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Abstract

Titanium is characterised by two contrasting aspects: outstanding combination of properties
and high production costs which confine its application to high demanding sectors. The
employment of powder metallurgy (P/M) techniques is one creative alternative to lower the
final costs of titanium products due to some intrinsic advantages of P/M such as high yield of
material and limited machining requirement. In this work the performances of Hydride-
DeHydride (HDH) and sponge elemental titanium products obtained by cold uniaxial pressing
and sintering are compared. It is found that the two materials achieved similar relative density

values but HDH shows much better mechanical performances.

Keywords: Titanium, powder metallurgy, cold uniaxial pressing, vacuum sintering, tensile

properties, dynamic Young modulus

1. Introduction

Titanium is considered a lightweight metal because has lower density (pr; = 4.51 g/cm’) than
steel (pre = 7.80 g/em’), which is approximately 60% of the value of common steels.
Although the lightness is one of the main advantage of titanium, this material is also
characterised by other properties relevant from a technological point of view such as good
mechanical properties (which also maintained up to relatively high temperatures),

biocompatibility and excellent corrosion resistance in many different aggressive environments
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[1, 2]. Despite of this combination of characteristics, titanium and its alloys have been
primarily employed in the aerospace and aeronautical industries which made its final cost
significantly changing as a function of the fluctuation of the demand of these sectors [3, 4].
The fact that the employment of titanium was, and it is still mainly, limited to high demanding
sectors, where the higher final cost in comparison to other competing metals is not a
restricting factor, is due to the electronic structure of titanium. Specifically, titanium is an
electropositive element of the IV group of the periodic table characterised by very high
chemical reactivity with most of the other elements of the periodic table. Consequently,
titanium easily reacts with interstitial elements and especially with oxygen, forming a
passivation layer. The presence of this outer layer makes difficult the extraction of titanium in
metallic form; extraction which is mainly still done by means of the Kroll process [5-7]
although recently some new or upgraded processes have been proposed [6-11]. It is worth
mentioning that the main product of the Kroll process is titanium in the form of sponge
powder. The high reactivity of titanium, which increases with the temperature and it is
significantly higher for the molten metal, also favours its reaction with the cast house tools,
like moulds which are, commonly, oxide-based ceramics. The outcome of this interaction is
the formation of a brittle surface layer, called a-case [12, 13], which has to be mechanically or
chemically removed. Another important feature of titanium is its low thermal conductivity
which makes its machining rather complicated. The development of new extraction processes
are not the only alternative to decrease the final production costs of titanium products. This
can actually also be achieved by the employment of creative fabrication methods [14].
Powder metallurgy (P/M) techniques offer intrinsic advantages over the traditional metallurgy
route which are very important in the case of titanium and its alloys. In particular, P/M
processes are characterised by very high employed to scrap metal ratio (i.e. high yield of
expensive material), they are near-shape or near-net-shape methods which prevent or

significantly limit the need of machining [15] (i.e. lower fabrication costs and avoidance of



titanium machining related problems) and they are solid state techniques (i.e. lower reactivity
with the fabrication tools). Both conventional [16-18] and advanced [19-21] P/M techniques
have been considered to obtain dense and porous titanium products [17, 22] where the Ti-6Al-
4V alloy is the most common one [23-25]. The aim of this investigation is to compare the
performances of elemental titanium products made starting from hydride-dehydride (HDH)
and sponge powders. Specifically, the powders are shaped by means of the conventional P/M
route of cold uniaxial press and vacuum sinter in the 1250°C-1350°C sintering temperature
window. Physical properties, chemical analysis, mechanical behaviour and microstructure
characterisation are discussed in detail and correlated between them in order to gain a full

understanding of the behaviour of the materials studied.

2. Experimental Procedure

The starting powders used in the study were a hydride-dehydride (HDH) elemental titanium
powder supplied by GfE and a sponge elemental titanium powder purchased from AEE.
Basic features of the starting powders are reported in Table 1.

From the features of the staring powder reported in Table 1, it can be seen that the powder
morphology is the consequence of the fabrication method. Specifically, Ti-HDH is
characterised by an irregular morphology because it is produced by a comminution process.
More in detail, in the HDH process titanium is hydrogenated at high temperature in order to
dissolved a great quantity of hydrogen as solid solution into the titanium lattice and, therefore,
make it completely brittle. Afterwards, titanium is crushed into briquettes and milled to
reduce its particle size to the desired level. Finally, the powder is heat treated at high
temperature under high vacuum in order to eliminate the dissolved hydrogen. In the case of
Ti-Sponge, the powder is directly obtained by means of the Kroll's process where after
different steps to eliminate the impurities and to form TiCl, by reacting titanium with

chlorine, sponge titanium powder is precipitated by using magnesium. In the conventional



metallurgical route, the titanium sponge powder is milled and shaped into the desired semi-
finished product (such as ingots) by means of processes like Vacuum Arc Remelting (VAR)
[26] or Electron Beam Cold Hearth Melting (EBCHM) [27]. Both the irregular and the
sponge morphology are ideal for their processing by means of the cheapest P/M route of cold
uniaxial pressing and sintering. In particular, the powder particles can form mechanical
interlocking among them by rearrangement and plastic deformation which are much needed to
assure the handling of the pressed (green) components without fracture [28,29]. Concerning
the maximum particle size of the powders, Ti-HDH has relatively bigger maximum particle
size in comparison to Ti-Sponge and this will influence the behaviour during the sintering
step and, thus, the final properties achieved. This is because the smaller the particle size the
greater the specific surface area of the powder particles where the reduction of this surface
energy is the main driving force governing the sintering of a material. Base on this premise
and giving that the two powders are pressed at the same level of uniaxial pressure, Ti-Sponge
should undergo a greater densification. Nevertheless, a smaller particle size corresponds also
to a greater amount of atmospheric gases adsorbed into the surface of the powder particle. In
the case of titanium, the molecules adsorbed tend to diffuse inwards leading to the
embrittlement of the material. As it can be seen from Table 1, Ti-HDH has similar purity with
respect to Ti-Sponge as per Suppliers specifications.

Green samples were obtained by means of pressing of the starting powder with a uniaxial
press and a floating die whose walls were lubricated with zinc stearate. Purposely, no
lubricant was added to the titanium powder in order to consistently avoid their contamination.
The floating die employed permitted to produce samples with the geometry (ASTM: B925)
required to perform tensile tests. The uniaxial pressure applied to shape the powders was set
to 700 MPa. The sintering step was done in a tubular high-vacuum furnace keeping a
minimum vacuum level of 10~ mbar and the heating and cooling rates constant at 5°C/min.

Sintering temperatures variable between 1250°C and 1350°C and processing time of 2 hours



were used during the work to study the influence of the temperature on the final properties of
the titanium specimens. The dimensions (e.g. thickness) of the samples before and after
sintering were measured by means of a 3-decimals micrometer to calculate the relative
percent change. The values of the density of green (pgreen) and sintered (psintered) Samples and
the nominal value of the density of titanium (pnominai: 4.51 g/cm3 [30]) were used to estimate

the densification (V) of the material as per equation 1:

(psintered P green )

(pnomimal - pgreen

= £100 [%] (1)

where: pgreen Was calculated at the ratio between mass and volume of the green samples whilst
Psintered Was experimentally obtained by water-displacement measurements sealing the surface
of the sintered specimens with a lacquer.

The values of the relative density (prel) of the sintered samples was computed as the ratio
between Psintered aNd Prominal. The analysis of the microstructure was performed in a Philips-
XL30 SEM and for the that the samples were grinded with SiC papers, polished with alumina
and etched with Kroll reactant (i.e. a mixture of hydrofluoric and nitric acids plus distilled
water). It is well-known that the total amount of interstitial elements dissolved in titanium
highly influences its mechanical performance, therefore the contents of oxygen and nitrogen
(ASTM: E1409) were measured in a LECO TC-500. Tensile tests (ASTM: E8) using
crosshead speed of 1 mm/min were done using a MicroTest universal machine. The
deformation of the samples was determined on the base of the data acquired by means of a
DDI-type extensometer. Because titanium is commonly employed to fabricate biomedical
prostheses, the Young modulus of the most promising materials was obtained by ultrasonic

measurements. Specifically, the so-called dynamic Young modulus was calculated as a



function of psinered and the speed of sound (v) in the materials (which was measured with a

Grindosonic transducer) as per equation 2:

E

2)

V=
p sintered

Finally, Vickers hardness measurements were performed on the cross-sections using a

universal hardness tester (Wilson Wolpert).

3. Results and Discussion

The variation of the thickness induced by the sintering of the green samples, which is
representative of the other dimensions, is plotted versus the sintering temperature in Figure 1.
From the data displayed in Figure 1, it can be seen that both types of powders undergo a
negative variation of the thickness which indicates that, actually, the samples shrink during
sintering. Moreover, the shrinkage increases along with the sintering temperature reaching the
highest values at 1350°C. More in detail, the shrinkage experienced by samples made out of
the Ti-HDH powder increases homogeneously of approximately 0.15% for an increment of
the processing temperature of 50°C. Conversely, in the case of Ti-Sponge specimens, the
increment of shrinkage when increasing the sintering temperature from 1250°C to 1300°C
(almost 0.3%) 1s the double of that from 1300°C to 1350°C. From this difference it is expected
that the samples undergo a higher densification at the lower sintering temperature whilst at the
higher temperature a greater part of the thermodynamics energy is invested in grain growth
and pores coarsening rather than in the densification of the material. By the comparison of the
behaviour of the two elemental titanium powders, it can be noticed that Ti-HDH samples are
characterised by almost half of the shrinkage with respect to Ti-Sponge specimens,
approximately 3% lower. This difference is due to the combined effect of the finer particle
size distribution of the Ti-Sponge powder and the lower level of green density achieved after

compaction. Specifically, the mean value of the green density of Ti-HDH and Ti-Sponge



components is equal to 84.77+0.83% and 79.82+0.70%, respectively. The lower green density
of the Ti-Sponge powder is due to the difference in morphology and purity in comparison to
Ti-HDH, where the greater the amount of interstitials dissolved the harder the powder and the
more difficult to press it.

The variation of the densification parameter and of the relative density with the sintering
temperature are shown in Figure 2.

From the data of the densification parameters plotted in Figure 2 a) it can be seen that the
densification of the samples increases with the increment of the sintering temperature which
is in agreement with the shrinkage of the samples. In particular, the increment of the
densification of the Ti-HDH samples with the processing temperature seems quite linear
whilst for the Ti-Sponge specimens the greater densification takes place when increasing the
temperature from 1250°C to 1300°C. This behaviour is coherent and it was already be
supposed on the base of the shrinkage data (Figure 1). Once again, the final values regarding
the Ti-HDH components are much lower than those of the Ti-Sponge specimens (around
25%). The greater densification of the Ti-Sponge powder is due to the finer particle size and,
thus, it comes to be a greater driving force for the reduction of the specific surface area which
the phenomena that governs sintering. Concerning the relative density data (Figure 2 b), it is
interesting to note that this properties increases with the increment of the sintering
temperature but the difference between the two elemental titanium powders is not that
significant. Specifically, the relative density of Ti-HDH samples increases from 96% to
96.8% whilst that of the Ti-Sponge specimens from 96.1% to 97.4% with the processing
temperature. The fact that the two types of powders reach very similar final relative density
values is due to the compromise between the higher compressibility of the Ti-HDH powder
(i.e. higher green density) and the finer particle size distribution of the Ti-Sponge powder (i.e.
greater driving force). Conversely to the shrinkage and the densification, Ti-Sponge

components experience the greatest variation when raising the sintering temperature from



1300°C to 1350°C. This behaviour is a consequence of the fact that at the highest temperature
considered in this study a greater amount of energy is spent in the movement of the pores
rather than on the densification. The movement of the pores, especially along the grain
boundaries or the original boundaries between the powder particles leads to their coalescence
and, therefore, the coarsening of the size of the residual porosity despite the fact that its total
amount is reduced. This behaviour indicates that the material is, actually, in the third or final
stage of sintering [31].

The evolution of the microstructural features (i.e. grain size and porosity) with the sintering
temperature is illustrated by means of the SEM micrographs reported in Figure 3.

From the SEM micrographs shown in Figure 3, it can be seen the microstructure of both
sintered elemental titanium samples is composed of grains of the alpha phase because the
alloy was slow cooled from a temperature above the allotropic transformation temperature
(950°C for CP-Ti grade 4 [30]). Therefore, the material at high temperature (during sintering)
is characterised by the body-centred cubic lattice but during the cooling the atoms move back
to the positions of the hexagonal lattice typical of the alpha phase of titanium. From the
micrographs, it can also be noticed that the mean alpha grain size becomes bigger with the
increment of the sintering temperature due to the higher thermal energy available in the
system for grain growth. The grain growth seems actually more pronounced when raising the
sintering temperature from 1300°C to 1350°C rather than from 1250°C to 1300°C in
agreement with the densification parameter (Figure 2 a). The other features characterising the
microstructure is the residual porosity and it can be seen that its volumetric percentage
decreases with the increment of the processing temperature as expected from the relative
density data (Figure 2 b). Furthermore, in the sintering window considered in this work, the
pores are mainly isolated and spherical, even though some elongated pores can be seen, and
the average pore size increases with the processing temperature. The presence of irregular

pores and the increment of the pore size is because during the third stage of sintering, after



that the interparticle boundaries had disappeared, the pores tend to coalesce reducing their
percentage but increasing the size of the remaining pores (i.e. final stage of sintering). By
comparing the micrographs of the two elemental titanium powders, no significant differences
can be highlighted despite the fact that Ti-Sponge powder is characterised by finer particle
size distribution.

Table 2 shows the results of the chemical analysis (i.e. oxygen and nitrogen contents) carried
out on sintered samples.

From the data of the chemical analysis of the sintered samples reported in Table 2, it can be
seen that both the amount of oxygen and nitrogen dissolved by the specimens increases with
the sintering temperature with the exception of the Ti-HDH components sintered at 1350°C
whose total interstitials content is somewhat lower than that of the samples processed at
1300°C. More in detail, the increment of oxygen and nitrogen of Ti-HDH is not that
significant because it is at maximum 0.02 wt.% and 0.03 wt.% for oxygen and nitrogen,
respectively. In the case of the Ti-Sponge products, the increment of both oxygen and
nitrogen is continuous and much more marked although the greatest variation happens when
increasing the processing temperature from 1250°C to 1300°C. The faster diffusion of
interstitial elements and the much greater final contents of Ti-Sponge specimens with respect
to Ti-HDH samples is primarily a consequence of the finer particle size of Ti-Sponge powder.
From the data shown in Table 2 it can also be noticed that there is some oxygen and nitrogen
contamination in comparison to the amount specified by the Suppliers (Table 1). The
contamination of the powders derives from different sources such as handling of the powders,
molecules adsorbed into the surface of the powder particles, air trapped in the porosity of the
green samples and residual gases present in the tubular furnace used to sintered the materials.
These aspects are also relevant to explain the differences between samples made out of the
same material but processed under different conditions (i.e. higher sintering temperature

favours the inwards diffusion of interstitials present in the surface). It is worth mentioning



that, in general, the Ti-HDH samples respect the limit specified for ASTM titanium grade 4
[30] obtained by means of the conventional metallurgical route (Table 2).

Representative examples of tensile stress-strain behaviour of the Ti-HDH and Ti-Sponge
samples (1250°C) under a tensile uniaxial load are shown in Figure 4.

From the stress-strain curves of Figure 4, it can be seen that both Ti-HDH and Ti-Sponge
elemental titanium sintered components share similar elastic behaviour because the curves
overlap. Nevertheless, Ti-HDH samples deforms elastically up to approximately 450 MPa and
then starts to deform plastically whereas Ti-Sponge specimens deform elastically up to a
stress of about 550 MPa but then suddenly fail practically without plastic deformation. The
precocious failure of the Ti-Sponge products as well as their higher yield strength is mainly
due to the greater amount of interstitials dissolved because oxygen and nitrogen strengthens
and embrittles titanium [32, 33].

Ultimate tensile strength (UTS) and strain mean values obtained from, at least three sintered
samples, are plotted in Figure 5.

As it can be seen in Figure 5, the UTS of Ti-HDH samples remains approximately constant at
580 (£15) MPa whilst that of Ti-Sponge specimens significantly decreases with the increment
of the sintering temperature. In the case of Ti-HDH, the strength of the samples sintered in the
1250-1350°C temperature range is almost invariant due to the fact that the effect of the
reduction of the residual porosity (i.e. higher relative density), the slight increment of
interstitials contents and the grain growth experienced by the material processed at higher
temperature perfectly compensate themselves. Having similar relative density and
microstructural features, Ti-Sponge specimens should be characterised by, at least,
comparable strength to that of Ti-HDH samples if not higher due to the greater amount of
interstitial elements dissolved, which is the expected behaviour for wrought material [32-34].
Nevertheless, as shown in Figure 5 this comes not the be the case for P/M products indicating

that either after a certain percentage (which can be estimated to be around 0.7 wt.% of
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oxygen) the interstitials embrittle significantly the material leading to a loss of strength due to
premature failure or that the strengthening effect typical of wrought titanium alloys is not
taking place for P/M parts. The comparison of the strength obtained in P/M products with the
that of wrought CP-Ti grade 4 (550 MPa [30]) seems to support the first of the two
hypotheses because P/M samples and, especially the ones made out of the Ti-HDH powder,
have similar or higher UTS despite of the presence of the residual pores which act as stress
intensification sites. Actually, Ti-HDH samples have similar chemical composition but a little
bit higher strength than wrought titanium most probably due to the smaller grain size of P/M
components. The UTS values shown in Figure 5 are also comparable to the value found by
Ivasishin et al. using an electrolytic titanium powder (550-570 MPa) [35]. Concerning the
ductility of the P/M elemental titanium samples (Figure 5), the strain at fracture is almost
constant independently of the sintering temperature employed to process the green parts.
Once again, in the case of the Ti-HDH samples, the effects of the features of the
microconstituents (i.e. mean alpha grain size and porosity characteristics), the level of relative
density achieved and the total amount of interstitials dissolved are in equilibrium and the
strain remains constant at around 10%. Furthermore, the combination of these aspects for
each specific samples leads also to an important deviation of the mean value found. In the
case of Ti-Sponge specimens the strain mean value is always lower than 1% due to the
significant embrittlement of the material by the interstitials. This factor is also the responsible
for the considerable difference between the performances in terms of ductility of the two
materials studied. The combined effect of high interstitials and residual porosity is detrimental
for the ductility of Ti-Sponge specimens which, consequently, is much lower with respect to
that of the wrought CP-Ti grade 4 (i.e. 15% [30]). Thought comparable, the strain at fracture
values for Ti-HDH samples are still lower than the value of the wrought material due to the
presence of the residual porosity which acts as crack initiation sites. The fractographic study

carried out on the fracture surface of tensile samples (micrographs not reported for brevity)
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reveals that the main failure mode of the materials is due to the presence of the residual
porosity (i.e. pore-assisted fracture). Nonetheless, the dimples generated from the pores are
much more deformed in the case of Ti-HDH samples with respect to Ti-Sponge specimens
due to the fact that these last do not undergo significant plastic deformation.

The results of the dynamic elastic modulus measurements carried out on the most promising
material (i.e. Ti-HDH) are shown in Table 3.

The values of the dynamic elastic modulus measurements (Table 3) carried out on Ti-HDH
elemental titanium samples result to be quite similar for the three sintering temperatures. The
individual values obtained are in the order of 100 MPa giving a meanvalue of 104 + 9 GPa
which is very similar to the typical value of 105 GPa of wrought titanium grade 4 [30]. This
indicates that there is not a great (and clear) influence from the level of relative density
obtained (i.e. 3-4% of residual porosity) most probably because the pores structure is mainly
constituted of isolated and spherical pores (Figure 3).

The results of the Vickers hardness measurements carried out are reported in Figure 6.

As it can be seen in Figure 6, the hardness of both Ti-HDH and Ti-Sponge sintered samples
increases with the sintering temperature which is the expected behaviour for P/M
components. However, once again, the two materials have dissimilarities because the
mechanical properties of titanium are highly influenced by interstitials [32, 33]. Specifically,
the hardness of Ti-HDH samples increases more when the sintering temperature is raised
from 1250°C to 1300°C albeit of the linear increment of the relative density (Figure 2). This
behaviour can be explained on the base of the fact that the samples sintered at 1350°C have
lower amount of interstitials dissolved (Table 2). In the case of Ti-Sponge specimens, the
increment in hardness is more linear due to the fact that the greatest increment of relative
density is detected from 1300°C to 1350°C which compensates for the lower increment of
interstitials shown in Table 2. The fact that the total amount of interstitial elements present in

titanium greatly affect the mechanical properties and, especially, the hardness is confirmed by
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the fact that Ti-Sponge specimens are characterised by a much higher Vickers hardness with
respect to Ti-HDH samples despite of the comparable relative density achieved. In particular,
Ti-HDH samples (O ~ 0.40 wt.% and N ~ 0.020 wt.%) show values around 200 (£10) HV
whilst the hardness of Ti-Sponge specimens (O > 0.67 wt.% and N = 0.060 wt.%) ranges
between 300 HV and 330 HV. The higher amount of interstitials is also responsible of the fact
that Ti-Sponge products are harder than wrought Ti grade 4 (253 HV on annealed state) [30]
though of the presence of the residual porosity as microstructural feature. Actually, the effect
of the residual porosity can be highlighted by comparing the hardness values of Ti-HDH with
the wrought material because they have similar chemical analysis but-different level of

relative density (i.e. wrought titanium is supposed to be pore free, 100% of relative density).

4. Conclusions

Fro this study it can be concluded that hydride-dehydride (HDH) elemental titanium powder
are a much more suitable alternative rather than sponge powders in order to produce powder
metallurgy (P/M) components. Specifically, the processing of HDH by the conventional and
cheapest P/M route of cold uniaxial pressing and sintering permits to obtain parts with
mechanical performances directly comparable with those of wrought titanium. Sponge
powder shows similar behaviour to HDH powder in terms of compaction, microstructural
features, densification and relative density. Nevertheless, its mechanical properties are

significantly affected by its greater tendency towards interstitials pick-up.
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Figure 1. Comparison of the shrinkage induced by sintering for Ti-HDH and Ti-Sponge.

Figure 2. Comparison of the densification parameter (a) and of the relative density (b) for Ti-

HDH and Ti-Sponge sintered samples.

Figure 3. SEM micrographs of Ti-HDH and Ti-Sponge sintered samples, respectively: a) and

b) 1250°C, ¢) and d) 1300°C and e) and f) 1350°C.

Figure 4. Comparison of the stress-strain curves for Ti-HDH and Ti-Sponge sintered samples

(1250°C).

Figure 5. Comparison of the ultimate tensile strength (left) and strain (right) for Ti-HDH and

Ti-Sponge sintered samples.
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Figure 6. Comparison of the Vickers hardness for Ti-HDH and Ti-Sponge sintered samples.
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Table 1. Features of the elemental titanium starting powders employed in this study*.

Feature

Ti-HDH

Ti-Sponge

Production method

Hydride-dehydride

Kroll’s process

Morphology Irregular Sponge
Mean 44.25 18.46
Particle size [um]
Maximum <75% <45%
Purity [wt. %] > 99.7* >99.7*

* Suppliers specifications.
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Table 2. Chemical analysis results for sintered Ti-HDH and Ti-Sponge elemental titanium

samples.

Ti-HDH Ti-Sponge
Oxygen [wt.%] | Nitrogen [wt.%] | Oxygen [wt.%] | Nitrogen [wt.%]
Staring powder 0.27 +0.01 0.016 £0.01 0.44 +0.06 0.039 £0.03
1250°C-2h 0.39+0.03 0.016 £ 0.02 0.67 £0.03 0.058 £0.07
1300°C-2h 0.41+0.01 0.019+0.02 0.77+0.04 0.109 £ 0.06
1350°C-2h 0.40+0.02 0.017 £0.02 0.80 +0.05 0.121 £0.02

Wrought CP-Ti grade 4

Oxygen: 0.40 wt.%, Nitrogen: 0.050 wt.%

Table 3. Dynamic Young modulus results for the Ti-HDH sintered samples.

Material | Processing conditions Dynamic Young modulus [GPa]
1250°C-2h 103+ 1
Mean value:
Ti-HDH 1300°C-2h 95+ 1
104+9
1350°C-2h 113+£1

Wrought (CP-4)

105
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> The processing of elemental titanium powders by powder metallurgy is considered. >
Hydride-dehydride and sponge are shaped by cold uniaxial press and sinter. > In-depth study
of the physical properties, chemical analysis and mechanical behaviour. > Determination of

the dynamic elastic modulus by means of ultrasonic measurements.
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