’o’)

X=[0,y_strain-x0+1]

Y1=modulus*(X)

Y2=modulus*(X-offset)

plot(X, Y1)

plot(X, Y2)

pause //waiting for the user to check the plots

results=[basename(list_files(i)), string(modulus*100), ..

string(yield), string(strength10), string(x0)]

mfprintf(fd, "%s , %s , %s , %s , %s\n", results(1,:))

end

mclose(fd);

endfunction
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Figure G.1: Illustration of the process used to calculate the compressive properties.
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