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Abstract: Powder production and sintering processes of titanium powder metallurgy are studied in order to
reduce the cost of manufacturing titanium parts. The direct sintering of TiH, simplifies powder processing
and helps densification during sintering. The effects of ball milling have been shown to improve the
dehydrogenation of TiH,, which during sintering, causes the earlier dissolution of the oxide layer surrounding
the solid titanium particles, allowing solid diffusion to occur earlier. The combined effect of reduced particle
size and increased dehydrogenation of ball milled TiH, are studied here during sintering, in order to
understand their roles during densification. TiH, ball milled for various durations is vacuum hot press
sintered at 700—900 °C. The density, microstructure and hardness of the fabricated titanium specimens are
also studied. The effects of ball milled powder on the introduction of blended elemental aluminium are
studied in comparison with a commercial titanium powder. The increase in ball milling duration of TiH,
powders to reduce particle size causes faster densification and dehydrogenation, with a finer uniform
microstructure. When using fine ball milled powder with aluminium, the formation of Kirkendall pores
through the interaction of titanium and liquid aluminium is worsened.

Keywords : Metals ; Powder metallurgy ; Sintering ; Differential scanning calorimetry ; Energy dispersive
analysis of X-rays.

1. Introduction

Titanium has an excellent specific strength and corrosion resistance at high operating temperatures.
However, the cost of titanium is 15-50 times that of conventional engineering materials such as steel [1].
Thus, the application of titanium is restricted to high specification applications which justify the cost of
titanium. The high cost of titanium production is linked to its affinity for atmospheric contaminants, meaning
the refinement process used (the Krolls process) has multiple steps and is not continuous [2]. Firstly, oxygen
is removed from titanium ore by chlorination at 1000 °C to form TiCl, then this is reduced using liquid Mg in
an inert gas atmosphere at temperatures between 800 and 850 °C (Equation (2.1)) [3].

2Mg + TiCl‘l(gJ — 2Mg(Cl, + Ti(soiidsponge) [T =800 — 850°C]

The Krolls process produces porous globular pieces of titanium called sponge, which is then conventionally
arc melted several times to form dense material. To reduce the cost of titanium, powder metallurgy has been
investigated in various forms for net shape part production to reduce billet processing and machining costs.
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Current research focuses on the general improvement of conventional sintering processes, such as cold press
(CP) and sinter, and the use of different starting powders, such as mechanically alloyed, hydride-dehydride
(HDH) powders and TiH, powders [4], [5], [6], [7], [8], [9], [10]. The methods of refinement and powder
production are also studied in order to reduce the cost [11], [12], [13]. However, the process still uses
multiple stages and is expensive. Significant research efforts are currently focused on improved techniques
such as the use of thermo-hydrogen processing, liquid phase sintering (LPS) and advanced sintering
techniques such as spark plasma sintering, microwave sintering and selective laser melting [14]. Except for
thermo-hydrogen processing, which has been shown to simplify powder processing and enhance sintering
[15], the employment of advanced techniques adds complexity and cost to titanium parts.

The use of hydrogen as a temporary alloying element in titanium facilitates processing [16], enabling the
production of a fine TiH, powder through ball milling. TiH, sponge is easily milled using ball milling to form
TiH, powders with controlled granulometry and high defect density that has been shown to help
densification. The direct sintering of TiH, has been shown to improve densification through the
dehydrogenation process which takes place during sintering [4], [5], [17], [18]. The dehydrogenation of TiH,
that occurs during sintering helps densification by leaving a freshly dehydrogenated surface [9], [19]. During
sintering of titanium powder, densification begins to accelerate at approximately 700 °C due to the
dissolution of the oxide layer surrounding the titanium particles [20], allowing solid/solid diffusion across
particles. Sintering TiH, helps to lower the temperature at which the oxide layer is reduced. Dehydrogenation
begins upon heating under a vacuum (10 to 1072 mbar) at approximately 400 °C [21], and initiates the
reduction of the oxide layer [18], which otherwise dissolves at approximately 600 °C [22]. The TiO, layer on
the surface of the particles is reduced when it interacts with hydrogen liberated by the dehydrogenation of
TiH, (Equation 2.2) [23]:

TiOys) + 2Hy(g) = Tis) + 2H; 0

Furthermore, diffusion is enhanced in ball milled powder because of the high defect density caused by the
mechanical work of brittle TiH, [5], which also exists in HDH powder, albeit reduced by the dehydrogenation
heat treatment it undergoes.

Studies of the effect of ball milling on the dehydrogenation of TiH, show that it increases the rate of
desorption. Comparison of powder produced by mechanical milling of TiH, with powder produced by
hydrogen absorption by Zhang and Kisi [24] shows an increase in desorption kinetic in milled powders. The
reduction of powder size through ball milling was shown to reduce the onset of dehydrogenation by Bhosle
et al. [25]. The evolution of hydrogen from TiH, is shown to be controlled by detrapping of hydrogen [26],
while further barriers for the evolution of hydrogen are the diffusion through the lattice and grain
boundaries. The dehydrogenation of TiH, has been studied by thermal analyses (differential scanning
calorimetry [DSC], thermo gravimetric analysis [TGA]) and X-ray diffraction (XRD). Study of the effects of
heating on desorption of hydrogen shows that slow heating rates lower the onset of desorption, and that the
rate of desorption increases with isothermal temperature. Analysis of the ball milled TiH, powders in these
studies has shown the reduction of particle size and the reduction of crystallite size observed by scanning
electron microscopy (SEM) and XRD respectively. Thus, faster dehydrogenation is explained by (i) smaller
particles having a greater surface area, giving a faster surface evolution from the particle bulk, and (ii) the
high defect density allows faster diffusion paths. Because the dehydrogenation of TiH, during sintering
increases densification, and because the kinetic of desorption is increased by ball milling, the densification
can be controlled by ball milling. Current research efforts show that TiH, improves sintering by conventional
methods [9], [17], [19], [23], but have not investigated the potential of particle size reduction by ball milling
to reduce temperatures, nor the limitations imposed by the dehydrogenation process. The characteristics of
ball milled TiH, are studied here in order to understand their potential improvement to and limitations on
sintering.
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Because of the common use of blended elemental aluminium with titanium in the production of titanium
alloys, it was also necessary to study the effect of the use of TiH, with the addition of aluminium. Because of
the low melting point of aluminium, it will constitute a liquid phase during sintering, and because of the
reactivity of aluminium with titanium (i.e. the formation of intermetallics), it causes reactive LPS. Where
generally the effects of LPS are beneficial to the densification of parts, aluminium was shown to cause
swelling due to the migration of aluminium during diffusion causing Kirkendall pores [27]. The diffusion that
occurs between titanium and liquid aluminium can be schematically described as in Fig. 1. The richer
aluminium phase (TiAl3) forms first, while aluminium diffuses through TiAl; to the reaction front [28] which
causes the formation of porosity (i.e. Kirkendall pores) due to the motion of mass. Then titanium diffuses
through TiAl; to form phases richer in titanium, until eventually homogenisation to a single compound
occurs. The Kirkendall effect is so predominant in reactive LPS of titanium and aluminium that it has even
been used to create an open porous Ti—Al microstructure [29] to use as a permeable material. Mechanical
milling of blended titanium and aluminium powders is often used before sintering to begin the reaction and
reduce pores formed by the Kirkendall effect [4].

Kirkendall pore Ti rich Al rich

Liquid

Al

Al diffuses Ti diffuses

Fig. 1. Diffusion between liquid Aluminium and Titanium.

The formation of intermetallics occurs at the surface of the titanium particles and therefore depends on the
size of the particles. Savitskii and Burtsev [30] found that by increasing the titanium particle size above
45 um, the growth of the intermetallic layer on the titanium particles caused the specimen to swell. The
effect of LPS is largely controlled by the diffusion between the liquid and solid phases at the solid particle
surface, and the effect on densification of reduced particle size, created by ball milling, has not yet been
studied.

Table 1
Mode particle size by volume of TiH, powders ball milled for 5—180 min.
Duration (min) Mode particle size (um)
5 6.6
10 22
30 1.9
60 1.7
180 1.0

While the benefit of directly sintering TiH; is known, there is not sufficient understanding of the capability of
this technique to reduce the required sintering parameters, which relates to the global objective to reduce
the cost of titanium production. Furthermore, previous studies of sintering TiH, have found complete
dehydrogenation [4], [6], [9], [10]: the required sintering parameters for complete dehydrogenation are not
clearly known to date. Therefore, the effect of (i) the duration of ball milling on the densification and (ii) the
dehydrogenation during induction hot press sintering at a low range of temperatures (700-900 °C) will also
be studied.
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The effect of titanium particle size on the reactive LPS that occurs with added blended elemental aluminium
is studied. The reaction is studied with a range of aluminium concentrations and temperatures to study the
densification and phase formation during sintering of fine ball milled TiH, powders and will be compared
with a larger commercial powder. Our main objective is to show that the use of ball milled TiH, powder could
improve sintering densification leading to the reduction of sintering temperatures and durations, and then
reducing the cost of titanium part production.

2. Experimental
2.1. Materials

For this study, commercial titanium sponge (Strem Chemicals 99.8%, reference 93-2268), commercial
titanium powder (Alfa Aesar 99.5%, reference 042624, mean particle size of 44 um), and commercial
aluminium powder (Poudre Emillon 99.97%, reference F3731, with a mean particle size of 12 um), were
used. Commercial titanium sponge is hydrogenated at 500 °C for 3 h under 40 bar of hydrogen to form TiH,.
The formation of TiH, was confirmed by XRD pattern matching. The TiH, sponge was milled for 5-180 min in
a Fritsch planetary ball mill Pulverisette 5 at 250 rpm. A stainless steel vial was filled with 8 g of TiH, and 17
hardened steel balls of 10 mm in diameter. The vial was purged of air up to 1072 Pa and filled with 10 bar of
hydrogen, and were recharged every 60 min (to account for possible leaks). All the handling was performed
in an argon glove box.

Fig. 2. SEM micrographs of TiH, powder ball milled for (a) 5, (b) 60 and (c) 180 min (from left to right).
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Fig. 3. DSC of TiH, powder ball milled for 5, 60, and 180 min showing the desorption of hydrogen.
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Fig. 4. DSC of TiH, powder ball milled for 180 min (1.0 um) and cold compacted under 0, 40 and 80 MPa.

This TiH, powder, as well as commercial titanium powder, is used pure or mixed with commercial aluminium.

Mixing is done in a turbula 3D mixer at 50 rpm for 30 min. The aluminium content was varied from 0 to 50 at
%.

w—— 5 min.
30 min.
@ 60 min.

weii==18() min.
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| = = =Ti density

T I I ' ™ =TT
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Fig. 5. Density of sintered ball milled TiH, as a function of sintering temperature.
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A vacuum hot press induction furnace is used to perform sintering under primary vacuum (10'2 mbar). The
mould is machined from graphite, of inside diameter 6 mm and outside diameter 25 mm, and height 30 mm.
The mould is lined with graphite paper to aid removal of the sample. The temperature is measured using a
thermocouple positioned inside the mould. The temperature is varied from 700 to 900 °C, reaching holding
temperature after 3—5 min, and the pressure and time fixed at 80 MPa and 30 min respectively.

2.2. Characterisation

The particle size distribution of TiH, powder is measured by laser granulometry using a Mastersizer 2000
using distilled water as a liquid media. The powders are dispersed in the water by applying ultrasound. Visual
study of the powders and microstructural and phase analysis of the sintered specimens were performed
using SEM and Energy Dispersive Spectroscopy (EDS) using a TESCAN VEGA SEM. The desorption kinetic of
hydrogen from TiH, was measured by DSC using a Setaram Sensys Evo, where the endothermic reaction is
measured under a constant heating rate of 10 K/min. Approximately 23 mg of loose or cold compacted
powder was heated up to 580 °C under a flow of argon. The hydrogen content is qualitatively quantified by
measuring the remaining amount of TiH, phase by XRD full pattern matching evaluation using EVA” and are
verified quantitatively by the CHNS—O combustion technique. The hardness of sintered specimens is
measured by indention using a Wilson Vickers Hardness tester, model 452 SVD, with a force of 5 kg and dwell
time of 5 s.

3. Results and discussion
3.1. Ball milled powders

Table 1 shows the mode particle size (by volume) of the TiH, powders ball milled of different durations. The
particle size reduced from 6.6 um after 5 min of ball milling to 1.0 um after 180 min of ball milling. The
reduction in size is confirmed by SEM micrographs presented in Fig. 2. The tendency of finer powders to form
agglomerations is also visible.

T700°C 800°C 900°C

Porasity

5 min.

a)

-

30 min.

180 min.
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Fig. 6. SEM micrographs (BSE) of sintered TiH, powders, ball milled 5, 30 and 180 min, aligned horizontally,
sintered at 700, 800 and 900 °C, arranged vertically, under 80 MPa for 30 min.

To predict the behaviour of the powders during sintering, DSC analyses are carried out on the ball milled TiH,
(Fig. 3). The dehydrogenation process occurs in two steps [25]: (1) y-TiHy1.92) transforms to TiH(7-1.1), then
(2) TiH(0.7-1.1) transforms to a-Ti. Powder ball milled for 5 min shows a single peak at 550 °C. Here, the two
stages of dehydrogenation are combined in a single peak. For powders milled for 60 and 180 min, two peaks
are shown and are seen to initiate at lower temperatures for longer ball milled powders, as previously seen
[17], [25]. The decrease in dehydrogenation temperature is suggested to be caused by the decrease of
particle size and the increase of defect density. The separation of the peaks is caused by the higher thermal
stability of the 6-TiH(o.7-1.5) phase in the second stage of dehydrogenation. The ball milling induces the earlier
initiation of desorption upon heating and the increased separation of the peaks.

More DSC experiments were performed to investigate the desorption of hydrogen under different
compaction pressures. Fig. 4 shows the dehydrogenation of TiH, ball milled for 180 min, and cold compacted
at 0 (loose powder), 40 and 80 MPa. The temperature of the first stage of dehydrogenation is seen to
decrease with an increase of compaction pressure, while the overall duration of the desorption is increased.
Cold compaction increases contact between particles, enabling the direct transfer of heat, which leads to
easier heating and causes the overall dehydrogenation to occur, while the rate of dehydrogenation is
reduced (because of the increased density acting as another barrier for hydrogen).

The relatively large endothermicity of the hydrogen desorption must be considered. This phenomenon
indicates that the desorption of hydrogen requires energy to be consumed locally by the particles which will
create temporary negative temperature gradients around the particles during sintering, which will affect it
locally.

3.2. Sintering and characterisation of dense samples

Fig. 5 shows the density of the sintered TiH, powders ball milled at different durations as a function of their
sintering temperatures. This figure shows that the sintered density increases with both ball milling duration
and sintering temperature as expected. At 700 °C, an increase in ball milling duration from 5 to 180 min
renders fully dense titanium.
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Fig. 7. XRD patterns of TiH; sponge, and ball milled for 0, 5, 60 and 180 min sintered at 700 °C, and also ball
milled for 180 min and sintered at 900 °C, for 30 min under 80 MPa.

The main effect of ball milling is to decrease the particle size. The surface of the TiH; particle (unbonded
atomic array) has a greater energy than its bulk (i.e. a higher surface energy), which promotes the formation
of a bulk. Thus a finer powder, with a longer ball milling duration, densifies easier than a coarse one.
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The pore structure, grain size, and the phase distribution of the sintered TiH, powders are analysed by SEM
(Fig. 6). Pure a-Ti appears as the lighter phase while the darker phase is TiH,. Several features can be
observed in Fig. 6:

1.
2.
3.

Regardless of the ball milling time, grain size increases when sintering temperature increases.

Regardless of the sintering temperature, grain size decreases when ball milling time increases.

Porosity levels seem to decrease when sintering temperature increases, and agree with the measured
densities (Cf Fig. 5).

A small volume of spherical pores appears with increased ball milling duration and sintering temperature. This
is suggested to be caused by indiffusable gases, such as N, or O,, which increased in quantity in powders ball
milled for longer durations, and became volatile at higher temperatures.

A needle like structure of a-Ti is mostly observed from ball milling time of 5 min, whereas globular a-Ti is
observed at larger milling times (60 and 180 min). a-Ti needle grains are formed first because of their HCP
structure. Then, the grains grow to become more globular. Ball milling reduces the dehydrogenation
temperature of TiH,, and so reduces the temperature of the formation of a-Ti needles issued from the
dehydrogenation of TiH, during sintering. Thus, increased ball milling durations allow the more advanced
formation of globular grains.

At higher temperatures (900 °C) B-Ti is observed at the a-Ti grain boundaries.

Fig. 7 shows the XRD patterns of loose TiH, sponge and the sintered ball milled TiH, as a function of ball
milling duration, indexed using ICDD numbers 044—-1294 and 025-0983 for a-Ti and TiH1. 924 respectively. The
most isolated TiH, peak at 26 = 58° shows clearly the decrease of TiH, content with ball milling duration,
confirming the previous SEM micrographs. Density, SEM and XRD measurements indicate the increase in
densification and dehydrogenation during sintering as a consequence of ball milling duration (e.g. reduction
of particle size and increase in lattice defects).

Fig. 7 also presents the XRD patterns of the material prepared from TiH, ball milled for 180 min and sintered
at 900 °C. The increase in sintering temperature allows further elimination of hydrogen. The grain size
increases with temperature, indicated by the narrowing of the a-Ti diffraction peaks.

The hardness of sintered TiH, specimens are shown in Fig. 8. Hardness is increased both when the starting
powder size decreases and when the sintering temperature increases. The increase of hardness with
temperature mimics the evolution of the density as a function of temperature (Cf Fig. 5). The hardness values
are relatively high, up to 600 HV, when compared to the hardness of pure titanium of 145 HV of ASM
titanium Grade 2, and 101 HV5 of titanium sponge densified by melting. The hardness of sintered titanium is
influenced by (i) the remaining TiH,, (ii) the remaining interstitial impurities, (iii) grain size and (iv) the
amount of porosity.
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Fig. 8. Hardness of sintered TiH, ball milled for 5, 30 and 180 min.
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It is likely that increased oxygen pick up, due to powder size reduction, causes increasing hardness with
milling time, while the increase in hardness with sintering temperature is due to increased density. Hydrogen
is eliminated by increasing sintering temperature, as seen by XRD (Cf Fig. 7), indicating that remaining
interstitial hydrogen does not significantly contribute to the high hardness. Solid TiH; is significantly lower in
hardness than o-Ti [31], and then reduces the hardness of sintered specimens if not eliminated. It
contributes to the increasing hardness seen with increased sintering temperature and ball milling duration.
However, it is worth pointing out that the total elimination of TiH, cannot have caused hardness values

above that of a-Ti.

Density (g/cm?)

Comm Tj

(8]
[ |

0 15 30 45
at.% Aluminium

Fig. 9. Densities of commercial titanium, ball milled TiH, and HDH powders with aluminium added.
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Fig. 10. Microstructure of commercial Ti (a) and HDH (b) with 10 at % Al sintered at 700 °C for 30 min
under 80 MPa.

Other impurities, such as C, N, and O, increase the hardness of titanium. These interstitial elements create
distortions inside the crystal lattice which impede the motion of dislocations, leading to strengthening and
hardening. The surface of TiH, particles is coated with an oxide layer [32], and the reduction of particle size
increases the specific surface area, and therefore the relative amount of oxygen in a powdered material. The
increased oxygen concentration from mechanical milling has already been reported previously to cause an
increase in hardness [4], [33].

3.3. Ball milled titanium with aluminium

Ball milling of TiH, leads to faster densification and dehydrogenation during sintering while reducing the final
grain size. The second stage of this study was to observe the effect of ball milling on the interaction of
aluminium with titanium during blended elemental sintering. Ball milled TiH, is compared to a larger
commercial titanium powder to study the effect of reduced powder size on the reaction between liquid
aluminium and titanium. As well as TiH, ball milled for 180 min, a dehydrogenated ball milled TiH, (i.e.
Hydride De-Hydride powder, called HDH in the following) is tested in order to eliminate the effects of
hydrogen during sintering. As we report that dehydrogenation is incomplete when sintered at 700 °C, the
remaining H, exiting from TiH, can be trapped into liquid aluminium or titanium aluminides causing
embrittlement. The HDH powder was made from TiH, ball milled for 180 min. Dehydrogenation was
performed in primary vacuum (1072 mbar) at 500 °C for 3 h. Through XRD analysis, the final powder was pure

o-Ti.
3.3.1. Density

Fig. 9 shows a comparison of the sintered densities of HDH, TiH,, and commercial titanium powder mixed
with 0-50 at % aluminium, sintered at 700 °C for 30 min under 80 MPa. Such conditions allow (i) full
densification for ball milled powders when no aluminium is added and (ii) the formation of a liquid
aluminium phase. The densities are compared to the theoretical one of (i) an un-reacted mixture of titanium
and aluminium (dashed line), and (ii) intermetallic compounds formed by complete reactions (Tis Al, TiAl,
TiAl, and TiAls) (joined by a dotted line). An intermetallic compound will have a higher density than an un-
reacted mixture due to increased atomic packing. As can be seen on Fig. 9, the addition of 5 at % aluminium
caused an increase in densification to commercial titanium, and further addition of aluminium decreased
densification. For commercial titanium powder sintered at 900 °C, also shown in Fig.9, the density is
improved by the addition of 10 at % aluminium. Any addition of aluminium to ball milled titanium powders
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(both TiH, and HDH) caused a decrease of the density. The density of TiH, and HDH powders approximately
follow the same trend with the addition of aluminium.

3.3.2. Microstructure

Fig. 10 shows the microstructure of both commercial titanium powder and HDH powder, sintered with 10 at
% aluminium at 700 °C for 30 min under 80 MPa. Fig. 10a shows that the aluminium has melted between the
titanium particles and begun reaction and diffusion forming a skeleton of TiAl; around the titanium particles,
and leaving Kirkendall pores. Fig. 10b shows large spherical pores with adjacent areas of intermetallics
surrounding smaller titanium particles. Here, the aluminium has melted and diffused with the surrounding
HDH titanium powder and formed a solid skeleton of intermetallics around the site of the aluminium
particle. The smaller particle size of the HDH powder has increased specific surface area, increasing the local
interaction of liquid aluminium and solid titanium.

Fig. 11a shows the microstructure, and Fig. 11b shows the corresponding EDS line profile, of commercial
titanium with 50 at % aluminium sintered at 900 °C. The increased temperature has increased the rate of
diffusion, furthering the formation of intermetallics richer in titanium. Kirkendall pores still remain
surrounding the titanium particles where the liquid aluminium has been. Our observation is in agreement
with the schematic illustration (Fig. 1) of the diffusion of aluminium into titanium.

3.3.3. XRD phase analysis

Fig. 12, Fig. 13 show the evolution of phases formed by sintering HDH and commercial titanium powder
respectively, with the increase of added aluminium, sintered at 700 °C for 30 min under 80 MPa. The indexed
phases are TisAl, TiAl, TiAly, TiAls, and aluminium (ICDD 052-0859, 005-0678, 052-0861, 052-0859 and 001-
1180 respectively). It allows the observation of the diffusion of titanium and liquid aluminium (as described
in Fig. 1). The first intermetallic to form, TiAls, forms rapidly around the surface of the titanium particles, until
the liquid aluminium is consumed. Then, titanium and TiAl; diffuse to form phases richer in titanium. For
both the commercial titanium and HDH powders, at 10 at % aluminium the intermetallic phase seen is Tis Al.
The stages of diffusion described are completed, and further diffusion will lead to solid solution of aluminium
in titanium. For an increased aluminium concentration of 50 at %, a range of intermetallics are seen for both
commercial and HDH powders. TiAl; is seen to remain in larger concentrations for the HDH powder,
indicating incomplete diffusion. With a finer ball milled powder, the liquid aluminium has been able to
consume titanium particles and form TiAls, leaving no solid titanium at the centre of the particle to diffuse
further.
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Fig. 11. (a) SEM micrograph and (b) EDS elemental line profile of commercial Ti mixed with 50% aluminium
sintered at 900 °C under 80 MPa for 30 min.
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Fig. 12. XRD patterns of HDH ball milled for 180 min, blended with 0, 10 and 50 at % Al and sintered at

700 °C for 30 min under 80 MPa.
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Fig. 13. XRD patterns of commercial Ti, blended with 0, 10 and 50 at % Al and sintered at 700 °C for 30 min
under 80 MPa.

3.3.4. High concentration of aluminium

In order to study the interaction of titanium and liquid aluminium, large concentrations (i.e. larger than
conventionally used in titanium alloys) of aluminium have been used. Fig. 14 shows the microstructure of
both commercial titanium powder (a) and HDH powder (b), sintered with 50 at% aluminium at 700 °C for
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30 min under 80 MPa. The higher concentration of aluminium with commercial titanium has caused
increased densification by a rearrangement of titanium particles, although not without porosity caused by
the Kirkendall effect. Increased aluminium concentration, in the case of the finer HDH powder, has increased
the distribution of intermetallics, however the aluminium particle sites remain as pores.

Fig. 14. Microstructures of sintered commercial (a) and HDH (b) with 50 at % Al sintered at 700 °C for
30 min under 80 MPa.

3.3.5. Discussion of ball milled powders with luminium

The differences of densification between the ball milled powders (TiH, and HDH) and the commercial
powders lie in their different size and morphology. Diffusion between solid titanium and liquid aluminium
starts at the surface of the titanium particle. The increased specific surface area of the finer ball milled
powders increases the area at which the diffusion can take place, thus diffusion occurs faster. The reaction
between liquid aluminium and solid commercial titanium powder is slowed by the increased size of the
particles, and the liquid aluminium is able to surround the commercial titanium particles to encourage
rearrangement and densification. The HDH powder reacts faster with liquid aluminium, then pores are
created and are surrounded by intermetallics at the sites where the aluminium particles were. A study by
Savitskii and Burtsev [30] showed that the increase in titanium particle size above 45 um caused additional
swelling because of the stress in the solid intermetallic layer that grows around the titanium particles. This
present study uses a finer titanium powder (e.g. 1.0 um) and it is seen that a decreased particles size acts to
decrease density. Thus, the increased reaction rate between fine titanium particles and liquid aluminium
decreases densification.

Importantly, it is observed in this study that, with pressure assistance, increased densification can occur
using aluminium LPS (see Fig. 9). Commercial titanium powder showed an increase in density with 5 at %
aluminium sintered at 700 °C under 80 MPa for 30 min, and a fully dense specimen was achieved when
sintering with 10 at % aluminium at 900 °C (see Fig.9). With commercial titanium powder, the liquid
aluminium is able to surround the titanium particles, whereas for finer ball milled powders, this did not
occur. In previous studies [8], [27], the use of aluminium in LPS caused a reduction in density during free
sintering. The diffusion between liquid aluminium and solid titanium caused the formation of pores, known
as the Kirkendall effect. However, we have found that full densification is possible using LPS through
pressure assisted sintering for aluminium concentrations lower than 10 at%.

4. Conclusion
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In this study, TiH, was ball milled to form a fine powder which was seen to give faster dehydrogenation,
higher densification and a finer grain size after sintering. DSC experiments showed that dehydrogenation
occurs faster and at lower temperatures with increased ball milling duration. The increase of ball milling
duration from 5 to 180 min enabled full densification by hot press sintering at 700 °C under 80 MPa for
30 min. However, the impurities introduced during ball milling, induced by the larger specific surface area, is
likely to cause the sintered samples increased hardness.

The effect of a fine ball milled powder on the interaction of aluminium with titanium during blended
elemental sintering was studied. Ball milled powders were compared with commercial titanium powders,
with the addition of various concentrations of aluminium. The initial diffusion of liquid aluminium and solid
titanium, leading to the formation of TiAls, gives rise to Kirkendall pores. Then titanium and TiAl; diffuse to
give phases richer in titanium. Increased densification was obtained with the addition of 5-10 at %
aluminium with larger commercial titanium powders, where liquid aluminium filled pores and aided particle
rearrangement. The finer titanium particles produced by ball milling react with aluminium to form titanium
aluminides in a skeleton structure locally around the aluminium particle site, leading to a porous
microstructure.
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