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Abstract

Pure Ti is characterised by an interesting combination of performance from an engineering
point of view. The addition of Al to Ti can be used to reduce the intrinsic cost of the material,
decrease the density of the alloy, and increase the mechanical performance. This study is
focused on evaluating the physical properties, microstructural evolution and mechanical
behaviour of Ti-xAl alloys (where x = 1-6 wt.%) in order to scientifically understand the
strengthening mechanisms of the addition of Al to pure Ti manufactured via the conventional
powder metallurgy route of cold uniaxial pressing plus solid state sintering. The addition of
Al to Ti does not affect the compressibility of the alloy but changes the consolidation and
densification of the alloy. The incremental addition of Al results in the progressive
strengthening of Ti via the simultaneous contribution from substitutional solid solution and

grain refinement strengthening which outdo the negative effect of the residual porosity.
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1. Introduction
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The combination of properties that Ti can provide for engineering applications include low
density, which is approximately 50% that of nickel, passivity which leads to excellent
corrosion resistance and biocompatibility with human body fluids, high strength (which is
also maintained up to relatively high temperatures), and high specific properties (i.e.
mechanical performance in relation to the density) [1, 2]. More in details, the mechanical
behaviour of pure Ti is significantly affected by the presence of interstitial elements where
oxygen and nitrogen have the highest impact [3, 4]. In particular, the residual amount of
oxygen left by the extractive metallurgy process used to obtain pure Ti in its metallic form is
used to classify Ti into four different commercially pure (CP) Ti grades [5]. CP Ti is
therefore used in application where high corrosion resistance and good strength are needed
such as for non-structural aircraft parts, chemical and marine applications, heat exchangers,
and components for chemical processing and desalination equipment [6].

The mechanical behaviour of Ti can also be changed via alloying (i.e. substitutional
strengthening). Specifically, as Ti is characterised by an allotropic phase transformation,
alloying elements can be used to stabilise the low temperature HCP a-Ti phase or the high
temperature BCC B-Ti phase. These alloying elements are thus divided depending on their
stabilising effect into o and B stabilisers. Oxygen, nitrogen and Al are all a stabilisers but,
generally, only the latter is intentionally added as an alloying element and the others are
present as impurities. In particular, the addition of Al is highly desirable as Al is cheaper than
Ti, is lighter than Ti, allows to maintain higher deformability with respect to the addition of
other a stabilisers, and increases the oxidation resistance of Ti at high temperatures.
Nevertheless, in Ti alloys, the maximum amount of Al is generally kept below 6-7 wt.% to
prevent the formation of the Ti3Al intermetallic compound (known as o) which embrittles

the material [7, 8].



Reduction of the intrinsic cost of Ti is an active field of research [9-11], because Ti is more
expensive with respect to competitor metals such Al and Fe due to its high affinity for
interstitials (which makes its extraction and casting costly), and high poor machinability
(which makes its shaping difficult). The addition of cheaper elements and the use of creative
fabrication methods such as powder metallurgy (PM) [14] are among the different
alternatives available to decrease the final manufacturing costs of titanium products.
Particularly, PM methods have the intrinsic advantages of being near-net-shape techniques
[15] characterised by high material’s yield where both aspects are very important for an
expensive metal such as Ti. Conventional [16-18] and alternative [19, 20] powder metallurgy
methods have been investigated to obtain dense and porous titanium products [16, 21] where
o+p alloys are the most studied [22-25]. The aim of this investigation is therefore to
understand the effect of the addition of a progressively higher amount of Al (to reduce the
intrinsic cost of the material) to Ti produced via cold pressing plus solid state sintering, the

cheapest of the PM technique, to limit the manufacturing costs.

2. Experimental procedure

The base material for the investigation was an irregular HDH (hydride-dehydride) Ti powder
with particle size lower than 75 pm and oxygen content of 0.3 wt.%. The atomised
aluminium powder used was spherical in morphology with maximum particle size of 45 um.
The correct amount of each powder was weighted and mixed during 25 min in a V-shaped
blender at 45 rpm to achieve homogeneous blends of Ti-xAl powders, where x = 1-6 wt.%,
using the blending elemental approach. Samples were therefore labelled accordingly. The
powder mixtures were then uniaxially warm pressed (120+10°C) into 40 mm diameter
samples using a cylindrical die whose walls were lubricated with graphite and applying 600

MPa maintaining the maximum pressure for 1 min. The samples were subsequently



consolidated via vacuum sintering (heating rate of 10°C/min) at 1250°C during 2 hours prior
to furnace cooling.

The dimensions and weight of the green samples were measured, respectively, using a 2-
decimal digital calliper and a high precision analytical scale, and the values used to calculate
the green density as mass/volume ratio. The values of the density of the sintered samples
were quantified via water displacement measurements. The theoretical density of samples
was calculated using the rule of the mixture, using the Ti (4.51 g/cm®) and Al (2.70 g/cm?)
theoretical density values, to be able to calculate relative density values. Quantification of the
consolidation induced by the sintering process was done via the densification parameter [26].
The classical metallographic route (i.e. grinding and polishing) was used to prepare the
sample for microstructural analysis, samples which were chemically etched by means of a
Kroll reagent (2 ml HF, 6 ml HNO3, and 92 ml distilled water). Optical micrographs were
captured with a Nikon digital camera attached to an Olympus BX60F5 microscope. X-ray
diffraction (XRD) analysis was carried out using a Philips X Pert diffractometer using scan
step size of 0.013° in the 30-80° 2-Theta range. Dog-bone tensile test-pieces with rectangular
cross section of 2x2 mm? and gauge length of 20 mm were cut via EDM (electrical discharge
machining) and ground with SiC grinding papers to eliminate any potential influence from
the cutting operation. Tensile tests were done on an Instron 33R4204 machine using a cross
head speed of 0.1 mm/min and an external mechanical extensometer was used to measure the
elongation of the samples. The yield strength of the sintered materials was calculated via the
offset method. Rockwell hardness (HRA) measurements were used to quantify the hardness
of the materials. It is worth mentioning that for the mechanical characterisation a minimum of
five measurements were performed. Fractographic analysis of the broken dog-bone tensile

test-pieces was performed via a Hitachi S4700 SEM.



3. Results

Figure 1 shows the variation of the relative densities (before and after sintering) for different
amount of Al added to Ti where it can be seen that the green density is fairly constant whilst
there is a slight increment in the values from Ti-1Al to Ti-2Al and afterward the density of
the sintered samples decreases with the Al content. Coherently, the densification of the alloys
initially increases with the addition of Al but then progressively decreases starting from an

addition rate of 3 wt.% of Al.
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Figure 1. Variation of the physical properties of the sintered Ti-xAl alloys: a) green and

sintered density, and b) densification parameters vs Al content.

Representative optical micrographs of the Ti-xAl alloys showing the size, shape and
distribution of the residual porosity as well as the morphology of the grains are shown in
Figure 2. Spherical pores are present in every material but the size and percentage increase
with the addition of Al, which also leads to the formation of coarse a-Ti lamellae which are

the main microstructural phase of the sintered Ti-xAl alloys as seen both at low and high

magnification.






Figure 2. Representative optical micrographs (low and high magnification, respectively) of

the sintered Ti-xAl alloys: a-b) Ti-1Al, c-d) Ti-2Al, e-f) Ti-3Al, g-h) Ti-4Al, i-j) Ti-5Al, and

k-1) Ti-6Al.

The size of the lamellae as well as that of the prior B grains progressively changes with the Al

content but the most significant change is found for an Al content of 6 wt.% which could be

due to the precipitation of other phases, where the most probable is the o phase [7, 8].

Therefore, XRD analysis of the Ti-6Al alloy was carried out with the aim of identifying the

phases present and the related XRD pattern is shown in Figure 3 where it can be seen that

only peaks corresponding to the a-Ti phase were detected.
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Figure 3. XRD pattern of the sintered Ti-6Al alloy.

Figure 4 and Figure 5 show, respectively, representative examples of the stress-strain

behaviour and the average quasi-static tensile properties (i.e. yield and ultimate tensile



strengths, and ductility) of the Ti-xAl alloys. It is found that the Ti-xAl alloys are
characterised by both elastic and plastic behaviour regardless of the total amount of Al added

which leads to the progressive increment of the strength but also to a parabolic trend of the

ductility of the alloy.
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Figure 4. Representative stress-strain curves of the sintered Ti-xAl alloy.
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Figure 5. Variation of the average quasi-static tensile properties of the sintered Ti-xAl alloys:

a) yield strength and elongation vs Al content, b) ultimate tensile strength vs Al content, ¢)




yield strength and elongation vs residual porosity, and d) ultimate tensile strength vs residual

porosity.

Figure 6 shows the fractographic analysis of the binary Ti-xAl sintered samples where it can
be seen that the materials are characterized by the presence of several dimples, typical of
ductile behaviour of metals, in agreement with the stress-strain curves of Figure 4.
Specifically, dimples are the main features of binary Ti-xAl alloys with Al content of 2-3
wt.%, composition from which tear ridges starts to appear; this is associated with the
decrement of the ductility of the material. Moreover, the cleavage fracture of metals with a
H.C.P. lattice and cleavage facets (i.e. transgranular fracture) are also found in the fracture

surface of the Ti-1Al and Ti-6Al alloys due to their lower ductility.
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Figure 6. Representative SEM fractographic images of the sintered Ti-xAl alloys: a) Ti-1Al,

b) Ti-2Al, ¢) Ti-3Al, d) Ti-4Al, ¢) Ti-5Al, and f) Ti-6Al.

The variation of the hardness of the sintered Ti-xAl alloys with the Al content is shown in
Figure 7 where it can be seen that, conversely to what it could be expected from the classical
powder metallurgy theory [27, 28], the material becomes progressively harder as the Al

content increases although the residual porosity increases with the Al content.
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Figure 7. Variation of the hardness of the sintered Ti-xAl alloys with the Al content.

4. Discussion

Analysis of the relative density data (Figure 1) indicates that the addition of the spherical Al
powder particles does not affected, or at least not significantly, the compressibility of the
alloy as the green density remains almost constant with the increment of the Al content. This
is due to the combination of two factors: the higher deformability of the Al powder particles
and the difference in terms of particle size distribution. However, it is found that the addition
of Al changes the thermodynamics of the sintering process where the initial addition of Al to
Ti induces an increment of the relative density for an Al content of up to 2 wt.%. A further
addition of Al actually leads to a continuous decrement of the values of the relative density of

the sintered samples. Coherently with the trend of the relative density, the densification of the
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Ti-xAl alloys reaches its maximum for the Ti-2Al alloy and subsequently decreases. It is
known that the initial melting of Al induces some swelling of the samples starting from
660°C due to the formation of the Al;Ti intermetallic compound in the surface of the Ti
particles. The process actually starts below the melting of Al due to the higher intrinsic
diffusivity of Al (compared to Ti [29, 30]) but the melting of Al leads to wetting of the Ti
powder particles and penetration of the liquid Al between the Ti particles by capillarity forces
and thus to the rapid formation of complete coating of Al;Ti layers on the Ti powder particles.
The associated formation of large pores having low activity for the subsequent solid state
sintering is driven by the redistribution of the molten Al. Continuation of the reaction until
the complete consumption of the Al melt and the increase of the thermodynamic energy of
the system as consequence of the increase of the temperature during the heating stage of
sintering results in the disintegration of the Al3Ti coating layer into single Al3Ti grains
surrounding the Ti powder particles [31]. Eventually the spherical Al;Ti grains go into
solution during the prolonged sintering cycle. However, the Kirkendall porosity left by the
fast diffusing Al into the Ti lattice leaves behind porosity that cannot be completely recover
during the pressureless sintering process.

In agreement with the relative density data, the sintered Ti-xAl samples are all characterised
by the presence of residual porosity where the amount of porosity and its size increase with
the increment of the Al content but its distribution is homogeneous through the

microstructure regardless of the alloy composition. The porosity is primarily isolated and
spherical in shape, indicating that with the sintering parameters employed the materials
reached the third stage of sintering; however, interconnected porosity, due to the coalescence
of isolated pores during the last stage of sintering, starts to appear for Ti-xAl alloys with an
Al content equal or greater than 5 wt.%. This is due to the fact that the materials were

sintered at the same temperature which is, as per the binary Ti-Al phase diagram [32],

11



progressively closer to the B transus of the alloy. The microstructure of sintered Ti is
characterised by equiaxed a-Ti grains whose size depends on the particle size of the powder
used and on the parameter utilised to sinter the material [17]. However, from Figure 2 it can
be seen that the addition of Al to Ti leads to the formation of microstructures constituted by
a-Ti lamellae. Specifically, the initial addition leads to a very coarse microstructure which is
progressively refined as the amount of Al present in the Ti-xAl alloys increases. More in
details, a minority of quasi-equiaxed a-Ti grains is still present in the Ti-1Al and Ti-2Al
alloys but which completely transform into needle-shaped grains starting from an Al content
of 3 wt.%. Interestingly, the size of the prior  grains increases with the Al content. However,
a much finer microstructural features are found in the Ti-6Al alloys which is composed of
fine o-Ti lamellae within much finer prior B grains. Overall, the resulting microstructure is a
coarse platelet Widmanstétten type structure [33]. The phases present in the Ti-xAl alloys
were detected via XRD analysis and, as demonstrated via the results of the XRD pattern of
the Ti-6Al alloy (Figure 3), only peaks of the a-Ti phase are found. It is worth mentioning
that the position of the peaks is shifted toward slightly higher diffraction angles in
comparison to CP Ti due to the presence of substitutional Al atoms within the HCP a-Ti
lattice and, if the precipitation of the o, phase occurred, its amount is below the detection
limit of the equipment used. In particular, Al has a smaller atomic radius in comparison to Ti
and thus its substitution of Ti atoms leads to the distortion of the a-Ti lattice. As per Bragg’s
law, the shift is associated with the reduction of the interatomic plane distance [34].

From the quantification of the tensile behaviour of the sintered Ti-xAl alloys it is found that
they have comparable modulus of elasticity, as the stress-strain curves of Figure 4 overlap,
and they deform plastically prior to fracture but there is a significant strengthening effect
induced by the addition of Al which shifts to progressively higher values the applied load at

which the alloy switches from elastic to plastic deformation. More specifically, both the yield
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strength and the ultimate tensile strength increase continuously with the Al content (Figure 5)
due to the simultaneous contribution of the substitutional strengthening effect of the presence
of the Al atoms in the HCP o-Ti lattice and the progressive refinement of the microstructural
phases that compose the Ti-xAl alloys (Figure 2). It is clear that the combined solid solution
and grain refinement strengthening overcome the effect of the increased amount of residual
porosity left by the sintering stage as the strength increases continuously with the addition of
Al. The same factors (i.e. solid solution and grain refinement) are also the responsible for the
progressive increase in hardness of the material with the increment of the Al content (Figure
7). Once again both aspects contributing to the hardening of the Ti-xAl alloys overcome the
negative effect that the residual porosity would have on the hardness of pressureless sintered
materials, where the hardness is expected to decrease with the increment of the residual
porosity [27]. Regarding the ductility of the Ti-xAl alloys, it is found that the elongation to
fracture initially increases with the Al content but then starts to decrease for an Al content of
4 wt.% leading to a parabolic trend (Figure 5a). In this case, the ductility of the sintered Ti-
xAl alloys is significantly affected by the increasing amount of residual porosity (as pores act
as stress concentration sites) and therefore an exponential decreasing trend of the elongation
to fracture with the residual porosity is found (Figure 5¢). Apart from the effect of the
residual porosity, the ductility of the Ti-xAl alloys is also affected by the strengthening
effects as ductility and strength are mutually exclusive properties and consequently the
fracture surface of the material switches from being primarily composed of ductile dimples to
a combination of dimples and tear ridges (Figure 6) consistently with the reduction of the
ductility. Generally, the properties of the Ti-xAl alloys are higher with respect to wrought CP
Ti and comparable to those of the near-a wrought Ti-3Al1-2.5V alloy (yield strength = 485
MPa and ultimate tensile strength = 620 MPa) [6]. As Al is much cheaper than Ti, approx.

2.4%8/kg vs 12.08/kg [14] in metal form, the incremental addition of Al substituting Ti in
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binary Ti-xAl alloys results in a proportional reduction of the intrinsic cost of the material
resulting in a saving of approx. 5% for an addition rate of 6 wt.% of Al. This means that,
similarly to Ti-3Al-2.5V, binary Ti-xAl alloys could be employed in non-critical applications
such as in tubular form for various aerospace hydraulic and fuel systems, sports equipment,
medical and dental implants, reaction vessels, heat exchangers, and electrochemical
processing equipment [6]. Optimisation of the manufacturing route, such as hot extrusion to
obtain tubular products, could also result in a further improvement of the mechanical

performance of the binary Ti-xAl alloys.

5. Conclusions

From this study about the effect of the addition of Al to Ti produced via powder metallurgy
to reduce the intrinsic cost of the material, lower the theoretical density of the material and
increase the mechanical performance it can be concluded that Al does not affect the
processability of the alloy, as the compressibility (green density) remains constant, but Al has
a strong effect on the sintering thermodynamics as well as on the stabilisation of the a-Ti
phase. Specifically, the incremental addition of Al transforms the microstructure of Ti from
equiaxed to coarse platelet Widmanstétten and changes the size and shape of the lamellae,
including the interlamellar spacing. The addition of Al results in a progressive strengthening
of pure Ti via combined substitutional solid solution and grain boundary strengthening.
Consequently, binary Ti-xAl alloys could be used in non-critical aerospace and non-
aerospace applications where high performance and reduction of the material cost are of

interest.
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