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Economical Sintering of Titanium Powder
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The development of new processes for the production of low-cost titanium metal powder brings with it the potential for wider application of titanium components. In 
order for the full potential to be realized, low-cost fabrication techniques are also required. One such technique is the powder metallurgy press-and-sinter method, 
avoiding higher-cost refinements such as powder forging or hot isostatic pressing. The sintering of powders of titanium and simple titanium alloys has been examined 
with a view to identifying alloy compositions and sintering conditions that give rise to rapid densification and favourable mechanical properties. Both solid-state and 
liquid phase sintering have been examined.
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1. Introduction

The economical sintering of titanium and titanium alloys has 
been the objective of a large body of published research. 
Some of this work is summarised in Table 1,1-11) which 
provides an appreciation of typical powder types, compaction 
pressures and sintering conditions. Results are included for 
blended elemental powders, cold uni-axial compaction (and 
some cold isostatic pressing) and sintering without applied 
pressure.
The emphasis in much of the research was on the 
development of microstructure and mechanical properties. 
Our interest is more in sintering behaviour and densification, 
which of course have a profound influence on properties and 
applications of sintered titanium components.
In this paper we present the results of a preliminary 
exploration of some possible methods of achieving sintering 
of titanium-based blended elemental powders at relatively 
low temperatures. The final goal is to design alloys 
specifically for efficiency in sintering, but to date only simple 
binary alloys have been investigated.

2. Method

Hot pressing and reduction of particle size are common 
methods of increasing the rate of densification of titanium 
powder compacts. We have not examined these techniques, 
opting instead to confine ourselves to low-cost alternative 
procedures. Cylinders 10 mm in diameter and 10 mm in 
height were prepared for dilatometry by cold, uni-axial 
compression in a floating cylindrical die. Die wall lubrication 
was applied in the form of a thin film of Acrawax C powder. 
Composition was altered by mixing elemental powders with 
HDH titanium powder supplied by CERAC and Sumitomo.
Sintering was carried out in a Netzsch DIL 402C dilatometer 
under a vacuum of about 1 Pa. Our objective was to identify 
some practical approaches to sintering titanium alloys to high 
density at temperatures low enough to minimise problems 
associated with reactions between the alloys and components 
of the sintering furnace.

3. Results

The effect of the compaction pressure on the sintering of 
100% CERAC, -100 mesh, hydride-dehydride (HDH) 
titanium powder was examined in a preliminary experiment. 
Figure 1 shows a reduction in shrinkage during sintering as 
the compaction pressure is increased. Figure 2 shows the 
effect of compaction pressure on density.

Figure 1. Effect of compaction pressure on shrinkage of CERAC HDH Ti 
powder heated at 10 K/min to 1200°C and held 2 hours at that temperature.

It is well known that diffusion and sintering rates are higher in 
the high-temperature β phase of titanium than in the closer-
packed α phase 12). Cycling through the α-β phase transition 
has been examined as a method of accelerating sintering 13).
Figure 3 shows that for both CERAC and Sumitomo -100 
mesh HDH powder there is an acceleration of sintering on 
heating through the transition at about 880°C. Part of the 
acceleration is due to changes in microstructure and local 
stresses due to transformation, but this component appears to 
persist for only a few minutes. There is a similar disturbance 
in sintering rate on cooling.
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Figure 2. Effect of compaction pressure on green and sintered density and on 
axial and radial shrinkage during sintering of CERAC HDH Ti powder at 
1200°C for 2 hours.

Figure 3. Dilatometer traces for HDH Ti compacted to 80% green density at 
600 MPa (CERAC) or 78% green density at 500 MPa (Sumitomo), heated at 
10 K/min to 1200°C, held 2 hours, and cooled at 10 K/min (also the first 
derivative after subtracting thermal expansion).

Table 1. Conditions for economical sintering of blended elemental Ti alloys (or Ti plus master alloy powders). Most sintering was carried out in vacuum of about 1 
MPa (occasionally under Ar). Heating rates were typically 10 K/min (5-20 K/min).
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The dilation rate curves in Figure 3 display two clear 
minima (shrinkage rate maxima). The first is coincident 
with the α-β transition. The second is due to an increase in 
shrinkage rate as the temperature was raised, followed by a 
decrease after the hold temperature was reached.
The results of thermal cycling through the transition 
temperature are shown in Figure 4. The shrinkage rate 
increased for a short time after transformation in each cycle, 
both on heating and on cooling. The acceleration in the first 
heating stage was much greater than in the subsequent 
heating and cooling stages, and greater densification was 
obtained by simply heating to 1200°C. Oscillations at 800°C 
and 1000°C in the dilation rate for the compact subjected to 
thermal cycling are due to small instrumental artefacts.

Figure 4. Dilatometer traces for CERAC Ti compacted at 600 MPa and 
cycled between 800 and 1000°C at 10 K/minute (full lines) or heated at the 
same rate to 1200°C for two hours (dashed line).

Although thermal cycling through the phase transition does 
not seem to be a practical method of accelerating the 
sintering of titanium, designing PM alloys with lower 
transition temperatures is certainly feasible.
Temporary alloying with hydrogen is one approach 14). The 
sintering of titanium with blended elemental additions of β-
stabilising elements has been reported briefly by several 
authors 1,4,15-21).
We have used additions of Ni, Co, Fe, Mn, Cu and Si to 
examine sintering behaviour, although the mechanical 
properties of these binary alloys would not be satisfactory in 
many applications due to the embrittling effect of 
intermetallic compounds.
Figure 5 displays the effect of nickel additions, and 
temperature, in increasing the rate of shrinkage of titanium 
powder compacted at 400 MPa (green density 74-76% of 
theoretical). During continuous heating, transient liquid is 
probable at temperatures above the Ti-Ni eutectic at 942°C.
Some liquid phase is present under equilibrium conditions at 
1200°C for 9% Ni and 1300°C for 7% Ni, but a large 
increment in sintering rate was not observed for these 
compositions under continuous heating at 10 K/minute.

Figure 5. Shrinkage rate for CERAC Ti with 0-9% Ni powder (by weight) 
compacted at 400 MPa and heated at a rate of 10 K/min. The approximate 
boundary between solid state and some liquid phase at equilibrium is also 
shown.

In fact the presence of liquid phase is detrimental to 
densification of HDH titanium powder, as large pores develop 
due to gas evolution. Dilatometer traces for several alloys 
maintained at a temperature where a small amount of liquid 
was present are presented in Figures 6 and 7.
After initial shrinkage during solid state sintering, the 
compacts expanded when the temperature was high enough 
for a small amount of liquid to form and the density reached 
about 90% of theoretical 22).

Figure 6. Dilatometer traces for alloys with some liquid phase at the peak 
sintering temperature (all based on CERAC Ti powder and compacted at 400 
MPa except 9% Co based on Sumitomo Ti powder).

For comparison with Figure 4, sintering rates for various 
binary compositions on heating at a constant rate are listed in 
Table 2. Silicon and nickel additions appear to offer good 
prospects for increasing the densification or lowering the 
sintering temperature of titanium alloys. Silicon has the added 
advantage of reducing the theoretical density of the alloy.
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Figure 7. Dilatometer traces for other alloys with some liquid phase at the 
peak sintering temperature (based on CERAC Ti powder and compacted at 
400 MPa).

Table 2. Dilation rates in % per minute of CERAC Ti and binary alloys 
compacted at 400 MPa and heated at 10 K/minute to 1200, 1300 and 
1400°C.

4. Conclusion

Our work on the sintering of titanium alloys is in its early 
stages but some prospective methods for accelerating 
densification or reducing the sintering temperature have been 
identified. Principal among these is the addition of a high-
diffusivity alloying element such as nickel. Some 
unproductive approaches and potential pitfalls have also been 
noted. Liquid-phase sintering appears to be precluded by 
severe swelling, and cycling through the α-β transition is not 
as effective as simply raising the sintering temperature.
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