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New ternary powder metallurgy
Ti alloys via eutectoid

and isomorphous beta stabilisers
additions

M. Paul?, Y. Alshammari'?, F. Yang* & L. Bolzoni**

A group of new ternary Ti alloys bearing eutectoid and isomorphous beta stabilising elements was
created to be manufactured through the conventional powder metallurgy route. The effect of the
simultaneous addition of the same amount of Mn and Nb on the manufacturability, properties,

and hardening behaviour was investigated. The ternary alloys are composed of the «-Ti and B-Ti
phases and have a lamellar microstructure resulting from the slow cooling upon sintering. However,
the size of the equiaxed a grains and of the a + f lamellae is monotonically reduced, especially

the interlamellar spacing, as the amount of alloying elements increases. Due to their physical
properties, Mn enhances and Nb hinders densification during sintering resulting in a decreasing trend
of the relative density with the alloying elements content. Consequently, the resistance to plastic
deformation increases (UTS, 514-726 MPa), the ductility decreases (elongation, 13.2-2.6%), and the
fracture mode changes from intergranular to transgranular. The new ternary alloys share the same
hardening mechanism, but the amount of deformation after necking is, generally, higher for lower
amounts of Mn and Nb.

Titanium alloys have been widely applied in the biomedical sector as orthopaedic and dental materials due to
their high strength, comparatively low Young modulus, good corrosion resistance, and bioinert behaviour'=.
However, currently used Ti-based alloys generally relies on expensive and critical alloying elements, their stiff-
ness is still higher than that of human bones, and some of the elements have neurotoxic and cytotoxicity issues®”’.

Amongst the alloying elements of titanium alloys, manganese (Mn) is one of the strongest stabilisers of the
allotropic B titanium phase®, and can also reduce the cost of the alloy®!°. From a biological standpoint, Mn plays
a key role in the osteogenesis and in the mechanism of bone resorption'"!?, where Mn deficiencies have been
reported to lead to disproportionate growth of the skeleton'!. Other human body and brain functions are also
influenced by trace Mn*®. Although dietary intake of Mn is essential and its cytotoxicity is remarkably lower
than that of V!4, limiting the amount of Mn to less than 8 wt.% in Ti alloys prevents intoxication risks and the
formation of the brittle metastable w phase'®.

The fabrication of binary Ti-Mn alloys via casting has been analysed extensively®*-121%; for example, Kim
et al.’® produced Ti-xMn alloys (x=5, 10, 15, and 20 wt.%) were the samples were remelted seven times and heat
treated using a tube furnace under argon atmosphere for 4 h, at a temperature lower than the respective solidus
temperatures (150 °C), before cooling in the furnace at 10 °C/min down to 600 °C and final air cooling. With
the addition of Mn the proportion of the equilibrium a phase decreases and the amount of stabilised  phase
increases, leading to higher hardness and better oxidation protection ability.

Development of binary Ti-xMn alloys (x=8, 9, 12, 13, 15, and 17 wt.%) via powder metallurgy using metal
injection moulding has been considered by Fernandes Santos et al.'* using gas atomised Ti and fine Mn powders
with a particle size lower than 45 pm. Rectangular samples were obtained through injection moulding of blends of
powders mixed with an organic binder and sintered under vacuum at 1100 °C for 8 h prior to their final solution
treatment at 900 °C for 1 h. With the Mn content analysed, the alloys were characterised by  phase grains, but the
presence of the brittle metastable w phase was also detected for alloys with 8 <Mn < 13 wt.%. Consequently, the
hardness increased but the yield stress (YS) and ultimate tensile strength (UTS) as well as the ductility decreased
with the increment of the Mn addition.
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The incorporation of Nb in titanium alloys has been widely considered as Nb is a isomorphous f stabiliser
which is beneficial for lowering the Young’s modulus of the alloy and is less cytotoxic/non-toxic compared to
other elements'’. Thus, binary Ti-Nb alloys have attracted great attention in biomedical devices such as dental
implants due to their superior biocompatibility, corrosion resistance as well as mechanical properties'®!*. A
lower Nb concentration in Ti-Nb alloys is reported to induce the shape memory effect, which is employed in
dentistry for orthodontic wires?. Nb is a rare expensive metal with a very high melting point, thus it is best to
design Ti-Nb alloys with a low Nb concentration to benefit cost savings and reduce manufacturing steps (i.e. to
avoid operating at very high temperatures)?'.

The fabrication of binary Ti-Nb alloys via casting has been extensively studied!”-?!; for example Zhang et al.?!
analysed the mechanical and biological properties of Ti-xNb alloys (x=5, 10, 15, 20, and 25 wt.%) by means of a
vacuum consumable-electrode arc furnace and subjected to a series of forging-cogging, rolling, straightening and
scaling operations. All the Ti-xNb alloys were characterised by the presence of both the a and  phases, where
the amount of P phase increased and that of the a phase decreased as the amount of Nb added was increased.
Consequently, the strength (both YS and UTS) increased and the ductility decreased with higher Nb additions.
The Ti-xNb alloys demonstrated favourable biocompatibility and a promising anti-corrosion capacity from the
measurement of the concentration of released metallic ions, morphology and chemical composition.

Although to a lesser extent, as the amount of Nb added was always higher than 10 wt.%?2%*, the fabrication
of binary Ti-Nb alloys via powder metallurgy has also been considered; for example, Zhao et al.?> used the metal
injection moulding powder metallurgy route to produce the Ti-xNb alloys (x=10, 16, and 22 wt.%) starting from
Ti (<45 um) and Nb (<110 pm) elemental powders. The increase of Nb content led to an increase of porosity
in the as-sintered samples due to the higher ratio of coarse Nb powder used and the slow diffusion of Nb, both
decelerating the sintering process resulting in higher porosity. Therefore, it was found that the addition of Nb
lowered the Young’s modulus and the elongation but increased the strength. The as-sintered Ti-Nb alloys mainly
consisted of a+ p Widmanstitten structures with similar grain sizes of about 100-300 pm.

Regarding the development of Ti alloys where Mn and Nb were simultaneously added, the work performed
is significantly lower and the main two investigations available in literature, to the best knowledge of the authors,
are the work of Chen et al.”® via casting and that of Ehtemam-Haghighi et al.” via powder metallurgy. Spe-
cifically, Chen et al.”® prepared a series of Ti-27Nb-xMn alloys (x~0, 1, 3, 5, 7, and 9 wt.%) by means of cold
crucible levitation melting in inert argon atmosphere. The alloys were subsequently cold rolled into a plate with
a thickness reduction of ~ 60% and further solution treated at 900 °C for 30 min prior to water quenching. The
characterisation of the cast alloys indicated that the a” and B phases in the Ti-27Nb alloy were modified by the
addition of Mn, resulting in the formation of a single B phase. The tensile strength of the Ti-27Nb-xMn alloys
initially increased, reaching its maximum for the Ti-27Nb-5Mn alloy, and then decreased due to the presence
of the athermal w phase, the p phase, and the solid-solution strengthening effect of Mn. Ehtemam-Haghighi
et al.?® used the conventional press and sinter powder metallurgy processing from blended elemental powders
(Ti<50 pm, Mn < 10 pm, and Nb <50 pm) to manufacture Ti-7Mn-xNb alloys (x=3, 7, and 10 wt.%), which were
then heated up to 1170 °C, held isothermally for 8 h before furnace cooling at the rate of 4 °C/min. The incre-
ment of the amount of Nb added led to enhancement of the stabilisation of the  phase, whose relative amount
therefore increased, even though all the alloys were characterised by a lamellar microstructure. Consequently,
the compression strength and hardness decreased, and the elongation slightly increased, with the Nb content.

From literature, binary Ti-Mn and Ti-Nb alloys have been well studied but the potential of the ternary
Ti-Mn-Nb alloying system has not been fully exploited as the few works available??° did not characterised the
alloy in the as-produced state, as the Ti-Mn-Nb alloys were always heat treated, if not also plastically deformed
via cold rolling. Moreover, the study of Chen et al.> considered very high amount of Nb (i.e. 27 wt.%) whereas
the study of Ehtemam-Haghighi et al.>® had a fairly high amount of Mn (i.e. 7 wt.%) and both studies had the
content of one of the two alloying elements fixed. This means that, to the best knowledge of the authors, there are
no studies on the development of ternary Ti-Mn-Nb alloys with relatively low additions of Mn and Nb aiming
to produce a+ {3 and no studies were the amount of added Mn and Nb is changed simultaneously. Additionally,
no tensile properties of ternary Ti-Mn-Nb alloys produced via powder metallurgy have been reported. To fill
the gap in the current literature, the aim of this study is to analyse the development of ternary Ti-xMn-xNb
alloys (x=0.5, 1, 3.5, and 5 wt.%) and characterise the properties achievable in the as-produced state, when
these alloys are manufactured via powder metallurgy. The Ti-xMn-xNb alloys were, therefore, characterised in
terms of relative density/porosity, microstructural analysis (optical and electron microscopy as well as XRD),
and mechanical properties (tensile behaviour and hardness).

Results

Figure 1 shows the results of the XRD analysis performed on the Ti-xMn-xNb alloys where it can be seen that
the a-Ti phase is the predominant phase composing the materials regardless of their actual chemistry. The p-Ti
phase is detected exclusively in the Ti-3.5Mn-3.5Nb and Ti-5Mn-5Nb alloys, and in the latter the relative
intensity of the strongest diffraction peak of the (110) family of planes of the p-Ti phase is almost as high as that
of the diffraction peak of the (101) plane of the a-Ti phase.

Figure 2 shows the results of the microstructural analysis performed on the Ti-xMn-xNb alloys. Regardless of
the chemical composition, a small amount of residual porosity is present in the microstructure, which is typical
for powder metallurgy Ti alloys?”?. The majority of the pores are isolated, they have either spherical or elongated
morphology, they are primarily located at the boundaries between phases, and their volumetric fraction slightly
increases with the amount of alloying elements added. In terms of microconstituents, the microstructure of the
Ti-0.5Mn-0.5Nb alloy is similar to that of the Ti-1Mn-1Nb alloy, and that of the Ti-3.5Mn-3.5Nb alloy to
that of the Ti-5Mn~5Nb alloy, even though all of them have a lamellar structure typical of a + § Ti alloys**. In
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Figure 1. XRD spectra of the Ti-xMn-xNb alloys.

the former case, when the combined addition of Mn and Nb is <2 wt.%, the Ti-xMn-xNb alloys have a coarse
lamellar structure composed of equiaxed a-Ti grains boundaries and a + 3 lamellae. In the latter case, when the
combined addition of Mn and Nb is > 7 wt.%, the Ti-xMn-xNb alloys have a fine lamellar structure composed of
equiaxed a-Ti grains boundaries and a + 3 lamellae. The incremental combined addition of Mn and Nb progres-
sively reduces the size of the equiaxed a-Ti grains, increases the amount of stabilised p-Ti phase, and significantly
refines the lamellar spacing of the a+ p lamellae.

Figure 3 shows the variation of the density as well as porosity/densification of the Ti-xMn-xNb alloys. The
density of the as-pressed samples (i.e. green, 3.96—4.07 g/cm’), that of the sintered specimens (4.29—4.48 g/
cm?), and the theoretical density of the alloys (4.54—4.86 g/cm?), all increase linearly with the content of Mn
and Nb as both these alloying elements have higher density than Ti. The amount of porosity left by either the
pressing (12.9—16.2%) or sintering (5.2—7.8%) of the Ti-xMn-xNb powders blends also increases linearly with
the amount of alloying elements added, whereas the densification parameter decreases from 59.3% to 51.8%.

Figure 4 shows representative stress/strain curves as well as typical results of the fractographic analysis of the
Ti-xMn-xNb alloys where it can be seen that, regardless of the chemistry of the alloy, both elastic and plastic
deformation happen in the Ti-xMn-xNb alloys, but the actual strength and ductility strongly depends on the
composition. More in detail, the strength/ductility pair of the Ti-0.5Mn-0.5Nb alloy is more comparable to that
of the Ti-1Mn-1Nb alloy, and that of the Ti-3.5Mn-3.5Nb alloy to that of the Ti-5Mn-5Nb alloy. Consequently,
the failure mode detected in the fracture surface of the tensile samples also changes depending on if the com-
bined addition of Mn and Nb is <2 wt.% or =7 wt.%. On the one side, for lean alloyed Ti-xMn-xNb alloys, the
material prevalently fails in a ductile manner due to the intergranularly plastic deformation of the coarse a-Ti
lamellae and the residual pores do not seem to play a significant role, as they remain mainly undeformed. On
the other side, for more heavily alloyed Ti-xMn-xNb alloys, the failure of the material is more brittle in nature
with combined intergranular and transgranular failed zones and greater influence from the residual porosity. In
particular, either zones with highly deformed pores or cracks initiated at the pores are present.

Figure 5 shows the average mechanical properties of the Ti-xMn-xNb alloys either versus the amount of
alloying elements or versus the relative density of the sintered samples. In agreement with the representative
stress/strain curves, the resistance to plastic deformation increases with the incremental addition of Mn and Nb
as YS ranges from 431+ 6 to 648 +29 MPa and UTS ranges from 514+ 17 to 726 + 11 MPa. The hardness also
linearly increases with the content of Mn and Nb and ranges from 53 + 1.4 HRA to 63+ 0.2 HRA. In the case of
the elongation, it can be seen that the ductility of the Ti-xMn-xNb alloys initially increases with the addition of
Mn and Nb reaching the maximum value of 13.2+0.7% for the Ti-1Mn-1Nb alloy and, afterwards, decreases
to the lowest value of 2.6 +0.5% for the Ti-5Mn-5Nb alloy. When analysed against the relative density, in order
to identify the power of the contribution of the residual pores, both the strength (i.e. YS and UTS) and hardness
decrease with the increment of the relative density, indicating that residual porosity is not their main controlling
aspect. Nonetheless, in the case of the ductility, an increasing linear relationship between the elongation and the
relative density is found, meaning that the residual pores have a much greater impact on the ductility’*** than
on the strength of the Ti-xMn-xNb alloys.

Figure 6 shows the hardening rate of the Ti-xMn-xNb alloys calculated as the ratio between the derivatives
of the true stress and true plastic strain from the engineering stress/strain curves. The hardening rate curves
of the Ti-xMn-xNb alloys have similar shape, indicting a similar deformation mechanism, where at low true
plastic strain values the hardening rate is high and decreases significantly for small plastic strain increments
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Figure 2. Optical and SEM micrographs, respectively, of the Ti-xMn-xNb alloys: (a,b) Ti-0.5Mn-0.5Nb, (c,d)
Ti-1Mn-1Nb, (e,f) Ti-3.5Mn-3.5Nb, and (g,h) Ti-5Mn-5Nb.

for all the Ti-xMn-xNb alloys. Nevertheless, it can be noticed that, once again, the hardening behaviour of the
Ti-0.5Mn-0.5Nb alloy coincides with that of the Ti-1Mn-1Nb alloy, and that of the Ti-3.5Mn-3.5Nb alloy with
that of the Ti-5Mn-5Nb alloy (see inset), reflecting the impact of the actual chemistry of the alloy. At plastic
strains 2 0.01, the alloys enter the last strain hardening stage, which is controlled by the equilibrium between
formation and annihilation of dislocations®. This strain hardening regime is in the range of E/50 and, therefore,
it is directly dependent on the chemistry of the alloy where, generally, the higher the amount of Mn and Nb, the
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Figure 3. Density (a) and porosity/densification (b) of the Ti-xMn-xNb alloys.
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Figure 4. Representative stress/strain curves (a) and micrographs of the fracture surface of the Ti-xMn-xNb
alloys: (b) Ti-0.5Mn-0.5Nb, (¢) Ti-1Mn-1Nb, (d) Ti-3.5Mn-0.3Nb, and (e) Ti-5Mn-5Nb.
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Figure 6. Hardening rate of the Ti-xMn-xNb alloys.

higher the rate at which the strain hardening rate decreases. This results in the decrease of the uniform ductility
for higher contents of Mn and Nb. Moreover, attending to the Considére criterion®, the amount of deformation
after necking, which is identified by the intersection of the hardening rate curve with the true stress/true strain
curves shown in Fig. 6, is higher for lower amount of Mn and Nb. The only exception is the Ti-1Mn-1Nb alloy,
which has the highest uniform ductility and ability to withstand plastic deformation after necking has begun.

Discussion

New Ti-xMn-xNbD alloys were designed on the basis of the simultaneous addition of the same content of Mn
and Nb where the former is a eutectoid and the latter an isomorphous stabiliser of the B-Ti phase. The new
Ti-xMn-xNb alloys were designed to be manufactured via the blended elemental powder metallurgy approach
has it offers to possibility to easily tailor the chemistry of the alloy. For that, elemental powders of the desired
chemical elements were mixed in the right ratio, which leads to proportional increment of the density of the alloy
(Fig. 3a) as both Mn and Nb have higher density than Ti. The Ti-xMn-xNb alloys powder blends were pressed
into shaped samples by means of cold uniaxial pressing finding that the density of the alloys increases with the
incremental content of Mn and Nb but the amount of residual porosity present in the pressed samples (i.e. green
porosity in Fig. 3b) also increases. This means that the incremental addition of the Mn and Nb powders to the
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Ti powder decreases the compressibility of the powder blends, despite the fact that the three powders have par-
ticle morphology ideal (irregular and angular) for cold uniaxial pressing. The decrement of the compressibility
is, therefore, due to the combination of particle size misfit, as both the Mn and Nb powders used have lower
maximum particle size than Ti, and the difference in terms of deformability of the individual powders, as both
the Mn and Nb are harder than Ti.

Sintering of the pressed Ti-xMn-xNb alloys samples does not change the trends found in the pressed sam-
ples as both the density and the residual porosity left during the sintering stage increase with the amount of Mn
and Nb. The amount of residual porosity is influenced by both the compressibility of the powder blends and the
dissolution of the Mn and Nb powder particles. Figure 3b) shows that the gap between the porosity found in
the green and sintered samples is almost constant meanwhile the densification of the alloy decreases with the
incremental addition of Mn and Nb. As the Ti-xMn-xNb alloys samples were all sintered under the same condi-
tions (i.e. 1300 °C during 2 h), the decrement of the densification and the final amount of residual porosity are,
thus, dictated by the diffusion of the alloying elements to homogenise the chemistry of the alloy. Mn has lower
melting point than Ti and good diffusivity at the sintering temperature used, whereas Nb has much higher melt-
ing point than Ti and poor diffusivity in Ti at 1300 °C. Thus, the relative density values achieved (92.2—94.8%)
are the compromised between Mn promoting and Nb hindering the densification of the Ti-xMn-xNb alloys.
It is worth noticing that, however, the obtained relative density values are common for powder metallurgy Ti
alloys'>?2?7%8 where the achievement of a minimum of 92% of relative density generally indicates having reached
the last stage of sintering. This is confirmed by the microstructural analysis (Fig. 2) of the Ti-xMn-xNb alloys
where isolated primarily spherical residual pores were identified, which are typical of the last stage of sintering,
where formation of isolated spherical pores by coalescence and coarsening of the microstructural features occur.

Regardless of the actual chemistry of the material, the Ti-xMn-xNb alloys are characterised by a lamellar
structure composed of equiaxed a-Ti grains boundaries and a + B lamellae, where the a-Ti and p-Ti phases are
the only phases detected during XRD analysis (Fig. 1). A lamellar structure is typical of a + § Ti alloys**** and it
is formed upon the slow cooling of the alloy through its B transus temperature, where the equiaxed prior B-Ti
grains transform into equiaxed a-Ti grains boundaries. Parallel alternating lamellae of the a-Ti and p-Ti phases
nucleate and grow within the equiaxed a-Ti grains following one of the twelve specific orientation relationships
between the body centred cubic lattice of p-Ti and the hexagonal closed packed lattice of a-Ti. The actual features
of the lamellar structure of the Ti-xMn-xNb alloys are, however, highly influenced by the total amount of alloy-
ing elements added. Specifically, the Ti-0.5Mn-0.5Nb and Ti-1Mn-1Nb alloys have a coarse lamellar structure
composed of equiaxed a-Ti grains, whose size is, respectively, comparable or bigger to that of the particle size
of the starting powders, and coarse lamellae whose interlamellar spacing is slightly smaller in the case of the
Ti-1Mn-1Nb alloy. The Ti-3.5Mn-3.5Nb and Ti-5Mn-5Nb alloys are characterised by a much finer lamellar
structure composed of equiaxed a-Ti grains, whose size is smaller with respect to the starting powders, and a+
lamellae whose size is significantly refined by the higher addition of Mn and Nb. From the combined results of
the XRD and microstructural analysis, it can thus be concluded that the Ti-0.5Mn-0.5Nb and Ti-1Mn-1Nb
alloys are actually near-a alloys due to their slow amount of 3-Ti phase stabilised, whilst the Ti-3.5Mn-3.5Nb
and Ti-5Mn-5Nb alloys are a + f alloys.

The Ti-xMn-xNb alloys show an easlitc + plastc deformation behaviour when subjected to a uniaxial tensile
load (Fig. 4) where the transition from one to the other and the actual extent of the plastic deformation is dictated
by the microstructural features. Specifically, the phases present in the microstructure and their features have
a stronger effect on the mechanical behaviour of the Ti-xMn-xNb alloys than the amount of residual poros-
ity (Fig. 5¢); even though the latter has a stronger influence on the ductility (Fig. 5d). Because of the specific
amount of alloying elements added, the stress/strain curves (Fig. 4) and average mechanical properties (Fig. 5)
of the Ti-0.5Mn-0.5Nb and Ti-1Mn-1Nb alloys are close together and so are those of the Ti-3.5Mn-3.5Nb and
Ti-5Mn-5Nb alloys. Such behaviour is related to the formation of a coarse and fine lamellar microstructure,
respectively, for the Ti-0.5Mn-0.5Nb and Ti-1Mn-1Nb alloys, and for the Ti-3.5Mn-3.5Nb and Ti-5Mn-5Nb
alloys. The increment of the amount of stabilised -Ti phase leads to the progressive refinement of the size of the
equiaxed a-Ti grains and a significantly refinement of the lamellar spacing of the o + p lamellae. This justifies the
increase in strength and hardness and the decrease in ductility of the Ti-xMn-xNb alloys with the amount of
alloying elements. Because the Ti-xMn-xNb alloys of this study share the same lamellar structure, their harden-
ing rate curves have similar shape (Fig. 6), but the actual hardening behaviour is alloy-specific. In the last strain
hardening stage, higher strain hardening decreasing rates are obtained for higher amounts of alloying elements,
meaning that dislocations formation overpowers dislocations annihilation®, leading to lower values of uniform
ductility and deformation after necking. Accordingly, on the one side, the Ti-0.5Mn-0.5Nb and Ti-1Mn-1Nb
alloys fail in a ductile manner through the transgranular fracture of the coarse a-Ti lamellae without much
contribution from the residual porosity. On the other side, the Ti-3.5Mn-3.5Nb and Ti-5Mn-5Nb alloys fail in
a more brittle manner where both intergranular and transgranular fracture areas are present, and the residual
porosity contributes to the failure mode.

Figure 7 shows the comparison of the tensile behaviour of the Ti-xMn-xNb alloys of this study with
current literature on binary Ti-Mn, binary Ti-Nb, and ternary Ti-27Nb-xMn alloys (x~0, 1, 3, 5, 7, and 9
wt.%)!101521253536 "With reference to the latter, it is worth noticing that Ehtemam-Haghighi et al.?® measured
compressive properties, and thus could not be included in the comparison, whilst Chen et al.* used casting
followed by cold rolling, solution treatment and final quenching from 900°C and reported tensile properties
but did not quantify the hardness of the Ti-27Nb-xMn alloys. In terms of YS/elongation pairs (Fig. 7a), the
Ti-xMn-xNb alloys of this study have comparable properties to some of the binary Ti-Mn and Ti-Nb alloys
whilst the Ti-27Nb-xMn alloys have higher ductility for similar YS values. The differences are mainly due to
the actual composition of the alloys and the way they were manufactured and, therefore, a decreasing trend
can be seen between the YS and the elongation. Specifically, the binary Ti-Nb and Ti-27Nb-xMn alloys were
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Figure 7. Comparison of the mechanical properties of the Ti-xMn-xNb alloys with current literature on
binary Ti-Mn, binary Ti-Nb and ternary Ti-Mn-Nb alloys'®!>2:2>353: (a) YS vs elongation, (b) UTS vs
hardness, (c) YS vs amount of alloying elements, (d) UTS vs amount of alloying elements, (e) elongation vs
amount of alloying elements, and (f) hardness vs amount of alloying elements.

thermomechanically processed, and so some of the binary Ti-Mn alloys, meaning that they have no residual
porosity, where the residual pores greatly affect the ductility. With respect to the UTS/hardness pairs (Fig. 7b),
those of the Ti-xMn-xNb alloys of this study are similar to those of binary Ti-Nb alloys and lower than those
of binary Ti-Mn alloys, where a monotonically increasing trend is found between UTS and hardness.

A better understanding of the actual relative performance of the Ti-xMn-xNb alloys of this study with respect
to other Mn- and Nb-bearing Ti alloys is achieved considering the variation of each individual property as a func-
tion of the total amount of {} stabilising alloying elements. From Fig. 7¢), the Ti-xMn-xNb alloys have higher and
lower YS, respectively, compared to Ti-Nb and Ti-Mn alloys for the same amount of B stabilisers, highlighting
the different strengthening effect that Mn as eutectoid and Nb as isomorphous elements have on Ti. The YS of
the Ti-xMn-xNb alloys is in the same range of that of the Ti-27Nb-xMn alloys, despite the remarkably higher
amount of alloying elements of the latter. The same trends and considerations do apply to the variation of the UTS
with the amount of alloying elements (Fig. 7d) and, consequently, the Ti-xMn-xNb alloys are characterised by
elongation values (Fig. 7e) in between those of binary Ti-Nb and Ti-Mn alloys where local variations are, once
again, primarily due to the presence of the residual porosity. Furthermore, the Ti-27Nb-xMn alloys, which are
B Ti alloys, have significantly higher ductility with respect to all the other alloys, which are mainly a + p Ti alloys.
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Considering the variation of the hardness (Fig. 7f), the Ti-xMn-xNb alloys are still sitting in between the binary
Ti-Nb and Ti-Mn alloys due to the relative hardening powder of Nb and Mn. A general increasing trend of the
hardness with the amount of alloying elements is found for all the alloys, with the exception of the Ti-7Mn-xNb
alloys (x=3, 7, and 10 wt.%)®, where the hardness decreases as the amount of Nb increases.

Concluding, in this wok a series of Ti-xMn-xNb alloys (x=0.5, 1, 3.5 and 5 wt.%) were developed to be pro-
cessed using the blended elemental powder metallurgy approach where the powder blends are cold uniaxially
pressed and sintered. The effect of the combined addition of a eutectoid (i.e. Mn) and an isomorphous (i.e. Nb)
beta stabiliser on the processability, phase stability, microstructure, mechanical properties, failure mechanism,
and hardening behaviour was evaluated. The incremental addition of the Mn and Nb powders decreases the
compressibility of the powder blends and, consequently, the relative density decreases despite the fast diffusion
of Mn which aids solid-state sintering. The Ti-xMn-xNb alloys are exclusively composed of the a-Ti and B-Ti
phases and characterised by a lamellar microstructure, which is progressively refined by higher additions of Mn
and Nb. Accordingly, strength and hardness increase monotonically, ductility decreases (and it is much more
influenced by the residual porosity), the failure mode changes from purely intergranular to intergranular plus
transgranular, and higher strain hardening decreasing rates are obtained for higher additions of the alloying
elements.

Methods

The raw elemental powders used to manufacture the Ti-xMn-xNb alloys were an irregular Ti powder
(Dgy <75 pm, purity >99.4%) supplied by GoodFellow, an angular Mn (Dg, <45 um, purity >99.0%) supplied by
Sigma-Aldrich, and an irregular Nb powder (Dyy <45 pum, purity > 99.8%) supplied by AlfaAesar.

Powder blends of the Ti-xMn-xNb alloys, where x=0.5, 1, 3.5 and 5 wt.%, were manufactured by mixing the
raw powders for half an hour at a speed of 45 rpm. A servohydraulic uniaxial press was used to cold press the
powder blends at 600 MPa obtaining cylindrical specimens which were subsequently consolidated at 1300 °C
by means of vacuum sintering. The heating rate, soak time and cooling conditions were, respectively, 10°C/min,
2 h, and furnace cooling. The chosen pressing and sintering conditions were based on current literature about
powder metallurgy Ti alloys® .

A Philips X’pert equipment with CuK, radiation was used to determine the phases composing the alloys,
for which X-ray patterns with 20 =30-80° and scanning step of 0.013° were collected. An Olympus BX53 and a
Hitachi S4700 microscope was, respectively, used for optical and electron microscopy analysis of the phases of
the alloys. For microstructural analysis, each material was ground up to #2000, mirror polished with colloidal
SiO,, and eventually etched with a Kroll solution comprising distilled water, HF (2 vol.%) and HNO; (4 vol.%).

A 4-digit analytical scale and a 2-digit digital gauge were used to, respectively, quantify the weight and the
dimensions of the pressed samples as to be able to calculate their density. The same analytical scale was also
used to perform water displacement measurements of the samples in air and in water for the calculation of the
density of the sintered samples. The theoretical density of the alloys was computed considering the amount (i.e.
0.5-5 for both Mn and Nb plus Ti as balance) and the density of the elements used. For the latter, the following
values were used: 4.51 g/cm? for Ti, 7.43 g/cm? for Mn, and 8.57 g/cm? for Nb*!.

A wire cutter was used to cut tensile test pieces with dog-bone geometry with square cross-section of 2 x 2
mm? and gauge length of 20 mm. The tensile test pieces were pulled using a constant crosshead speed of 0.1 mm/
min using a 33-R-204 Instron machine. A 10 mm gauge length extensometer was used to record the elongation
of the tensile test pieces, testing at least five samples per alloy type. The offset method was used to determine the
YS of the alloys. The A-scale Rockwell hardness was used to measure the hardness of the alloys.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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