8 M inventions

{

Article

Effects of In-Process Temperatures and Blending Polymers on
Acrylonitrile Butadiene Styrene Blends

Muhammad Harris 2%, Johan Potgieter }, Hammad Mohsin 3, Karnika De Silva ¢ and Marie-Joo Le Guen 5

Citation: Harris, M.; Potgieter, J.;
Mohsin, H.; Silva, K.D.; Guen,
M.-].L. Effects of In-Process
Temperatures and Blending
Polymers on Acrylonitrile Butadiene
Styrene Blends. Inventions 2021, 6,
93. https://doi.org/10.3390/
inventions6040093

Academic Editors: Chien-Hung Liu

and Emin Bayraktar

Received: 26 October 2021
Accepted: 22 November 2021
Published: 24 November 2021

Publisher’'s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and institu-

tional affiliations.

Copyright: © 2021 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Massey Agrifood Digital Lab, Massey University, Palmerston North 4410, New Zealand;
j-potgieter@massey.ac.nz

2 Department of Industrial and Manufacturing Engineering, Rachna College of Engineering and Technology,
Gujranwala 52250, Pakistan

3 Department of Polymer Engineering, National Textile University, Faisalabad 37610, Pakistan;
mhammad@ntu.edu.pk

4 Faculty of Engineering, The University of Auckland, Auckland 1023, New Zealand;

k.desilva@auckland.ac.nz

Scion, Rotorua 3046, New Zealand; mariejoo.leguen@scionresearch.com

o

Correspondence: m.harris@massey.ac.nz or engr.harris@.uet.edu.pk

Abstract: Acrylonitrile butadiene styrene (ABS) is a renowned commodity polymer for additive
manufacturing, particularly fused deposition modelling (FDM). The recent large-scale applications
of 3D-printed ABS require stable mechanical properties than ever needed. However, thermochemi-
cal scission of butadiene bonds is one of the contemporary challenges affecting the overall ABS sta-
bility. In this regard, literature reports melt-blending of ABS with different polymers with high ther-
mal resistance. However, the comparison for the effects of different polymers on tensile strength of
3D-printed ABS blends was not yet reported. Furthermore, the cumulative studies comprising both
blended polymers and in-process thermal variables for FDM were not yet presented as well. This
research, for the first time, presents the statistical comparison of tensile properties for the added
polymers and in-process thermal variables (printing temperature and build surface temperature).
The research presents Fourier transform infrared spectroscopy (FTIR) and thermogravimetric anal-
ysis (TGA) to explain the thermochemical reasons behind achieved mechanical properties. Overall,
ABS blend with PP shows high tensile strength (=31 MPa) at different combinations of in-process
parameters. Furthermore, some commonalities among both blends are noted, i.e., the tensile
strength improves with increase of surface (bed) and printing temperature.

Keywords: fused deposition modelling; polypropylene; high density polyethylene; additive
manufacturing; blending

1. Introduction

Acrylonitrile butadiene styrene (ABS) is one of the two commercially known poly-
mers (ABS and PLA) for additive manufacturing (AM) [1-3]. In fused deposition model-
ling (FDM), ABS is the oldest elastomeric (rubbery) thermoplastics [4]. It is known for
good mechanical strength [5], hydrophobicity [6], and chemically inertness [7]. These
properties are caused due to a copolymeric structure of ABS [8]. Acrylonitrile butadiene
styrene (ABS) is rubbery polymer constituted of two phases, i.e., styrene-acrylonitrile
(SAN) and butadiene (PD) [9]. The composition of each of two phases ascertain a specific
set of characteristics. For example, the continuous amorphous phase of styrene-acryloni-
trile (SAN) results in stability to stress cracking, heat-based structural damages, and
chemical effects [9]. The polybutadiene (PB) phase causes high toughness [10]. Along with
benefits, the noted disadvantage of high composition of butadiene is the oxidation due to
the action of inorganic acids or thermal degradation. The double bond (Pi bond) scission
in butadiene causes the ABS copolymer to degrade [11]. Additionally, ABS also reports
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degradation in mechanical characteristics due to the environmental temperatures above
40 °C[12].

One of the suitable processing methods to overcome degradation of double bonds of
polybutadiene (PB) is melt blending of ABS with different polymers [12,13]. Generally,
two types of approaches are adopted regarding melt blending. i.e., chemical compatibili-
zation and physical interlocking [14]. In this regard, the chemical compatibilization results
in comparative better mechanical properties [14]. For example, Angel et al. [15] reports
significant effects of compatibilizer (Styrene-ethylene-butylene-styrene, SEBS) on binary
and ternary blends of ABS. The authors present increase of ductility in binary blend
(ABS:SEBS) with the increase of SEBS contents from 5% to 20%. However, the overall ten-
sile strength of compatibilized blends (binary and ternary) are less than neat PLA printed
in horizontal orientation. Carmen et al. [16] reports the ternary blend of ABS, ultra-high
molecular weight polyethylene (UHMWPE), and SEBS. The compatibilized blend
achieves increase in elongation (5.7% to 8.4%) with decrease of UHMWPE percentage.
However, the overall tensile strength (24 MPa) of ternary blend system was less than neat
ABS (34 MPa). Siyuan et al. [17] introduces the first ever compatibilized blend of ABS with
polymethylmethacrylate (PMMA) and methacrylate-butadiene—styrene (MBS). The blend
system reports comparatively better tensile properties (41 MPa) as compared to that of
neat PLA (39.4 MPa) [17].

The abovementioned literature proves that chemical compatibilization is not a unan-
imous solution for improving the overall tensile strength as compared to neat polymer.
The literature also highlights the effects of different polymers on overall properties of ABS
blends. Therefore, this highlights a need to explore an alternative processing approach to
develop polymer blends with uniform mechanical properties.

Concerning alternative processing approach, the authors of this research have devel-
oped a novel approach of partial chemical grafting and high physical interlocking in their
recent work [18,19]. In this regard, the blends of ABS with high density polyethylene
(HDPE) and polypropylene (PP) are recently presented [18,19]. Both blends report the in-
crease of thermal stability [18,19]. The reason for high thermal stability is overwhelming
physical interlocking that avoids the degradation of double bonds of SAN [18,19]. How-
ever, both articles do not provide any comparative analysis for the effects of two different
polymer additives (HDPE and PP). Furthermore, the effects of in-process temperatures
(bed and printing) on the tensile properties are still not traced comparatively for HDPE
and PP.

The objective of this research is to analyse the effects of different polymer additives
and in-process temperatures (bed and printing) on a partially compatibilized blend with
overwhelming physical interlocking. The research reports two blend of ABS:HDPE:PE-g-
MAH and ABS:PP:PE-g-MA with overwhelming physical interlocking. In this regard, the
research utilizes a mixed level full factorial ANOVA analysis to design the design of ex-
periments (DoE) for three variables, i.e., build surface temperature, printing temperature,
and polymer additives. The chemical analysis techniques of Fourier transform infrared
spectroscopy (FTIR), and thermogravimetric analysis (TGA) are used to analyse the rea-
sons for mechanical results.

2. Materials and Methods
2.1. Materials

Neat acrylonitrile butadiene styrene (PA-747) of Polylac, Distrupol was purchased
from TCL Hunt New Zealand. The melt flow index (MFI) of PA747 ABS is 13 g/10 min at
220 °C. Polypropylene of Dowlex, Dow Inc. was purchased from TCL Hunt, New Zealand.
The melt flow index of Dowlex PP is 10 g/10 min. High density polyethylene (IP-10) of
Dowlex, Dow Inc. was obtained from TCL Hunt, New Zealand. The melt flow index of
Dowlex HDPE is 10 g/10 min. Polyethylene graft maleic anhydride (A8525) of Shenzhen
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Jindaquan Technology Co. Ltd. was procured from China. The Composition of polyeth-
ylene and maleic anhydride in PE-g-MAH is 95:5 by weight percentage.

2.2. Polymer Melt Blending

All polymers were dried at 40 °C in an oven for 6 h at Scion, New Zealand. The ABS
pellets were separately mixed with PP and HDPE with constant composition of PE-g-
MAH. The two compositions were blended in single screw extruder (HAAKE™) at Scion,
New Zealand. The mixing compositions for two blends are provided in Table 1. The tem-
perature from feeder to nozzle were set for 10 heating zones, i.e., 170 °C, 170 °C, 175 °C,
175 °C, 175 °C, 175 °C, 175 °C, 175 °C, 165 °C and 145 °C. Each temperature zone had an
accuracy of +3 °C. Furthermore, the single screw extruder was operated at a feed rate of
20 rpm and speed of 200 rpm. The blend was pelletized in cylindrical shapes pellets with
an approximate length of 1.5 mm.

Table 1. Compositions prepared in single screw extruder.

Polymers Weight Percentage

Composition ABS HDPE PP PE-g-MAH
) 18 18 4
18 18 1
) 92 75 0.5
92 75 0.5

2.3. Design of Experiment

The experiments were designed using a mixed level general full factorial ANOVA.
Three variables were used for design of experiments: (1) printing (nozzle) temperature,
(2) surface (bed) temperature, and (3) polymer. Printing (nozzle) temperature was de-
signed with three levels, i.e., 180 °C, 190 °C, 200 °C. Surface (bed) temperature consists of
three levels, i.e., 30 °C, 50 °C, 70 °C. The factor “polymer” was designed with two material
which were designated as two levels, i.e., HDPE and PP. The experiments were random-
ised and analysed with a confidence level of 95%. The confidence level of 95% will statis-
tically analyse the 5% chance of the deterioration in tensile strength due to the beforemen-
tioned three variables. The selected value (95%) for confidence level was taken from liter-
ature [20-22]. The DoE is provided in Table 2.

The 3D printing was performed on an in-house built pellet 3D printer [23]. The pellet
printer was selected to avoid the thermal variations that are expected to appear in the raw
blends due to the thermal shearing process of filament making [12,24]. Furthermore, the
pellet 3D printer has a liquid cooling system that maintains the thermochemical properties
of the raw blend proficiently until 3D printing as compared to that of filament 3D printer
[23].

Table 2. Mixed level general full factorial design of experiments with randomization.

Build Surface Tempera-

StdOrder RunOrder  PtType Blocks Printing Temperature (°C) ture (°C) Polymer
3 1 1 1 180 50 HDPE
10 2 1 1 190 50 PP
2 3 1 1 180 30 PP
15 4 1 1 200 50 HDPE
6 5 1 1 180 70 PP
17 6 1 1 200 70 HDPE
9 7 1 1 190 50 HDPE
14 8 1 1 200 30 PP
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5 9 1 1 180 70 HDPE
16 10 1 1 200 50 PP
12 11 1 1 190 70 pP

12 1 1 190 30 HDPE

1 13 1 1 180 30 HDPE
13 14 1 1 200 30 HDPE

4 15 1 1 180 50 PP

8 16 1 1 190 30 PP
11 17 1 1 190 70 HDPE
18 18 1 1 200 70 ppP

2.4. 3D Printing

3D printing was performed on a custom-made pellet 3D printer [23] as shown in Fig-
ure 1. Pellet 3D printer was selected to avoid thermal degradation of raw material in pro-
cess of filament extrusion (melt blending) [24].

The CAD drawings of ASTM D638 Type IV [25] was designed on Solidworks version
2018 and saved in standard tessellation language (stl.) format. The dimensions are shown
in Figure 2. The “stl” files were sliced into layers using a slicing software (Slic3er). The
parameters for slicing are given in Table 3.

7
Extruder motor (—-&‘

{irgd! > Hopper for
carrying pellets

Heating barrel

surrounded with
heating pads Liquid cooling

system

Printing bed
LCD controls

Figure 1. In-house built pellet 3D printer [23].
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Figure 2. ASTM D638 Type IV specimen dimensions.

Most of the 3D printing parameters were selected based on the optimal or highest
mechanical properties reported in literature. For example, the layer thickness of 0.2 mm
was reported with optimal tensile strength [12,24,26]. Similarly, raster width was also
based on optimal results reported in literature [12,24,26]. The raster angle of 45°/-45° was
also used in various references for achieving optimal mechanical strength [26]. The mul-
tiplier was managed as per requirement for both blends. The multiplier is the amount of
material extruded out in a unit time (minute). In this regard, the various trials were
printed to find the optimal multiplier that is able to achieve extrusion of each bead.

Table 3. Parameters for screw extrusion 3d printing.

Parameters Values
Layer thickness 0.2 mm [12,24,26]
Raster width 0.2 mm [12,24,26]
Raster angle 45°/-45° [26]
Infill density 100% [12,24]
Multiplier 15
Nozzle diameter 0.4 mm [26]

2.5. Mechanical Testing

The tensile testing was performed at an extension rate of 5 mm/min. Instron 5967 was
used with a load cell of 30 kN with a 25.4 mm extensometer. The average of tensile of
multiple samples were used as final values.

2.6. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was used to investigate the nature of intermolecular interactions be-
tween ABS, HDPE, PP, and PE-g-MAH. The variations in intensities and shifts of wave-
lengths for different chemical groups were noted as intermolecular interactions. The test-
ing was performed on Thermo electron Nicolet 8700. The testing includes 32 scans for each
sample that covers a wavelength range of 400 to 4000 cm™. The transmittance mode was
selected for analysing all spectrums.

2.7. Thermogravimetric Analysis (TGA)

The TGA analysis was performed to investigate the nature of intermolecular interac-
tions (physical grafting or chemical grafting). The analysis is performed on STA 449 F1
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Jupiter by NETZSCH in a range of 25 °C to 550 °C. The rate of analysis was set at 10 °C/min
using a nitrogen purging of 50 mL/min.

3. Results
3.1. Polymer Melt Blending

The aim of this research is to achieve successful 3D printing rather than optimizing
the blend composition. The composition of HDPE and PP is a decisive factor to achieve
successful 3D printing. In this regard, first blend was prepared in single screw extruder
with a composition of 48% by weight of each HDPE and PP in 48% of ABS. The PE-g-
MAH is added in 4% by weight [27,28]. The 3D printing of both blends with 48:48:4 com-
position was not successful. The 3D prints were noted with high die swelling and warp-
age. The reason for high die swelling is the high composition of MAH [29], and the warp-
age is caused due to the high composition of HDPE and PP [30,31]. Therefore, the second
blend composition was prepared with decreased contents of PP, HDPE, and PE-g-MAH.
Each HDPE and PP were added in 7.5 weight percentage with 92.5% ABS with 0.5% of
PE-g-MAH [32]. The second composition of for both ABS:HDPE:PE-g-MAH and
ABS:PP:PE-g-MAH were successfully 3D-printed with no warpage or die swelling. There-
fore, the third blend composition was not prepared.

3.2. Tensile Testing

The results of ANOVA analysis for tensile strength are provided in Figure 3 and Ta-
ble 4. The analysis shows that all variables are insignificant. The insignificance of all vari-
ables shows that all three variables (build surface temperature, printing temperature, and
polymer additives) have similar values of tensile strength as presented in Table 4. The
highest tensile strength for ABS:HDPE:PE-g-MAH and ABS:PP:PE-g-MAH are 30.89 MPa
and 30.3 MPa, respectively. The highest tensile strength for ABS:HDPE:PE-g-MAH is
noted at combination of 190 °C and 70 °C. On the other hand, the highest tensile strength
for ABS:PP:PE-g-MAH is obtained at combination of 190 °C and 50 °C.

The reasons for insignificance are discussed in discussion.

General Linear Model: Tensile Stre versus Printing Tem, Surface Temp, ...

Factor Level Valu
Printing Temperature 1 19 200
Temperature 3 30, 0, 7O
2 HDPE, PP
s of Variance for Tensile Strength, using Adjusted 55 for Test
DF Adj 55 Adj Ms
g Temperature 2 8.939 4.489 |
Temperature 2 54.621 27.310
1 5.B69 5.869
4 10.494 2.623
2 3.341 3.341 1.670 0.21 ) 0.B20
2 7.449 7.449 3.724 0.46 | 0.8659 |
4 32,106 32.106 8.026 —

S = 2.83310 R-Sq = 73.86% R-Sqgladj) = 0.00%

Figure 3. ANOVA analysis.
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Table 4. Tensile strength for ANOVA DoE.

Printing Temperature Surface Temper- Tensile Strength

StdOrder RunOrder PtType Blocks (C°) ature (C°) Polymer (MPa)
3 1 1 1 180 50 HDPE 25.533
10 2 1 1 190 50 PP 30.3
2 3 1 1 180 30 PP 285
15 4 1 1 200 50 HDPE 24.456
6 5 1 1 180 70 PP 28.3
17 6 1 1 200 70 HDPE 30.592
9 7 1 1 190 50 HDPE 23.395
14 8 1 1 200 30 PP 25.1
5 9 1 1 180 70 HDPE 27.714
16 10 1 1 200 50 PP 28.9
12 11 1 1 190 70 PP 30.5
7 12 1 1 190 30 HDPE 25.04
1 13 1 1 180 30 HDPE 24.72
13 14 1 1 200 30 HDPE 28.084
4 15 1 1 180 50 PP 23.1
8 16 1 1 190 30 PP 25.6
11 17 1 1 190 70 HDPE 30.895
18 18 1 1 200 70 PP 30.4

4. Discussion
4.1. ANOVA Analysis

The ANOVA analysis in Figure 3 presents insignificance for all variables. The in-
depth analysis shows that the tensile strength for HDPE-based combinations have a stand-
ard deviation of 2.6 MPa as compared to 2.5 MPa of PP-based combinations. The mini-
mum difference of tensile values concludes the overall variations negligible. Therefore,
the ANOVA analysis merely based on confidence level (95%) is not a true representative
to explain the comparison between HDPE and PP based ABS blends in this research.

In this regard, the individual effects of each variable on tensile strength reveals true
behaviour as noted in “main effects plot” (Figure 4). The “main effects plot” shows the
increase of tensile strength with increase of printing temperature, i.e., from =26 MPa to
~28 MPa. Similarly, the increase in surface (bed) temperature results in increase of tensile
strength, i.e., from =26 MPa to =30 MPa (Figure 4). Moreover, the two polymer additives
(HDPE and PP) also report increase for PP based ABS blend (=28 MPa) as compared to
HDPE based ABS blends (=26.5 MPa). This shows that the impact of PP is more as com-
pared to HDPE on ABS blends.
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Main Effects Plot for Tensile Strength
Data Means

Printing Temperature Surface Temperature

30
29

284 e

ol —/

5 T T T T T T
g 180 190 200 30 50 70
Polymer
30+ b
294
28+ /
274 /
26
T T
HDPE PP

Figure 4. Mian effects plot for tensile strength.

Additionally, the binary interactions in “interaction plot” also describe the variations
due to the polymer additives and in-process temperatures (Figure 5). For example, the
binary interaction of printing temperature and polymer additives in ABS blends provides
visible increase in tensile strength. The Figure 5 shows the binary increase of tensile
strength for PP with increase of printing temperature. Similarly, the surface (bed) temper-
ature also presents highest tensile strength with increase of bed temperature to 70 °C.

Interaction Plot for Tensile Strength

Data Means
3|0 SP 7|0 HDPE [

L 30.0 Printing
- Temperature
Printing = —— 180
Temperature - 275 | —.— 190
r__— 200

- 25.0
L 30.0 Surface
Temperature
—o— 30
Surface Temperature A 275 | —m— 50
'//4 70

P =z
> - 25.0
Polymer

Figure 5. Interaction plot for tensile strength.

One of the probable reasons for insignificance of three variables (printing tempera-
ture, bed temperature, and polymers) is the similar chemical nature of blends that results
in similar tensile values. Therefore, the chemical analysis in form of FTIR and TGA are
provided in the subsequent discussion.

4.2. Intermolecular Interactions Using FTIR

FTIR analysis for ABS, HDPE, PP, and PE-g-MAH are given in Figure 6. The FTIR
spectrum of High-density polyethylene (HDPE) is confirmed with C-H groups [33] at
2912.5 cm™ and 2846 cm. For PE-g-MAH, the polyethylene [34] is detected at 2915 cm™!
and 2848 cm™. The maleic anhydride (MAH) is detected at 1715 cm™ [34]. Polypropylene



Inventions 2021, 6, 93

9 of 13

(PP) is confirmed with C-H peaks at 2949.6 cm™, 2916.8 cm™, and 2837 cm™. Acrylonitrile
butadiene styrene (ABS) is validated with peaks associated with acrylonitrile at 2238 cm™,
butadiene at 1638 cm™, styrene at 1494 cm™ [35].

The analysis of ABS blend with HDPE shows visible variations as shown in Figure 6.
The overall spectrum of ABS:HDPE:PE-g-MAH is similar to neat ABS. However, the dif-
ferences are in form of shifts in wavelengths and decrease or increase of intensities. For
example, C-H bond of hydrocarbons shifts from 2919 cm™ to 2917.3 cm™ and 2847 cm™ to
2848 cm™. Acrylonitrile shifts from 2238 cm™ to 2239 cm™. Styrene shifts from 1494 cm™ to
1493 cm™. Apart from minor changes, couple of major changes includes the absence of
nonsaturated hydrocarbon bond and butadiene peak [34,35] in ABS blend. The shifts in
wavelengths and absence of peak shows evidence of intermolecular interactions in
ABS:HDPE:PE-g-MAH blend.

The analysis of ABS blend with PP also shows prominent variations in Figure 6. The
minor shift in following groups is noted: nonsaturated hydrocarbons from 3028 cm to
3027 cm™, saturated hydrocarbons from 2919 cm™ to 2917.3 cm™, and 2847 cm™ to 2849
cm. Furthermore, the intensities of all chemical groups are changed as compared to that
of neat ABS. therefore, the variations in wavelengths and intensities shows the intermo-
lecular interactions.

Figure 6 shows that the intensity for C-H at 2849.3 cm™ and styrene at 1494 cm™ is
comparatively lower for PP-based blend. The low intensities in ABS:PP:PE-g-MAH are
due to the restricted vibrations of corresponding groups. Therefore, it identifies the higher
impact of PP as compared to HDPE. The high restricted vibrations identified with low
intensities may be the reason for high mechanical strength for ABS:PP:PE-g-MAH as com-
pared to ABS:HDPE:PE-g-MAH.

However, the information regarding stability to thermal degradation can validate the
low intensities in FTIR as a reason for high mechanical strength.
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Figure 6. FTIR analysis for different polymers and 3D-printed blends.

4.3. Thermogravimetric Analysis

The TGA thermographs are provided in Figure 7. The TGA analysis shows the dif-
ferences in the temperatures for onset of degradation in both blends. The onset tempera-
ture for ABS:PP:PE-g-MAH is comparatively high for to ABS:PP:PE-g-MAH, i.e., =406 °C
as compared to 404 °C of ABS:HDPE:PE-g-MAH. The difference is minor that validates
the similar FTIR graphs for both blends. Similarly, the minor differences in intensities are
also justified in form of minor difference of onset temperatures but with ABS:PP:PE-g-
MAH with higher numbers. This proves the reason for comparatively high tensile
strength of ABS:PP:PE-g-MAH as compared to that of ABS:HDPE:PE-g-MAH.
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Figure 7. TGA analysis for blends.

5. Conclusions

This research presents a novel statistical and thermochemical comparison for two
blends of ABS, i.e,, ABS:HDPE:PE-g-MAH and ABS:PP:PE-g-MAH. The effects of two
temperature based in-process variables (printing and build surface temperatures) and one
polymer-based variable (HDPE and PP) on tensile strength are statistically presented. The
research concludes notable effects of polymer additives and in-process variables. How-
ever, the ANOVA analysis reveals all variables similar enough to be insignificant with
confidence level of greater than 5% (0.05).

Apart from insignificance of three variables (build surface temperature, printing tem-
perature, and polymer additives), various important results are noteworthy. For example,
the tensile strength for both ABS:HDPE:PE-g-MAH and ABS:PP:PE-g-MAH is noted with
increase of bed and build surface temperatures. In ANOVA analysis, the ABS blend with
PP (ABS:PP:PE-g-MAH) achieves higher tensile strength as compared to that of the
ABS:HDPE:PE-g-MAH. The reason for high strength of ABS:PP:PE-g-MAH is found in
FTIR analysis. FTIR analysis reveals the low restricted vibrations as a reason for high
strength of ABS:PP:PE-g-MAH. The restricted vibrations are observed in form of low in-
tensities. TGA analysis validates the low intensities of FTIR analysis through high onset
temperatures.
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