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Behavior of Different § Stabilizers on the Microstructure
and Properties of Ternary Ti-3Sn-X Alloys

Leandro Bolzoni,* Stella Raynova, Fei Yang, and Karl Dahm

The manufacturing of Ti alloys via powder metallurgy and the development of
novel compositions are two strategies to reduce the cost of Ti, which is still the
primary factor deterring its wider use in engineering applications. In this study,
new Ti alloys based on the combined addition of Sn with Nb, Mo, or Mn are

manufactured via powder metallurgy to gain an understanding of the role of these
f stabilizers on the performance achievable. It is found that the designed alloys
have a fully homogeneous chemistry regardless of their actual composition and a
lamellar or B-type microstructure depending on the actual p stabilizer used. This
study confirms that the f-stabilizing power effect decreases from Mn to Mo and,
eventually, Nb. The compressibility and sinterability of the alloys increase with
the progressive addition of the selected powders, generally leading to stronger
and more ductile materials. It is also found that the proposed Ti-3Sn-Mo alloys
are characterized by the best strength/ductility pairs compared to a variety of

sintered or cast binary/ternary Ti alloys bearing the alloying elements considered

near-net-shape, solid-state methods with
high yield of material utilization.’~"
Apart from using powder metallurgy,
another strategy to reduce the cost of Ti
alloys is considering cheaper alloying ele-
ments than the ones conventionally used.
Such an approach is also key for the devel-
opment of novel compositions with
enhanced mechanical performance.'®'%
Because Ti is characterized by allotropism,
alloying elements are divided between o
and P stabilizers depending on whether
they, respectively, raise or lower the
allotropic phase transformation tempera-
ture. B stabilizers are further subdivided
between isomorphous and eutectoids as a
function of their overall solubility in Ti.

in this work.

1. Introduction

Titanium (Ti) and its alloys are characterized by two fundamental
aspects that define their applicability in engineering products,
namely, the combination of properties they provide and their
high cost compared to other structural alloys."* In terms of
properties, Ti alloys show the overall best combinations includ-
ing low density, high strength, good corrosion resistance, and
biocompatibility; however, Ti is difficult to extract and process
due to its high affinity for oxygen, making it expensive.l*
Powder metallurgy is the ideal manufacturing technique for
aiming to reduce the processing costs of Ti alloys as they are
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Al is the most commonly used o stabilizer

but Sn, which is a much weaker o stabilizer

generally classified as neutral element, has

also been considered due to its large
solubility, enhancement of densification during sintering, and
strengthening effect. For example, Liu et al!" studied the
densification behavior and mechanical properties of binary
Ti-(2.5-7.5)Sn alloys obtained by press (uniaxial, 300 MPa) and
sinter (1100-1400°C/2h) of elemental powders. Compositions
are in percentage by mass unless otherwise specified. Azmat
et al.l'" also studied the conventional powder metallurgy route
but considered a wider range of binary Ti-(5-20)Sn alloys and
used cold isostatic pressing rather than uniaxial pressing
for shaping the blended elemental powder blends. Finally,
Ye et al."® produced binary Ti-(5-25)Sn alloys via spark plasma
sintering at 1150 °C for 1 h under an applied pressure of 30 MPa
and vacuum atmosphere analyzing the dynamic recrystallization,
grain refinement, and strengthening mechanism induced by hot
extrusion.

Regarding f stabilizers, Nb is generally used because it is non-
toxic and permits to reduce the intrinsic stiffness, Mo is added
because of its high solubility and strengthening effect while Mn
is considered to reduce the cost and remarkably increase the
mechanical properties. It is worth mentioning that both Nb
and Mo are isomorphous whereas Mn is a eutectoid f stabilizer.
Studies on the manufacturing and properties of binary Ti-Nb,
Ti-Mo, and Ti-Mn alloys are available in the literature.
Examples of such studies, especially when the alloys were man-
ufactured via powder metallurgy, are the work of Zhao et al.l'®
Sochacka et al.’”! and Fernandes Santos et al."® respectively.
Specifically, Zhao et al.'" manufactured p-type Ti-(10-22)Nb
alloys by metal injection molding using elemental Ti and Nb
powders sintered at 1500 °C for 2h. Sochacka et al.'”! studied
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B-type Ti-(18-52)Mo alloys shaped by both cold (600 MPa) and
hot compaction and sintered in the 600-1000 °C temperature
range during 1h. Fernandes Santos et al.'® developed p-type
Ti-(8-17)Mn alloys using metal injection molding for shaping
and vacuum sintering at 1100 °C for 8 h for densification.

Studies in which the combined addition of Sn and one of the
previously mentioned f stabilizers to create ternary Ti alloys was
analyzed are much less available in the literature, especially when
using powder metallurgy. For instance, Yilmaz et al.'”) prepared
ternary Ti-(0-4)Sn-16ND alloys using metal injection molding fol-
lowed by sintering (1250-1550 °C/2 h) to quantify the hardness
and modulus of elasticity, but no tensile behavior was reported.
Maeshima and Nishida®® considered ternary Ti-(1-5)Sn-(5-6)
Mo alloys prepared by arc melting in an Ar atmosphere to mea-
sure their shape memory properties in convenient bending and
heating tests. Zhou et al*!! recently reported the mechanical
properties and corrosion behavior of ternary Ti-2Sn-(2—4)Mn
alloys uniaxially pressed (600 MPa) and isothermally sintered
(1100-1250 °C/1-2 h).

From the literature, it is clear that binary Ti alloys individually
bearing Sn, Nb, Mo, or Mn were widely studied but ternary alloys
where Sn was combined with Nb, Mo, or Mn are not properly
developed, especially if manufactured via powder metallurgy.
Furthermore, the understanding around their tensile behavior
and its relationship with corresponding microstructures is
lacking. Therefore, the aim of this work is to gain a better under-
standing of the role that Nb, Mo, or Mn as f stabilizers have on
the microstructure and tensile properties of ternary Ti-3Sn-X
alloys. Consequently, Ti-3Sn-X alloys (x = Nb, Mo, Mn) compo-
sitions were designed on the basis of currently available theories,
manufactured via the classical press and sinter powder metal-
lurgy route, and characterized in terms of microstructural, phys-
ical, and mechanical properties. It is worth remarking that press
and sinter was chosen as the manufacturing process because it is
a recognized high-energy efficient green technology with intrin-
sic advantages for processing Ti alloys. This includes being near-
net-shape, which reduces the amount of machining/finishing
operations needed, being solid-state, which is beneficial to limit
the reactivity of Ti with manufacturing tools and atmospheric
gases, and having high material’s yield, which minimizes the
amount of costly scrap generated during manufacturing.
On top of that, the blended elemental approach used allows
maximum flexibility in designing new Ti alloy compositions.

2. Experimental Section

This study considered Ti-3Sn-X alloys (x= Nb, Mo, Mn) pro-
duced via powder metallurgy. Commercially available powders
were used as raw materials and their morphology and character-
istics are shown in Figure 1 and Table 1, respectively. The Ti pow-
der has maximum particle size of 75pm and irregular
morphology, which is ideal for its processing via press and sinter.
The powders of the alloying elements all have a variety of particle
shapes and smaller particle size aiming at improving the sinter-
ability of the alloys. It is worth mentioning that the starting Ti
powder has an oxygen content of 0.23 wt%.

Ti-3Sn-X alloys powder blends were prepared via mixing
through a V-blender operated at 45 Hz for 30 min. After mixing,
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Figure 1. Representative scanning electron microscope (SEM)
micrographs of the Ti-3Sn-X alloys powder blends: a) Ti-3Sn-Nb,
b) Ti-3Sn-Mo, and c) Ti-3Sn-Mn.

Table 1. Characteristics of the commercial raw powders as per suppliers’
specification.

Powder  Max particle size [pm] Morphology  Purity [%] Supplier
Ti <75 Irregular >99.4 Goodfellow
Sn <45 Spherical >99.8 Sigma-Aldrich
Nb <45 Irregular >99.8 AlfAesar
Mo <5 Rounded >99.9 Sigma-Aldrich
Mn <63 Angular >99.0 Sigma-Aldrich

the samples were cold pressed into cylindrical specimens with
40 mm diameter and 10 mm thickness. Uniaxial pressing was
done at room temperature by using a 100-Ton press applying
600 MPa of load and 15 s of holding time. As per current litera-
ture,”**% the specimens were subsequently vacuum sintered
using 10 °C min~" heating rate up to 1300 °C and held for 2 h.
The specimens were finally cooled inside the furnace using a
cooling rate of 10 °C min~".

For microstructural investigation, which was performed using
an Olympus BX-60 optical microscope and a Hitachi S-4700
SEM, the samples were ground, polished, and etched with a
water-based Kroll etchant (2mL HF +4mL HNO;). XRD
analysis, which was performed on Philips X’pert equipment
(radiation: CuK,), was done using 0.013° as scanning rate in
the 30°-80° 20 scanning angle range.

The theoretical density of the alloys (gcm ™) was calculated
as the density of the individual element times the corres-
ponding amount using the rule of mixtures. The dimensions
(diameter and height) of the green samples were measured
using a caliper while their weight was measured through a
high-precision analytical scale. For the sintered materials,
their density was obtained by measuring the weight of the
material in air and water using Archimedes’ principle of liquid
displacement.
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Dog-bone tensile testing samples with rectangular cross-
sections 2 x 2 mm? and a gauge length of 20 mm were obtained
by means of a wire cutter. After cutting, the samples were ground
to remove the surface roughness. For each composition, a mini-
mum of three tensile specimens was tested using a constant
crosshead speed of 0.1 mm min " in an Instron 33R4204 univer-
sal tensile tester equipped with a S50 kN load cell. Samples were
mechanically fit in clamps with appropriate geometry and an
external mechanical extensometer was used to continuously
measure the elongation. Five individual measurements were
performed to quantify the average Vickers microhardness
(HV4) of the alloys.

3. Results and Discussion
3.1. Design of the Ti-3Sn-X Alloys

In this study, we aimed at designing Ti-3Sn-X alloys (x = Nb, Mo,
Mn) to investigate the effect of different p-stabilizing elements on
their manufacturability and achievable properties. The design
was done through a combination of the molybdenum equivalent
parameter as defined by Wang et al.?¥ and the molecular orbital
method proposed by Morinaga.l?®! It is worth mentioning that in
the literature, there exist other definitions of the molybdenum
equivalent parameter (e.g., Molchanova'*! or Banial®”)) but they
do not take into account the effect of Sn. From Figure 2a), which
shows the molybdenum equivalent parameter of the alloys of this
study, it can be seen that the selected alloying elements have a
proportionally higher p phase stabilization factor. Specifically,
this factor increases from 0.28 for Nb, to 1 for Mo and to
2.26 for Mn. This allows to clarify the effect of p stabilizers with
a factor lower (i.e., Nb) and higher (i.e., Mn) stabilization power,
respectively, in comparison to Mo, which is commonly used as
baseline. It can also be noticed that, as expected, the molybde-
num equivalent parameter increases with the amount of each
specific f stabilizer (Figure 2a). The subdivision proposed by
Cotton et al.”*®! was used and, therefore, the Ti-3Sn-Nb alloys
are classified as near-f while the Ti-3Sn-Mo and Ti-3Sn-Mn alloys
are metastable f.

Determination of the amount of each specific p stabilizer was
refined by creating a bond order/d-orbital energy map
(Figure 2b). One composition laying at the f alloys’ borderline
(thick dashed line) and one inside the f alloys’ field were chosen.
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It is worth mentioning that the intrinsic diffusivity of the alloying
elements, as dictated by their melting point, was also taken into
account. Mn has higher diffusivity than Nb and Mo, which favors
the dissolution of the powder particles.”®) Consequently, the rel-
ative position of the Ti-3Sn-Mn alloys in the bond order/d-orbital
energy map is shifted toward inside the p alloys’ field with respect
to the Ti-3Sn-Nb and Ti-3Sn-Mo alloys. From this combined
designing approach, the proposed alloys include Ti-3Sn-20Nb,
Ti-3Sn-25Nb, Ti-3Sn-10Mo, Ti-3Sn-12Mo, Ti-3Sn-8Mn, and
Ti-3Sn-10Mn (Figure 2).

3.2. Microstructural Analysis of the Ti-3Sn-X Alloys

Representative results of the microstructural characterization of
the Ti-3Sn-Nb alloys are shown in Figure 3 where it can be seen
that the alloys are characterized by the presence of residual poros-
ity. This is the expected behavior for powder metallurgy Ti-based
alloys and the fact that the pores are isolated, almost spherical in
shape, and primarily sitting at the grain boundaries (Figure 3a,b)
indicates that the alloys reached the last stage of sintering during
their manufacturing. Because of that, full dissolution of the alloy-
ing elements powder particles and achievement of a fully homo-
geneous chemistry is expected as it was confirmed via elemental
mapping analysis. It can be noticed that the distribution of Ti
(Figure 3f) and Sn (Figure 3g) is completely homogeneous
between the phases composing the alloys whereas depletion of
Nb (Figure 3h) is appreciable at the a grain boundaries. This
is coherent with the equilibrium binary Ti-Nb phase diagram
as the solubility of Nb in « Ti is approximately 3 wt%.*?) As
near-p Ti alloys, the Ti-3Sn-Nb alloys have the classical lamellar
microstructure constituted by equiaxed o grain boundaries and
a + P lamellae. The size of the equiaxed o grains is not signifi-
cantly different, although slightly smaller for the Ti-3Sn-25Nb
alloy, and the lamellae are finer for higher amounts of Nb as
a consequence of the greater amount of stabilized p phase
(Figure 3c,d).

From the representative results of the microstructural charac-
terization of the Ti-3Sn-Mo alloys, residual isolated rounded
pores are present (Figure 4a,b), the alloys are characterized by
a lamellar microstructure (Figure 4c,d), and homogenization
of the alloying elements was obtained during sintering
(Figure 4e-h) although of the high melting point of Mo. The
complete dissolution of the Mo powder particles, despite the slow
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Figure 2. Details of the theories used to design the Ti-3Sn-X alloys (X=Nb, Mo, Mn): a) molybdenum equivalent, and b) bond order/d-orbital

energy map.
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Figure 3. Representative results of the microstructural characterization of
the Ti-3Sn-20Nb and Ti-3Sn-25Nb alloys, respectively: a,b) optical micro-
graphs, c,d) SEM micrographs, e) high magnification SEM micrograph,
f) Ti elemental map, g) Sn elemental map, and h) Nb elemental map.

diffusivity, is ascribable to their small particles size (Table 1). The
only remarkable difference between the microstructure of the
Ti-3Sn-Nb and Ti-3Sn-Mo alloys is the size of the features of
the lamellar microstructure. In particular, the Ti-3Sn-Mo alloys
are characterized by significantly smaller equiaxed a grains and
finer lamellae, once again due to the higher amount of stabilized
p phase. As for the Ti-3Sn-Nb alloys, despite the fact that both Nb
and Mo are isomorphous f stabilizers, a noticeable depletion of
Mo at the a grain boundaries is found (Figure 4h).

As for the other Ti-3Sn-X alloys, residual porosity is present in
the microstructure of the sintered Ti-3Sn-Mn alloys where both
spherical and irregular pores can be seen (Figure 5a,b). The
chemical composition of the alloys is homogeneous due to the
fast dissolution of the Sn and Mn powder particles. The key dif-
ference with respect to other Ti-3Sn-X alloys is that the Ti-3Sn-
Mn alloys are characterized by a B-type microstructure composed
of p grains and o lamellae found either at the grain boundaries or
within the grains (Figure 5c,d) rather than the typical lamellar
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Figure 4. Representative results of the microstructural characterization of
the Ti-3Sn-10Mo and Ti-3Sn-12Mo alloys, respectively: a,b) optical micro-
graphs, c¢,d) SEM micrographs, e) high magnification SEM micrograph,
f) Ti elemental map, g) Sn elemental map, and h) Mo elemental map.

microstructure. The resulting microstructure is due to Mn hav-
ing a stronger p-stabilizing effect compared to Nb and Mo. The
amount of Mn added is high enough to form p grains but not
sufficient to completely prevent the allotropic phase transforma-
tion. Consequently, o lamellae still form within the microstruc-
ture upon cooling from the sintering temperature. On average,
the size of the grains is comparable to that of the Ti-3Sn-Nb alloys
but the o lamellae are significantly coarser in the case of the Ti-
3Sn-Mn alloys. Elemental mapping analysis shows a homoge-
neous distribution of Ti (Figure 5f) and Sn (Figure 5g) within
the two phases but depletion of Mn in the a lamellae is clearly
discernible (Figure 5h) as Mn has limited solubility in the o Ti
phase.[*?!

The results of the XRD characterization of the Ti-3Sn-X alloys
are shown in Figure 6. From the XRD patterns of the Ti-3Sn-Nb
alloys, it can be seen that the diffraction peak with the highest
relative intensity is the one related to the p phase (Figure 6a).
A substantial number of diffraction peaks corresponding to
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Figure 5. Representative results of the microstructural characterization of
the Ti-3Sn-8Mn and Ti-3Sn-10Mn alloys, respectively: a,b) optical micro-
graphs, ¢,d) SEM micrographs, e) high magnification SEM micrograph,
f) Ti elemental map, g) Sn elemental map, and h) Mn elemental map.

the a phase are also present in agreement with the lamellar
microstructure found during microstructural analysis (Figure 3).
It can be noticed that as the amount of Nb increases the relative
intensity of the o phase’s peaks decreases, which is especially
noticeable from the decrement of the relative intensity of the
a(101) plane diffraction peak sitting at approximately 40°.

The analysis of the Ti-3Sn-Mo alloys yields similar results
where the main diffraction peak of the § phase is the one with
the highest relative intensity and the diffraction peaks of the «
phase decrease in intensity when the amount of Mo is increased
(Figure 6b). This is coherent with the stabilization of a greater
amount of p phase within the microstructure (Figure 4) as
brought about by using a higher content of p stabilizer. Key dif-
ferences between the XRD patterns of the Ti-3Sn-Mn alloys
(Figure 6¢) with respect to the other Ti-3Sn-X alloys are the dis-
appearance of the a(101) plane diffraction peak, which overlaps
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with the main peak of the p phase, and the detection of a third
peak at around 72° related to the § phase. As expected, the relative
intensity of the p phase’s peaks increases with the amount of Mn
added to the alloy due to the stabilization of a greater amount of
phase in the microstructure (Figure 5). The previously discussed
behavior is consistent with the quantification of the variation of
the amount of the two phases presented in Figure 6d) as the
relative amount of o decreases and that of the  phase increases
with the increment of the amount of each p stabilizer. Moreover,
higher amounts of p phase are found when more powerful
f stabilizers are used. Overall, the XRD analysis also confirms
that the Ti-3Sn-X alloys are characterized by a homogeneous
chemistry as no diffraction peaks related to the elemental pow-
ders were detected. Moreover, it is confirmed that no metastable
and intermetallic phases are present in the sintered alloys,
although they might have formed—especially when the melting
of Sn occurs—and subsequently disappeared through the
sintered process.

3.3. Physical Properties of the Ti-3Sn-X Alloys

Figure 7 shows the results of the characterization of the physical
properties of the Ti-3Sn-X alloys. In terms of green density, regard-
less of the type of alloying element powder added, slightly higher
values are obtained when using a greater amount of the same alloy-
ing elements, e.g., Nb. This means that the addition of an alloying
element with a particle size lower than that of Ti (Table 1) slightly
increases the compressibility of the Ti-3Sn-X alloy powder blends
regardless of the actual morphology and size of the alloying
element used. However, the latter, the actual amount of powder
added as well as the intrinsic hardness do have an effect on the
compressibility. Consequently, slightly higher green density values
are progressively achieved by changing the main f stabilizer
alloying element from Nb to Mo and, eventually, Mn.
Considering the relative density values of the sintered sam-
ples, it can be seen that for each system the alloys with higher
amount of p stabilizer reach higher relative density values. As the
samples were all sintered under the same conditions, this is due
to the slightly higher green density. Nonetheless, the outcome of
the sintering process is also significantly affected by the particle
size of the alloying elements and their intrinsic diffusivity at the
sintering temperature. Specifically, among the f stabilizer alloy-
ing elements used, Mn has the lowest melting point followed by
Nb and then Mo. Therefore, for the same sintering temperature,
the intrinsic diffusivity progressively decreases from Mn to Nb
and Mo. However, the particle size of the powders used
decreases from Mn to Nb and Mo, with Mo having a significantly
smaller size than the other f stabilizer alloying element (Table 1).
The combination of these factors justifies the trend obtained
where, in general, the Ti-3Sn-Nb and Ti-3Sn-Mo alloys have
slightly higher sintered density values compared to the
Ti-3Sn-Mn alloys despite starting from a lower green density
(Figure 7a). Such behavior is reflected in the densification param-
eter values plotted in Figure 7b) where, overall, higher densifica-
tion is achieved through the addition of Mo followed by Nb and
Mn. Additionally, the densification value increases with the
amount of P stabilizer alloying element for each Ti-3Sn-X alloy
system. Accordingly, it can be seen that the porosity gap within
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Figure 6. Results of the XRD analysis of the Ti-3Sn-X alloys: a) XRD patterns of the Ti-3Sn-Nb alloys, b) XRD patterns of the Ti-3Sn-Mo alloys,

c) XRD patterns of the Ti-3Sn-Mn alloys, and d) relative amount of the a and f phases.
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Figure 7. Results of the characterization of the physical properties of the Ti-3Sn-X alloys (X = Nb, Mo, Mn):

densification as a function of the amount of p stabilizer.

each system is marginally higher for greater addition rates of
stabilizer alloying elements and the Ti-3Sn-Nb and Ti-3Sn-Mo
alloys have higher porosity gap values with respect to the
Ti-3Sn-Mn alloys. It is worth noticing that the relative density
data presented in Figure 7a) are coherent with the volumetric
amount of residual porosity present in the microstructures of
the Ti-3Sn-X alloys (Figure 3-5). It is also worth mentioning that,
independently of the small differences found, the green and sin-
tered relative density values of the Ti-3Sn-X alloys (Figure 7) are
comparable to those of other Ti alloys manufactured via the
blended elemental powder metallurgy method./”~*%3"
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a) relative density, and b) porosity gap and

3.4. Mechanical Behavior of the Ti-3Sn-X Alloys

Representative stress—strain tensile curves as well as the average
mechanical properties of the Ti-3Sn-X alloys are reported in
Figure 8. It is found that the Ti-3Sn-Nb and Ti-3Sn-Mo alloys
are characterized by both elastic and plastic deformation before
noncatastrophic failure while the Ti-3Sn-Mn alloys show pure elas-
tic behavior. For each system, the stiffness is not greatly affected by
the amount of alloying elements, but the Young modulus signifi-
cantly changes depending on the type of f stabilizer alloying
element considered. Ti-3Sn-Mo alloys are stiffer compared to
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Figure 8. Results of the characterization of the mechanical behavior of the Ti-3Sn-X alloys (X = Nb, Mo, Mn): a) representative stress/strain curves,
b) Young modulus versus sintered density), ) strength versus sintered density, d) elongation versus sintered density, and €) hardness versus sintered

density.

the Ti-3Sn-Mn and Ti-3Sn-Nb alloys (Figure 8b). Similar Young
modulus’ values were reported in the literature for Ti-Mo alloys,*?
Ti-Nb-Zr alloys.** and Ti-Nb-Sn alloys,?***! respectively.

With respect to the strength of the Ti-3Sn-X alloys (Figure 8c),
generally the increase of the amount of the p stabilizer alloying
element increases the strength with the exception of the Ti-3Sn-
Mn alloys where the ultimate tensile strength (UTS) slightly
decreases due to the brittle nature of the alloys. More in detail,
the increase of the Nb content from 20% to 25% leads to an aver-
age increase of the YS and UTS of 75MPa while an average
increase of 100 MPa is achieved when increasing the Mo content
from 10% to 12%. The higher strengthening induced by the addi-
tion of Mo is due to its stronger p-stabilizing effect. Consequently,
the Ti-3Sn-Mo alloys are stronger (250-300 MPa) than the
Ti-3Sn-Nb alloys despite their lower total amount of alloying

Adv. Eng. Mater. 2023, 2301503 2301503 (7 of 10)

elements. Even higher strength values should have been achieved
in the Ti-3Sn-Mn alloys; however, that is prevented by their pre-
mature catastrophic failure.

The variation in the strength of the Ti-3Sn-X alloys is justified
by the compromise between the different aspects brought about
by the addition of each specific alloying element including solid
solution, microstructural changes, and residual porosity. In par-
ticular, the contribution of the solid solution strengthening
mechanism is proportional to the amount of alloying elements
added. The associated maximum solubility of the elements in the
phases present in the microstructure is also relevant as this leads
to partitioning as shown by the microstructural analysis.
Regardless of the type of B stabilizer considered, their addition
leads to the stabilization of a greater amount of the p phase which
is stronger than the o phase. Additionally, the addition of the B
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stabilizers generates microstructures composed of slightly
smaller equiaxed a grains and significantly finer o + f lamellae
with attendant reduction of the interlamellar spacing. It is found
that the contribution of the strengthening via microstructural
refinement becomes more prominent moving from Nb to Mo
and to Mn. In this instance, the addition of a higher amount
of each p stabilizer also leads to a lower amount of residual poros-
ity which constitutes stress concentration sites and can provide a
preferential pathway for crack propagation. All these aspects are
therefore responsible for the continuous increase of the resis-
tance to plastic deformation, resulting in the increase of the
strength, as shown in Figure 8c).

Regarding the elongation at failure (Figure 8d), it is expected
that lower ductility values are achieved for stronger alloys. It can
be noticed that this is only the case for the Ti-3Sn-Mo alloys
whereas the ductility increases with the amount of Nb and
remains constant with the amount of Mn. For the latter, the elon-
gation at failure Ti-3Sn-Mn alloys does not significantly change
because of the purely elastic behavior. For the Ti-3Sn-Nb alloys,
the elongation at failure slightly increases due to the better com-
promise between increase in relative density (Figure 7), higher
amount of stabilized o phase (Figure 6), and less pronounced
refinement of the lamellar structure (Figure 3) in comparison
to the Ti-3Sn-Mo alloys (Figure 4). As for the strength, the varia-
tion of the elongation at failure is related to the effects caused by
the addition of the p stabilizers and their actual amount. On the
one side, all the strengthening mechanisms previously men-
tioned, which include solid solution, stabilization of the p phase,
and refinement of the microstructural features are detrimental
for the ductility. On the other side, the reduction of the total
amount of residual pores present in the microstructure is
beneficial. Therefore, for each specific alloying elements, their
compromise justifies the trends shown in Figure 8d).

Due to the well-established relationship between strength and
hardness, similar trends are obtained in terms of Vickers micro-
hardness (Figure 8e). Therefore, the hardness increases with the
amount of the P stabilizer alloying element for each system.
Moreover, the increment of the Mn content leads to a greater
increase in hardness (79 HV;) compared to the incremental addi-
tion of Mo (31 HV;) and Nb (11 HV;). This is obviously related to
the p stabilizing power of each alloying element and the resultant
microstructure. Accordingly, the Ti-3Sn-Mo alloys are character-
ized by higher hardness values (95-115 HV;) with respect to the
Ti-3Sn-Nb alloys. The hardness of the Ti-3Sn-10Mn alloy is
comparable to that of the Ti-3Sn-Mo alloys and the hardness
of the Ti-3Sn-8Mn alloy is more similar to that of the Ti-3Sn-
Nb alloys. Consequently, all the aspects previously mentioned
(i-e., solid solution strengthening, increased amount of f§ phase,
finer lamellar structure, and the decrement of the volumetric
amount of residual porosity) contribute to make the Ti-3Sn-X
alloys harder for higher additions of p stabilizers as a function
of their p stabilization power (Nb—Mo—Mn).

From Figure 8, it can also be appreciated the effect of the
relative sintered density. Generally higher performance is
achieved when reaching higher relative density, which is the
expected behavior for powder metallurgy materials.*® The
higher increment in density in the Ti-3Sn-Mo alloys contributes
to justify their higher mechanical properties with respect to the
Ti-3Sn-Nb alloys. The rate at which the strength and hardness of
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these alloys increase with the relative density for each alloy sys-
tem is fairly similar. This is due to the compromise between the
different strengthening effects brought about by the addition of
Mo and Nb, which include solid solution strengthening, micro-
structural refinement (Figure 3-5), stabilization of a greater
amount of p phase (Figure 6), and changes in amount of residual
porosity (Figure 2). However, it is interesting to notice the
remarkably higher increase in hardness over a small relative den-
sity range of the Ti-3Sn-Mn alloys (Figure 8e). Such an increment
is due to the much stronger p-stabilizing effect of Mn and the
consequent formation of a PB-type microstructure (Figure 5)
rather than a lamellar one. It is worth noting that the mechanical
properties discussed are also affected by the amount of intersti-
tials in general and oxygen in particular as they are renowned to
strength Ti alloys. The Ti-3Sn-X alloys have an oxygen content
greater than 0.2 wt%, which is commonly specified for wrought
alloys, as a consequence of the oxygen content of the raw Ti
powder used.

Representative results of the fractographic analysis of the
Ti-3Sn-X alloys are shown in Figure 9. From their comparison,
it is evident the difference in fracture mode between the Ti-3Sn-
Nb and Ti-3Sn-Mo alloys and the Ti-3Sn-Mn alloys. Due to their
purely elastic behavior, the Ti-3Sn-Mn alloys fail in a brittle man-
ner and, therefore, the fracture surface is flat, cleavage planes are
clearly discernible, river pattern left by transgranular interlamel-
lar failure are present, and the morphology of the residual pores
is mainly undeformed. Conversely, the fracture surface of the

| S
!E )T1 3Sn25Nb

Figure 9. Representative results of the fractographic analysis characteriza-
tion of the Ti-3Sn-X alloys: a) Ti-3Sn-20Nb alloy, b) Ti-3Sn-25Nb alloy,
c) Ti-3Sn-10Mo alloy, d) Ti-3Sn-12Mo alloy, e) Ti-3Sn-8Mn alloy, and
f) Ti-3Sn-10Mn alloy.
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Ti-3Sn-Nb and Ti-3Sn-Mo alloys is rough as a consequence of
their ductile behavior. Specifically, dimples and deformed resid-
ual pores are the primary constituents of the fracture surface,
even though some shallow t-ridges derived by the intergranular
fracture of the colonies’ boundaries are also found. The results of
the fractographic analysis are consistent with the tensile behavior
(Figure 8) and, thus, a greater number of ductile dimples are
generally found in the Ti-3Sn-Nb alloys. However, the fracture
surface of the Ti-3Sn-8Mo alloy has a significant amount of areas
failed in a ductile manner due to the ability of this alloy to
withstand a great amount of plastic deformation before failure.

Figure 10 shows the comparison of the mechanical properties
(UTS/elongation and YS/hardness) of the Ti-3Sn-X alloys with
other Ti alloys bearing the alloying elements of the Ti-3Sn-X
alloys produced by different manufacturing methods. In term
of strength/ductility pairs, the Ti-3Sn-Mo alloys show the best
compromise with higher strength for comparable ductility with
respect to sintered Ti-Mn and Ti-2Sn-Mn alloys, remarkably
higher strength and ductility in comparison to sintered Ti-Sn
alloys as well as higher strength and significantly better elonga-
tion compared to cast Ti-Mo and Ti-Nb-Mo alloys. The Ti-3Sn-Nb
alloys have similar UTS but higher elongation compared to
sintered Ti-Sn alloys, the strength is comparable or lower but
the ductility is higher in comparison to cast Ti-Nb-Mo alloys,
and the UTS/elongation pairs seem to be comparable to those
of spark plasma sintered Ti-Nb alloys. Due to their brittle nature,
the Ti-Nb-Mn alloys have the lowest UTS/elongation pairs,
although their ductility is still comparable to that of sintered
Ti-Sn alloys and cast Ti-Mo alloys. The highlighted differences
derive from the type of manufacturing route used as well as
the actual composition of each specific alloy. In particular, binary
Ti-(2.5-7.5)Sn,1"* Ti-(15-25)Nb,*” Ti-(8.7-15)Mo,*® Ti-(1-14)
Mn,["®3%4% ternary  Ti-(10.8-26.7)Nb-(9.2-10.8)Mo,*"!  and
Ti-(2)Sn-(2—4)Mn*" alloys were used for the sake of comparison.
In general, the higher the amount of alloying elements the
higher the strength and the lower the ductility, and alloys
obtained via powder metallurgy show better ductility than those
manufactured via casting. This is derived by the fact that a greater
amount of alloying elements generally leads to the activation
of different strengthening mechanisms among which a
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a) UTS versus elongation and b) YS versus hardness.

proportionally higher solid solution strengthening, greater
amount of B phase stabilized within the lamellar microstructure,
and refinement of the microstructural features. The use of pow-
der metallurgy to fabricate the Ti alloys generally results in finer
microstructure with respect to casting but powder metallurgy
materials are also characterized by presence of residual porosity.
Analyzing the variation of YS versus hardness (Figure 10b), a
greater amount of alloying elements in the composition lead to
stronger and harder materials regardless of the type of alloying
element used. Moreover, cast alloys have normally higher hard-
ness for comparable YS values. On the one side, the Ti-3Sn-Mo
alloys are characterized by the highest YS/hardness pairs with
respect to all the other powder metallurgy alloys considered,
including sintered Ti-Sn, sintered Ti-Mn, and sintered Ti-2Sn-
Mn alloys. On the other side, the Ti-3Sn-Nb alloys are character-
ized by the lowest YS/hardness pairs among the powder
metallurgy alloys. Moreover, the Ti-3Sn-Nb alloys have compara-
ble YS and lower hardness with respect to some of cast of the
Ti-Mo alloys. However, it is worth mentioning that the compari-
son of the YS/hardness pairs is also affected by the fact that
slightly different types of Vickers microhardness (i.e., HVy,,
HVy 3, HVys, and HV,) were used in the different studies.

4. Conclusion

This study analyzed the design and manufacturing via powder
metallurgy of ternary Ti-3Sn-X alloys (X = Nb, Mo, Mn) and aims
to gain an understanding of the effects that the different f
stabilizers have on the microstructure and properties. It can
be concluded that ternary Ti-3Sn-X alloys with homogeneous
chemistry can be achieved regardless of their actual composition
when using the commercial powders described in this study. The
complete dissolution of the alloying elements powder particles is
favored Dby either their high diffusivity in Ti at the chosen
sintering temperature or their small particle size. The designed
Ti-3Sn-Nb and Ti-3Sn-Mo alloys are characterized by a lamellar
microstructure that is refined if higher additions of alloying
elements are used. Moreover, the Ti-3Sn-Mo alloys have finer
microstructural features in comparison to Ti-3Sn-Nb alloys
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due to the stronger B stabilizing power of Mo. For the same rea-
son, the designed Ti-3Sn-Mn alloys are characterized by a p-type
microstructure. The selection of the alloying elements powder is
crucial as their particle size and morphology affect the compress-
ibility and the sinterability of the ternary Ti-3Sn-X alloys, which
in this instance are both enhanced. Due to the resulting micro-
structure and associated strengthening mechanisms, the Ti-3Sn-
Nb and Ti-3Sn-Mo alloys show elastoplastic behavior while the
Ti-3Sn-Mn alloys are brittle in nature and this is reflected in their
fracture surface. Strength, hardness, and ductility are improved
by higher additions of Nb whereas Mo enhances the strength but
decreases the ability to plastically deform. The Ti-3Sn-Mo alloys
have the best compromise between strength and ductility among
the alloys studied and those available in literature used for the
sake of comparison.
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