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Abstract

This report investigated synthesis of porous titanium (Ti) sheets by direct powder
rolling followed by vacuum sintering at 1100 <C for 1.5 h. Uniform microstructures
were observed on the sections longitudinal and transverse to rolling direction (RD) in
terms of porosity and pore size. The as-sintered porous Ti sheet was also used as an
electrode substrate and IrO, nanowire arrays were coated onto the substrate by
thermal decomposition. Characterisation results show that the coating mainly
exhibited mixture of IrO, and o-Ti phases. The IrO, nanowire arrays coating
effectively increased the specific surface area of the Ti/lrO, electrode. The cyclic
voltammetry test for the Ti/lrO, electrode obtained an obvious redox peak. This

electrode with 1rO, nanowire arrays reached over 95% of current efficiency.
Keywords: Titanium; Porous; Powder rolling; Coating, Electrochemical property
1. Introduction

Porous titanium (Ti) has a low density, excellent corrosion resistance, sound
mechanical properties and outstanding biocompatibility . It has been attracting
attention in multiple fields such as aerospace or submarine vehicles, electrode plates,
medical devices, and industrial filters . In comparison to conventional press-and-
sinter, direct powder rolling has been become the most attractive powder

metallurgical method to produce large-scale thin metal sheets/foils/plates ".
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Powder rolling of common engineering materials has been practiced since 1909 *°,
while the first report on powder rolling of Ti sheets was published in 1953 **. Since
then, studies of the Ti sheets and plates by powder rolling followed suit. In particular,
large-scale porous Ti sheets are increasingly used as electrode plates in the
electrocatalytic applications *2. They are also used in filtration devices in food
industry, e.g., wine and fruit juice processing **. Due to its industrial significance, it is
important to investigate the properties of filtration and electrocatalysis associated with
porous Ti sheets. There have been many investigations of Ti and its alloys sheets by
powder rolling, e.g., pure Ti, Ti-6Al-4V, Ti-6Al-6V-2Sn, Ti-6Al-2Sn-4Zr-2Mo and v-
TiAl, with focus on the compaction theory, rolling parameters, sintering conditions,
post-sintering treatments and microstructures " & #2420 At present, Ti-supported IrO,
electrodes are widely accepted in the electrolysis process, because they are more
stable, have a longer life, exhibit excellent catalytic activity and do not cause
contamination %%, To our best knowledge, however, the reports on producing large-
scale Ti sheets by powder rolling are limited and the use of large-scale Ti sheets as

electrodes are scarce.

Thus, in this study we dealt with the manufacturing of large-scale porous Ti sheets by
direct powder rolling followed by vacuum sintering. The resultant microstructure,
tensile properties and filtration performance were reported. In addition, IrO, nanowire
arrays were coated on the porous Ti sheet support, being used as an electrode. The

electrocatalytic performance of the Ti-supported IrO, coating was also studied.
2. Experimental
2.1. Materials and powder rolling

Hydride-dehydride (HDH) Ti powders supplied by Xi’an Baode Co. Ltd., which have
a medium particle size of 50 um, apparent density of 1.54 g/cm® and oxygen content
of 0.28 wt.%, were used in this study as shown in Fig. 1(a). With a close control of
rolling parameters, the powder feeding rate, rolling speed, roll diameter and rolling
load were set at 50 g/s, 1 m/min, 50 mm and 35 ton, respectively. Then, Ti powders
were rolled into a sheet of 430 mm in width, 430 mm in length and 0.75 mm in
thickness. The direct powder rolling is schematically presented in Fig. 1(b). The
rolling compacted Ti sheet was then sintered in vacuum at 1100 <C for 1.5 h with a

heating rate of 10 K/min (vacuum level: 107 Pa).
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Fig. 1. (a) Micro morphology of the starting HDH-Ti powders for powder rolling and (b)

schematic of the direct powder rolling procedure.
2.2. Microstructure characterisation and property measurement of the Ti sheet

Porosity of as-fabricated porous Ti sheets was measured by the Archimedes method
as specified in the ASTM B962-14 standard. The pore size distribution, gas
permeability and filtration flux tests were conducted using a pore-size distribution
analyser (PSDA, TOPAS PSM165) using the bubble-point method as per the ASTM
F316-03 standard. The filtration efficiency test was conducted on a gas/solid
separation equipment (TOPAS AFC-131) running with ash, whose particle size
ranges from 0.2 to 100.0 um and concentration is below 5 g/Nm?®, according to the
EN779-2002 standard. The samples (i.e., #1-2, 2-2 and 3-2 with a diameter of 30 mm
in Fig. 2) were conducted both pore size and gas permeability analysis, while the
other samples (i.e., #1-1, 2-1 and 3-1 with a diameter of 120 mm in Fig. 2) were
performed filtration flux test. Only the sample (#2-1) did test the filtration efficiency.
All the samples were cut from an identical sintered Ti sheet. To study the thickness
homogeneity, the side-area thickness of the sheet before and after sintering was
measured at an accuracy of 0.01 mm. The thickness measurement was performed at
an interval of 10 mm either longitudinal or transverse to RD and thus totally 44
thickness data for each direction were investigated. Cross sections of the sintered Ti
sheet were examined by an optical microscope (OM, Leica DM2500M). Surface and
fractured cross-sectional morphologies of the Ti sheet and Ti/lrO, electrode were
conducted using a scanning electron microscope (JEOL JSM-6700).
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Fig. 2. Schematic of samples cut from the as-sintered Ti sheet.
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2.3. IrO; coating preparation on the Ti substrate

The porous Ti/lrO, electrodes were fabricated by traditionally thermal decomposition
of H,IrClg on the powder rolled porous substrate with a dimension of 2.0 cm>3.0 cm.
To improve the cohesion between the substrate and coating, the porous Ti sheet was
degreased and etched in boiling 10 % oxalic acid for ca. 10 min to remove surface
oxides. The H,lrClg was dissolved in 1:1 (vol. %) butyl alcohol and isopropanol to
prepare the precursor solution. Then, TaCls solution was added in the precursor
solution (Ir:Ta=7:3, at. %) to enhance its stability and reactivity of the coating. The
metal concentration of the precursor solution is 0.2 mol/L. The precursors were
brushed on the as-treated porous Ti sheet, dried at 50 <C for 10 min and calcinated at
500 <C in air for another 10 min %. The entire process was repeated until the
precursors were consumed up, and the electrode was finally calcinated at 500 <C for 1
h 2, achieving a stable oxide layer. The final Ir content on the porous Ti support is

35g/m? in this study.
2.4. Microstructure and electrocatalytic properties of the IrO,/Ti electrode

The as-sintered Ti sheet was cut into tensile bars (with a gage length of 20.0 mm)
with an electric arc wire cutter. The longitudinal direction of the tensile bars is along
rolling direction (RD), Fig. 2. The tensile properties of the as-cut Ti tensile bars were
measured on an Instron 5967 universal machine with a cross-head speed of 0.5
mm/min at 25 <C.



The working electrode was the IrO, coated porous Ti sheet (Ti/lrO;) with an exposed
area of 1 cm? while a graphite plate and a saturated calomel electrode (SCE) was
used as the counter and reference electrode, respectively. The electrolyte solution was
0.5 M Na,S0O4+0.05 M H,SO,. All chemicals were of reagent grade and all solutions
were prepared by deionised (DI) water. Cyclic voltammetry was used to characterise
the active surface of oxide electrodes at 28 <C using a ZHANER electrochemical
workstation. VVoltammetric curves were recorded between -0.3 and 1.3 V vs. SCE at a

sweep rate (v) of 40 mV/s.

3. Results and discussion

3.1. Porous Ti sheet/substrate

3.1.1. Thickness homogeneity of the Ti sheet/substrate

Powder feeding is one of the most key techniques in powder rolling, which is
normally dependent on the feeding mode ° 2> ?°. Referring to the feeding mode, we
designed a new feeding hopper to control the powder feeding that can effectively
minimize load fluctuation and thus give rise to uniform thickness. In this case, the
side-edge thickness either longitudinal or transverse to RD for the rolling compacted
Ti sheet was measured at an interval of 10 mm and thus total 44 data for each
direction were given in Fig. 3. As displayed in Fig. 3, the thicknesses of the side-edge
Ti sheet longitudinal and transverse to RD range from 0.73 to 0.79 mm with a median
size of 0.7540.02 and 0.7530.01 mm for the green state respectively (Fig. 3(a) and Fig.

3(b)), while both decreased after sintering but still with uniformity.

A pressure distribution exists between the roll surfaces during powder rolling. At
large roll gaps insufficient pressure may be applied to the powders at a certain area of
the sheet, and the thickness and porosity of the sheet at this point must therefore be
lower than those at other points 2’. However, it can be concluded that both the
thickness and porosity varieties (Fig. 3 and Table 1) in either longitudinal or
transverse to RD seem negligible, although it is believed such difference is arising

from the inconsistent roll gap and powder feeding rate during rolling.

It needs to point that the thickness-homogeneity control is a widely-known world
puzzle for large-scale metal sheets by direct powder rolling. Nevertheless, this



problem has been successfully settled with achieving sound thickness homogeneity
for the large-scale Ti sheet in our study.
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Fig. 3. Side-edge thickness of the Ti sheet before and after sintering (a) longitudinal and (b)
transverse to RD.

3.1.2. Microstructure of the Ti sheet/substrate

Fig. 4 illustrates macroscopic and microscopic images of both green and as-sintered
Ti sheets that cannot be observed any distortion or surface cracks, Figs. 4(a) and 4(c).
As can be seen in Fig. 4(b), some green particles were compressed and thus seem
elongated in RD after rolling, while there occurred sintering necking between
particles after sintering (Fig. 4(d)). This is because metal particles were first pressed
into intimate contact and then, if the pressure is sufficiently high, elongated in RD **
2128 The degree of elongation depends on both the pressure and the ductility of the
metal * %" 2% In this case, successive cold rolling steps may lead to deformation of
particles in RD, and the particles were elongated with cold working as shown in Figs.
4 and 5.

Fig. 5 compares the OM micrographs of both surface and cross-sectional
microstructure in the green-state and as-sintered porous Ti sheets. It can be seen from
Fig. 5(a) that the pores are larger in the green state than those in the sintered sample
(Fig. 5(c)). This is simply due to the sintering necking formed after high temperature
solid-state sintering and thus densification, resulting in shrinkage of pores in the
sintered sample 2. This also yields the thickness shrinkage after sintering (Fig. 3).

Furthermore, most pores are interconnected and irregular in the either green or



sintered sample. It is noteworthy that there are a good deal of inner micro-pores in the
original particles as shown in Fig. 5(a) and most of these micro-pores retained after
high temperature sintering (Fig. 5(c)). On the other hand, the original pores, namely
the interspacing among Ti particles after rolling, shrank after high-temperature
sintering, Fig. 4(d) cf. Fig. 4(b) %. Therefore, both types of pore are contributable to

the final total porosity as presented in Table 1.

The pore size distribution analysis was performed using all the #X-2 samples while
their results are similar. Thus, we only chose the result from the #2-2 sample as an
example shown in Fig. 6. It can be seen from Fig. 6 that its pore size is mainly in the
range between 6.0 and 7.5 um, and the maximum pore size is below 13.0 um. As
summarized in Table 1, although the total porosity and mean pore size are slightly
different among the three samples (i.e., #1-2, 2-2 and 3-2), they are fairly resemble.
This indicates that we achieved Ti sheets with microstructural homogeneity transverse
to RD.

Fig. 4. Images of the green-state Ti sheet before sintering (a) macroscopic and (b)

microscopic; as-sintered state after sintering (c) macroscopic and (d) microscopic.



Fig. 5. Microscopic images observed from the green-state Ti sheet (a) surface and (b) cross
section; the as-sintered Ti sheet (¢) surface and (d) cross section.
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Fig. 6. Pore size distribution of the as-sintered #2-2 sample.

Table 1. Total porosity and mean pore size of the sintered samples.

Sample Total porosity/% Mean pore size/um
#1-2 28.940.2 6.340.3
#2-2 28.140).4 5.940.2

#3-2 27.040.2 5.740.3




3.1.3. Tensile and filtration properties of the Ti sheet/substrate

As tabulated in Table 2, the tensile fracture strength of the #1-3, 2-3 and 3-3 samples
longitudinal to RD is 97.1#4.1, 100.7#1.9 and 103.643.4 MPa, respectively.
Moreover, the fracture strain of the three samples longitudinal to RD is ca. 1.83 %.
We recall the porosity variation for the samples of #1-3, 2-3 and 3-3 (Table 1), which
we believe is the cause to the difference of tensile fracture strength and strain. In spite
of this, the difference of tensile properties among the three samples can be neglected.

Table 2. Static tensile properties of the sintered Ti sheets.

Sample Fracture strength/MPa Fracture strain/%
#1-3 97.1#4.1 1.8340.03
#2-3 100.74.9 1.8240.02
#3-3 103.643.4 1.8340.05

Fig. 7 displays the linear curves of differential pressure vs. gas flow rate for the as-
sintered #X-1 samples (i.e., #1-1, 2-1 and 3-1). As can be seen from Fig. 7, the
differential pressure increases linearly with flow rate in all cases. Based on the P-Q
curves, the calculated gas permeability is 195.3%#13.3, 186.5+13.7 and 172.7422.0
m*m?2 kPa™ h™ for the #1-1, 2-1 and 3-1 samples, respectively. From a filtration
engineering point of view, such difference of gas permeability is negligible although
its value is the largest in the case of the #1-1 sample. This further implies the uniform
filtration properties for the Ti sheet. Additionally, the sintered #2-1 sample performs
high filtration efficiency (Fig. 8). It is interesting to note that the filtration efficiency
increases significantly with ash particle size when it is below 0.5 um. However, if the
ash particle size arises above 0.5 um, the filtration efficiency keeps a stable value,
yielding up to 99 %. It is because there are limited micro-pores below 0.5 um in the
sintered sample so that ash with particle size below 0.5 um cannot be intercepted by
the pore channels. Therefore, with the increase of ash particle size, more ash particles

are intercepted, thus achieving higher filtration efficiency (Fig. 8).
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Fig. 7. The P-Q curves of the sintered #X-1 samples.
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Fig. 8. The filtration efficiency of the sintered #2-1 sample.
3.2. Ti/lrO2 electrode
3.2.1. Microstructure of the IrO, coating

As mentioned previously, the brushing process was employed to prepare the IrO,
coating on the porous Ti plate. Fig. 9 shows the SEM images of the Ti substrate
before coating and either surface or cross section of the porous Ti/lrO, electrode,
respectively. We can see from Figs. 9(b) and 9(e) that nanowire arrays were grown
the Ti particles, forming a surface coating. In this case, the diameter of nanowires is
ca. 50 nm. Due to the porous structure of the Ti plate, the specific surface area is large
enough to accommodate the precursor solution. After being calcinated at 500 <TC for 1
h, the precursor was rapidly decomposed and thus the coating was firmly adhered on
the porous Ti substrate. The nanowire arrays were thought to increase the specific



surface areas of the porous electrode so that the reactivity of electrode would be also

improved.

The XRD pattern for the IrO, coating is presented in Fig. 10. According to this pattern,
the coating is consisted of IrO, and a-Ti phases. The a-Ti peak is coming from the
substrate. It should be noted that because of thin thickness of the coating, the X ray
penetrated into the substrate, which causes relatively strong Ti diffraction peak but
weak 11O, peaks (Fig. 10).
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Fig. 9. SEM images of (a) the surface of the porous Ti substrate after etching, (b) the surface
of the Ti/lrO, electrode after coating, (c) enlarged area in (b), (d) the fractured cross section of
the Ti/lrO, electrode after coating and (e) enlarged area in (d).
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Fig. 10. The XRD pattern of the IrO, coating on the porous Ti substrate. All the reflections

are indexed to IrO, phase except for the peak at ca. 40 degree being indexed to o-Ti.
3.2.2. Electrocatalytic properties of the IrO,/Ti electrode

Fig. 11 shows the voltammetric curve of the IrO,/Ti anode at 40 mV/s in the
electrolyte solution. Y.Y. Hou et al. # tried a similar treatment to a densified Ti
substrate and coated an IrO, layer on the Ti. Then, they finally calcinated the IrO,/Ti
electrode at 500 <C for 1 h. By comparing the corresponding voltammetric charge

f. %, it shows our electrode coated on the porous Ti substrate achieved

f. 2,

reported in Re
more active surface area than that coated on the densified Ti substrate in Re

From Fig. 11 it can be seen an obvious current peak in the voltage range between 1.1
to 1.3 V vs. SCE. It implies the activity transformation occurred on the surface of the
IrO,/Ti anode. In other words, there is a transition from Ir(IlI) to Ir(IV) on the anode

surface, which can be concluded into a reversible reaction as follows 23 *°:

21rO, + 2H+ + 2e- e Ir,03 + H,O

As we know, the redox peak of the voltammetric curve is dependent on the structure
and component of coating, dispersion of particle size, enlargement of active surface
area, defects of the lattice, and even experimental conditions, etc 24, It is noted that
the coating factor plays a more important role in its influence on the redox peak.
Generally, it is thought the appearance of redox peak is arising from resultant fine
IrO; crystals on the surface of the IrO,/Ti anode, which causes its increase of the
electrical contact improvement in the apparent electrochemical activity 3. In this

case, the nanowire array of 1rO, coating significantly increases the specific surface



area of the activating oxide, which gives rise to higher opportunity to be oxidised and
thus obtains an obvious redox peak as compared to the electrode with the substrate of
densified Ti in Ref. %,
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Fig. 11. Cyclic voltammograms of the Ti/lrO, anode at 40 mV/s in the electrolyte solution.
4. Conclusions

In this study, we fabricated large-scale porous Ti sheets using direct powder rolling
followed by vacuum sintering. The microstructure either longitudinal or transverse to
RD is homogenous. The porous Ti/lrO, electrode was successfully prepared by
employing a brushing followed by thermal decomposition process. The following

conclusions can be drawn from this study.

(1) The resultant microstructure and properties in terms of thickness, porosity, pore
size, filtration and tensile properties are fairly uniform either longitudinal or

transverse to RD.

(2) The specific surface area of the prepared IrO,/Ti electrode is large attributed to the
nanowire arrays on the electrode surface so that the reactivity of electrode

improves.

(3) There occurred an obvious redox peak in the electrochemical test for the IrO,/Ti
electrode, dependent on the fine structure and component of the IrO, coating. The
IrO,/Ti electrode achieved more active surface area as compared to the result in

other report.
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