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This work evaluates the densification of blended elemental (BE) Ti-50at.%Pt through 
pressureless sintering. Titanium hydride dehydride (TiHDH) and platinum powders were 
blended together in a tubular mixer for 30 minutes. Characterisation of the BE powder was 
done with the aid of a MICROTRAC Bluewave® particle size and shape analyser and JEOL 
JSM-6510® scanning electron microscope (SEM). The BE powder was then cold (i.e. ambient 
temperature) compacted to produce green compacts. Green compacts were subjected to 
conventional pressureless sintering in a horizontal CARBOLITE tube furnace with an 
argon atmosphere. Sintering was carried out at 1300 and 1400°C for 6, 12 and 24 hours.  
Density was measured by Archimedes’ principle using an OHAUS Explorer® density kit. 
Micrographs of the sintered samples were taken and the porosity was estimated from 
binary images using IMAGE J® 1.46r. Challenges were experienced with achieving full (i.e. 
100%) density with pressureless sintering. This was attributed to the difference in diffusion 
rates of Ti and Pt, where Ti was assumed to be diffusing faster than Pt; thus creating 
vacancies which ultimately led to porosity. This phenomenon of pore formation due to 
differing diffusion rates during sintering is known as the Kirkendall effect.  It was 
concluded that to achieve good densification in powder metallurgically produced TiPt, 
mechanically alloyed powders which are already homogenised should be used in order to 
minimise the Kirkendall effect. If BE powders are used, pressure-assisted sintering, e.g. 
spark plasma sintering (SPS) should be used to improve densification. 
 
 

INTRODUCTION 
 
Shape memory alloys (SMAs) are materials that have the ability to revert to their original shape if, after 
deformation, they are heated at the correct transition temperature (Sun et al., 2012). This shape recovery 
occurs as a result of a reversible martensitic transformation which takes place at a certain transition 
temperature (unique to each SMA) (Araya, 2012). SMAs may find application in various industries such 
as medical, automotive and aerospace as couplings or actuators (Jani et al., 2014). In the automotive 
industry, SMAs are required to perform at temperatures between 100 and 300°C  and application 
temperatures of up to 1000°C are required in the aerospace industry (Padula et al., 2006). NiTi-based 
alloys are the commercially available SMAs, but their use in the automotive and aerospace industries is 
limited due to the fact that their maximum application temperature is 100°C (Jani et al., 2014).  This has 
led to the demand for high-temperature shape memory alloys (HTSMAs) with application temperatures 
above 100°C. To expand the application spectrum of SMAs, there is ongoing research to develop 
HTSMAs that can meet the highest application temperature demand of 1000°C. Titanium-platinum 
(TiPt) alloys have potential application as HTSMAs due to the presence of a martensitic transformation 
which occurs at 1050°C (Araya, 2012). 
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HTSMAs are conventionally produced by melting, which entails high energy costs and challenges with 
producing a homogeneous alloy (Green et al., 1997). The high costs incurred in the melting process are 
due to high melting temperatures needed to make the alloy (influenced by melting points of metals) as 
well as remelting which is done to improve homogeneity of the alloy (Green et al., 1997). Powder 
metallurgy (PM) offers a potential solution to these issues as it is considered an alternative to melting 
due to lower energy costs, minimal machining and reduced oxidation (James, 2015). Examples of 
powder metallurgical processes include press and sinter (i.e. pressureless sintering), metal injection 
moulding, powder extrusion and direct powder rolling (Johnson, 2000). Press and sinter is considered 
the oldest, most understood and cheapest powder processing method (Qian et al., 2010). In PM, blended 
elemental (BM) or pre-alloyed (PA) powders may be used; the BE approach has been reported to be 
more cost-effective (Liu et al., 2006). BE powders also have better compressibility than PA powders 
(Wang et al., 2010).  

Ivasishin et al. (2002) stated that to achieve good mechanical properties (e.g. hardness and tensile 
strength), sintered materials should not only have a homogeneous microstructure and chemical 
composition but also a relative density of at least 98%. Peng et al. (2016) discussed the effect of 
densification on mechanical properties and made reference to PM-produced parts which had porosity 
ranging from 5 to 15%. It was found that this porosity lowered mechanical properties such as  strength 
and  hardness (Peng et al., 2016). According to Peng et al. (2016) this low densification reduced the 
application spectrum of these components in the automotive industry because their mechanical 
properties were lower than the desired level. Chawla and Deng  (2003) observed that when densification 
was improved by decreasing porosity, mechanical properties such as tensile strength, Young’s modulus 
and fatigue resistance improved. Poor densification leads to poor mechanical properties because pores 
reduce the load-bearing capacity of materials by reducing the effective load-bearing cross-sectional area, 
and pores may become crack initiation sites (Chawla and Deng, 2003; Channankaiah and Ranganath, 
2012). It is evident that properties such as strength and performance are directly influenced by density 
(Suresh et al., 2015). It can be said that densification determines structural integrity of products (Eck et 
al., 2014). Thus, in developing TiPt HTSMAs using PM attention has to be paid to the amount of 
densification achieved since it will have a significant influence on structural integrity and ultimately 
performance.  

This work evaluates the densification of blended elemental (BE) Ti-50at.%Pt through pressureless 
sintering. The results obtained from this work are significant because they will give an indication of 
how much densification can be achieved through pressureless sintering, which will help assess if the 
cheapest  PM technique of press and sinter (presureless sintering) is suitable for densification and if it 
can be used as an alternative to melting. 

 

EXPERIMENTAL PROCEDURE 

Titanium hydride dehydride (TiHDH -45 μm) with 99.5 purity supplied by Baoji, Lihua Non-Ferrous 
Metals Co., Ltd and platinum (Pt -250 µm) of 99.99% purity supplied by Anglo American-Platinum 
powders were blended together in a tubular mixer for 30 minutes to produce blended elemental (BE) 
TiPt powder. Characterisation of the BE powder was done with the aid of a MICROTRAC Bluewave® 
particle size and shape analyser and JEOL JSM-6510® scanning electron microscope (SEM). The BE 
powder was then cold (i.e. ambient temperature) compacted using an ENERPAC VLP® 100 t press to 
produce green compacts (d = 8 mm, h = approx. 2 mm). The size of the green compacts was kept small 
for economic reasons; Pt powder is expensive (currently about $987.30 per ounce). The compressibility 
of the TiPt powder was assessed by pressing several 1g samples at 10-100 bar and measuring their 
densities with the aid of an OHAUS Explorer® density kit. Green compacts were subjected to 
conventional pressureless sintering in a horizontal CARBOLITE tube furnace with an argon 
atmosphere. Sintering was carried out at 1300 and 1400°C for 6, 12 and 24 hours.  Densities of sintered 
samples were measured by applying Archimedes’ principle using an OHAUS Explorer® density kit. 
Micrographs of the sintered samples were taken and the porosity was estimated from binary images 
using IMAGE J® 1.46r. X-ray diffraction (XRD) analysis was done on the green compacts using a 
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PANalytical X-pert® X-Ray diffractometer (XRD) with Cu K� radiation (λ=1.5406Å).  A Ni filter was 
used to filter out unwanted X-rays. XRD analysis was done over a 2θ range of 20-120°C and the scan 
rate was 58.14 seconds per step. The X’Pert-HighScore® analysis software package was used to study 
the resulting diffraction patterns and phases were identified using reference databases available on the 
software package. 

 

RESULTS AND DISCUSSION 

Characterisation of BE powder 

The blended elemental (BE) TiPt powder consisted of spongy, slightly larger Pt and smaller, irregularly 
shaped Ti powder particles (Figure 1). From Figure 2 it can be observed that the BE powder had a 
bimodal particle size distribution (PSD) which is shown by two peaks; a smaller (approx. 7.78-74 µm) 
and larger (approx. 74-296 µm) peak. It was thought that the smaller peak corresponds to Ti (which is a 
-45 µm powder) and some smaller Pt powder particles while the larger peak corresponds to Pt powder 
particles (-250 µm powder). Figure 1 strongly supports this notion.  

 

Figure 1. SEM BSE micrograph of blended elemental (BE) TiPt powder. 

 

Figure 2. PSD curve of blended elemental (BE) TiPt powder. 

Compaction 

The ENERPAC press that was used to construct the compressibility curve shown in Figure 3 works in 
such a way that the pressure applied by the anvil to the powder is set using a gauge meter which is 
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connected to the press. The maximum allowable gauge meter reading is determined by die diameter so, 
for the 8mm diameter die used in this work the maximum allowable guage meter reading is 100 bar 
(equivalent to 2842 MPa). The compressibility curve for the BE TiPt powder shows that a range of 
pressures were used to press the BE powder (Figure 3). It can be observed that relative density increases 
with an increase in pressure. Higher pressure may have improved bonding between particles and 
resulted in better densification (i.e. higher relative density). It can be observed that at the highest 
allowable pressure, a relative density of 97.89% was achieved. The cold compaction process at high 
pressures resulted in relatively high green densities; however, it may not be ideal on an industrial scale 
since these high pressures may shorten service life of compaction equipment (Rao et al., 1999).  

Figure 4 shows that the Ti and Pt particles mechanically bonded as a result of cold compaction and very 
small pores can be observed for the samples compacted at 2842 MPa. Density measurements of the 
2842 MPa compacted samples showed that the green compacts had high relative densities of 97.89%, 
and the micrograph shown in Figure 4 corroborates the density result. XRD analysis on the green 
compacts showed that there was no interdiffusion between Ti and Pt to form new phases during cold 
compaction, since individual Ti and Pt peaks were detected as shown in Figure 5. This result was 
expected because there was no driving force for interdiffusion during cold compaction. Figure 4 shows 
that good densification was achieved by compaction at 2842 MPa pressure; however, at this stage the 
desired homogeneous single phase TiPt alloy and a metallurgical bond between particles had not been 
formed yet. To form this homogeneous TiPt alloy and metallurgical bonding, diffusion would have to 
take place and pressureless sintering was used to drive this diffusion process. The atomic diffusion 
which occurs as a result of sintering improves strength because it converts the mechanical bonds which 
exists amongst particles in the green compacts into stronger metallurgical bonds (Totten et al., 2002). 

 

Figure 3. Compressibility curve for blended elemental (BE) TiPt. 
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Figure 4. Green compact made from blended elemental (BE) powder pressed at 100 bar. 

 

Figure 5. XRD pattern for green compact made from BE powder. 

 

Sintering 

The ideal situation would be to form a single-phase TiPt alloy while achieving good densification (i.e. 
at least 98%). Ivasishin et al.(2002) stated that to achieve good mechanical properties (e.g. hardness and 
tensile strength), sintered materials should not only have a homogeneous microstructure and chemical 
composition but a relative density of at least 98% as well. Figure 6 shows that after sintering at 1300°C 
for 2 hours porosity, which was previously not present, had formed. When Figure 4 (green compact) 
and Figure 6 (sintered compact) are compared, it can be seen that the pores have formed on the 
boundaries of Pt grains where Ti was situated prior to sintering. This is corroborated by the backscatter 
image of the sintered alloy in Figure 6b, which shows that the corresponding porous regions are the 
previously titanium-rich regions.  
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a 

 
b 

Figure 6. SEM (a) SEI and (b) BSE micrographs of BE TiPt sintered at 1300°C for 2 h. 

 

Figure 7 shows that porosity was still present after sintering at 1300°C for 6, 12 and 24 hours. The 
porosity observed at all these sintering conditions was higher than the starting porosity, which is 
uncommon behaviour during normal sintering progression. Introduction of sintering temperature and 
increasing sintering time was expected to result in reduced porosity compared to the starting porosity 
and hence higher density.  This was not the case for this alloy, and further porosity studies were done 
to quantify the porosity using Image J® 1.46r.  The results are shown in Figure 8. 

Figure 7. SEM SEI micrographs of BE TiPt sintered at 1300°C for (a) 6 h, (b) 12 h and (c) 24 h (scale bar 100 
µm). 

Figure 8. Binary images showing area fraction of pores in compacts sintered at 1300°C for (a) 6h, (b) 12 h and 
(c) 24 h. 

To determine the unexpected cause of increasing porosity with sintering, micrographs of sintered 
samples, at a higher magnification (i.e. 500×) and using the backscatter mode were taken. This revealed 
that the microstructures consisted of various regions which differed in colour and orientation.  

a b c 

Ap = 28.13% Ap = 24.08% Ap = 14.36% 

a b c 
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Energy dispersive spectroscopy (EDX) analysis showed that these regions differed in composition as 
well, which indicated that different phases had formed as a result of interdiffusion between Ti and Pt 
during sintering. Some of the phases that were identified through EDX analysis were: the desired TiPt 
phase (darker grey), a Ti3Pt5 phase with a needle-like structure, as well as a lighter, wavy TiPt3 phase 
(Figure 9). Figure 9 also shows that the black regions are pores. The formation of pores/voids was 
thought to be due to a well-known phenomenon called the Kirkendall effect, which has been observed 
in many binary systems such as Ag-Au, Cu-Sb, Mo-Ti and Au-Ni (van Dal, 2001). 

 

Figure 9. SEM BEI micrograph showing some of the phases which were identified through EDX analysis. 

The Kirkendall effect often manifests during sintering in binary systems where the two materials diffuse 
at different rates. It occurs by a vacancy diffusion mechanism (Cao, 2017). In any binary system where 
the two materials in the system diffuse at different rates, there will be a net flux (quantified in terms of 
number or mass) of atoms and a net flux of vacancies moving in opposite directions. This is due to the 
fact that atoms move in the material by exchanging places with vacancies. Voids are formed in areas 
where the material with the higher diffusion rate was situated, because vacancies move in a direction 
opposite to the atoms. These vacancies tend to aggregate and form voids, which are referred to as 
Kirkendall voids. The fact that voids formed in areas that were previously Ti-rich (Figure 4) led to the 
assumption that in this TiPt alloy, Ti was diffusing at higher rate than Pt.  

Kirkendall voids reduce densification and thus have an adverse effect on mechanical properties (Dutta 
and Bose, 2012). The formation of Kirkendall voids is thus undesirable. At 1300°C, more voids formed 
with all sintering conditions compared to starting ones; however, the area fraction of pores (Ap) 
decreased with an increase in holding time (Figure 8), where the longest holding time (i.e. 24 hours) 
resulted in the lowest fraction of pores. This result suggests that a longer holding time allowed pores to 
decrease in size and for some to close, which is typical sintering behaviour. A similar trend was 
observed at 1400°C where the Ap decreased even further (Figures 10 and 11). Figure 11c shows that at 
1400°C a holding time of 24 hours decreased the Ap to approximately 3.45%. It can also be observed 
that the size and shape of the pores also changed. Pores became smaller and more rounded with an 
increase in temperature and time. This result is interesting because many authors have reported the 
formation of Kirkendall voids in binary systems with materials with dissimilar diffusion rates, but no 
literature was found on the reduction in size and quantity of Kirkendall voids as a result of sintering 
temperature and time.  
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The effects of temperature and time on porosity were further investigated by sintering green compacts 
at 1500°C for 24 hours, and only a few pores were observed (Figure 12a). Figures 12a and 12b show that 
porosity was reduced compared to 1300°C (Figures 6 and 7) and 1400°C (Figure 10). However, the area 
fraction of pores could not be estimated because of the new darker grey phase (shown by green arrows 
in Figure 12b) that formed. The area fraction of the pores is estimated from binary images, therefore 
since the method relies on thresholding the pores, as well as the darker grey phase, would appear dark 
and yield the wrong result since the darker phase would be mistaken for pores (Roy et al., 2006). EDX 
analysis showed that the darker phase contains 52.46 at.% titanium, 47.44 at.% oxygen and 0.10 at.% 
platinum. According to the TiPt phase diagram, 0.10% Pt at 1500°C corresponds to β-Ti. The EDX 
analysis also showed that sintering at 1500°C for 24 hours resulted in a fairly homogeneous composition 
since it showed that the dominant, grey areas in Figure 12 are TiPt, which is the desired phase. 

To improve understanding of effect of temperature and time on Kirkendall voids, in future work 
microfocus X-ray computer tomography (CT) will be used to further quantify porosity. CT scanning 
may be useful because it can provide three-dimensional (3D) images of the sintered samples from which 
pore size, shape and quantity can be characterised and quantified (du Plessis et al., 2014). 

Density measurements showed that relative densities achieved after sintering ranged from 84.35–96%. 
The highest relative density of 96% was achieved when sintering was carried out at 1500°C for 24 hours. 
It can be deduced that full densification (i.e. 100%) was not achieved through pressureless sintering. The 
recommended minimum relative density after sintering is at least 98% (Ivasishin et al., 2002), which was 
not achieved through pressureless sintering. It was concluded that for this alloy, the use of press and 
sinter of blended elemental powders would not be a viable option for making the TiPt alloy.  It is 
thought that to achieve good densification in powder metallurgically produced TiPt, alloyed powders 
that are already homogenised should be used in order to minimise the Kirkendall effect. If BE powders 
are used, pressure-assisted sintering, e.g. spark plasma sintering (SPS) should be used to improve 
densification. SPS has also been reported to have the advantage of producing very dense compacts using 
sintering times that are much shorter than conventional sintering (Tokita, 2011).  

Figure 10. SEM SEI micrographs of BE TiPt sintered at 1400°C for (a) 6 h, (b) 12 h and (c) 24 h (scale bar 100 
µm). 

Figure 11. Binary images showing area fraction of pores in compacts sintered at 1300°C for (a) 6 h, (b) 12 h and 
(c) 24 h. 

a b c 

a b c 

Ap = 19.33% Ap = 5.16% Ap = 3.45% 
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Figure 12. SEM SEI micrographs of BE TiPt sintered at 1500°C. (a) Scale bar 100 µm, (b) scale bar 50 µm. 

 

CONCLUSION 

The densification of blended elemental (BE) Ti-50at.%Pt through pressureless sintering was 
investigated, and the following conclusions were drawn. 

1. High (i.e. at least 98%) or full (100%) densities were not achieved through pressureless 
sintering of Ti-50at.%Pt blended elemental alloy powders, which suggested that pressureless 
sintering is not a suitable densification technique for Ti-50at. %Pt alloys. 

2. Kirkendall voids formed as a result of pressureless sintering; however, at both 1300 and 
1400°C an increase in sintering time from 6 to 24 hours seemed to reduce the quantity and size 
of the Kirkendall voids. 

3. Sintering at 1500°C for 24 hours resulted in a fairly homogeneous microstructure. 
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