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eutectoid, depending on their resulting binary phase diagram
with Ti [5,6]. Isomorphous elements such as V, Nb and Mo
have complete solubility with Ti both in the liquid and solid
state and were, therefore, the primary choice for the devel-
opment and manufacturing of wrought Ti alloys, which need
to undergo a melting step [7—9]. These elements are generally
more expensive than Tiitself and, thus, contribute to the high
cost of Ti alloys. Eutectoid B stabilisers elements, such as Fe,
Mn and Cu, are generally cheaper than Ti, and thus could be
used to reduce the intrinsic cost of the alloy. However, they
have been mainly ignored because of sedimentation and re-
action problems during melting [10,11]. Such problems can be
avoided if Ti alloys are manufactured using powder metal-
lurgy as they are solid state techniques. Moreover, powder
metallurgy offers other advantages such as high yield of

1. Introduction

Titanium is sought after in engineering applications due to the
combination of properties it provides, which include good
corrosion resistance, biocompatibility with the human body,
high mechanical properties at high temperature, and the
highest specific mechanical properties, as a consequence of
the low density and high strength [1,2]. Such combination of
properties and, especially, the remarkable good balance of
strength and toughness is generally obtained in a+p Ti alloys,
where the high temperature BCC B Ti phase is stabilised at
room temperature through the addition of appropriate
chemical elements [3,4]. These elements, known as B stabil-
isers, are commonly divided between isomorphous and
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material and limited machining, which are significant when
aiming to reduce the cost of Ti [12,13] compared to other
structural metals [14].

Cu and Fe are amongst the cheapest and most abundant
eutectoid B stabilisers elements that can be used to create a4+
Ti alloys and have been primarily used to produce binary Ti
alloys. Regarding binary Ti—Cu alloys, Zhang et al. [15] pre-
pared Ti—xCu (x =5 and 10%, compositions are in wt.% unless
specified otherwise) alloys using high purity Ti and Cu pow-
ders, which were ball milled for 3—6 h followed by hot pres-
sure sintering to produce samples with a diameter of 40 mm
under vacuum using the following parameters: 850—1050 °C,
30 MPa, 120 min, and furnace cooling. After sintering the
samples were subjected to extrusion at a rate of 10 mm/s at
800 °C into cylindrical bars with a diameter of 16 mm. In
another study by Zhang et al. [16], the same alloys were pre-
pared via ball milling for 0.5 h, then hot pressure sintered
under vacuum condition in argon at 0.093 MPa and 800 °C for
60 min. Liu et al. [17] also hot pressure sintered Ti—xCu (x = 2,
5, 10 and 25%) alloys under vacuum conditions similar to
Zhang et al. [15]. Zhang et al. [16] also looked at producing
Ti—Cu alloys by an ingot casting method via a vacuum non-
consumable furnace, where the samples were remelted at
least six times to obtain homogenous compositions. Some of
the alloys were also vacuum sealed in a crystal tube and heat
treated at different temperatures. Kikuchi et al. [18] produced
Ti—xCu (x = 0.5, 1, 2, 5 and 10%) alloys through an argon-arc
melting furnace, where the alloys were remelted and cast
into a magnesia mould at 200 °C in a centrifugal casting ma-
chine. Yietal. [19] also used a similar casting method to obtain
Ti—xCu (x = 2, 5, 7 and 10%) alloys, which were also subse-
quently heat treated at 950 °C for 3 h in vacuum furnace, fol-
lowed by cooling inside the furnace to room temperature.

Concerning binary Ti—Fe alloys, Chen et al. [20] produced
Ti—xFe (where x = 3, 5 and 7%) alloys using gas atomized Ti
powder and carbonyl Fe powder with particle size of 25.2 um
and 3.4 um, respectively, processing them using press and
vacuum sintering at 1250 °C, followed by cooling at different
cooling schedules. Raynova et al. [21] investigated the pro-
duction of the binary Ti—5SFe alloy through microwave sin-
tering using elemental Ti and Fe powders. The powder blend
was compacted into 56 mm diameter samples via uniaxial
pressing (430 MPa) at 230 °C. Sintering of the Ti—5Fe alloys was
done in the sintering temperatures range between 1200 °C and
1400 °C with holding time of 3—30 min. Romero et al. [22] also
fabricated the powder metallurgy Ti—5Fe alloy from Ti and Fe
carbonyl powders using the blended elemental route entailing
compacting at 400 MPa and 230 °C followed by vacuum sin-
tering at 1300 °C for 2 h and final thermomechanical pro-
cessing. During the latter, the alloy was extruded at different
temperatures, and heat treatments such as solution treat-
ment and aging were investigated. Niu et al. [23] manufac-
tured a series of binary Ti—xFe (x = 0.2, 0.5, 1, 2, 3 and 4%)
alloys using high purity Ti sponge and Fe powders preparing
the alloys via the cold crucible levitation melted casting
method.

The design and manufacturing of ternary Ti alloys
comprising the simultaneous addition of Cu and Fe has also
been considered but to a much lesser extent than in the case
of binary Ti—Cu and Ti—Fe alloys. Cho et al. [24] studied the

production of ternary Ti—Fe—Cu alloys for biomedical appli-
cations, which were prepared from sponge Ti, Fe in wire form,
and high-purity Cu using an arc melting method under a high-
purity argon atmosphere. The alloys produced were also
subjected to a heat treatment under a high-purity argon at-
mosphere at 900 °C for 6 h followed by air cooling. It is worth
mentioning that the maximum amount of Tiin Cho et al.’s [24]
alloys was approximately 75%, meaning that they aimed at
producing heavily alloyed Ti alloys where the amount of
alloying elements was, at least, 25% as the aim of the work
was to manufacture B Ti alloys. Zadorozhnyy et al. [25,26]
fabricated a very specific ternary Ti—Fe—Cu alloy, the
Ti—3.5Fe—3.9Cu alloy, in the form of rods (6 mm diameter and
50 mm length) by means of arc melting in an argon atmo-
sphere using pure metals, where compositional homogeneity
was ensured by turning over and re-melting five times the
ingots, aiming to either study the mechanical performance
[25] or the electrochemical behaviour and the biocompatibility
of such alloy [26]. Chaussé de Freitas et al. [27] analysed the
microstructure and processability of semisolid Ti—Cu—Fe al-
loys (i.e. Ti—24Cu—4Fe, Ti—26Cu—4Fe, and Ti—28Cu—4Fe) ob-
tained by means of thixoforming for which arc-melted ingots
were homogenized at 950 °C for 24 h (argon atmosphere) and
furnace cooled. As in the case of Cho et al.’s work [24], the
investigation of Chaussé de Freitas et al. [27] focused on
heavily alloyed Ti alloys where the maximum amount of Ti
was 72% meaning that, once again, the alloys manufactured
were B Ti alloys.

From literature it is clear that binary Ti—Cu and Ti—Fe al-
loys have been widely investigated to create both a-+p and B Ti
alloys, whilst only a limited amount of research has been done
on ternary Ti—Cu—Fe alloys. In particular, the focus was on
developing B Ti alloys and, to the best authors’ knowledge, the
only work considering a+p Ti—Fe—Cu alloys is the work of
Zadorozhnyy et al. [25,26], who actually analysed only one
specific composition, the Ti—3.5Fe—3.9Cu alloy. This means
that the actual full potential of simultaneously adding Cu and
Fe to Ti to lower its intrinsic cost when creating «+ Ti alloys,
which are the one with the best strength/toughness balance,
remains untapped. Therefore, the aim of this work is to fill the
current gap in literature by designing ternary Ti—Cu—Fe alloys
with small additions of Cu and Fe aiming to primarily create
a+B Ti alloys. The selected compositions, which have the
same added amount of Cu and Fe (i.e. 0.5, 1, 3.5 and 5%), were
designed through a combination of the Molybdenum Equiva-
lent parameter as defined by Wang et al. [28] and the “bond
order/d-orbital energy” criteria after Morinaga [29]. The
ternary Ti—Cu—Fe alloys were processed via the blended
elemental powder metallurgy approach, as it offers the pos-
sibility to easily change the chemical composition and limit
the manufacturing costs. Once obtained, the ternary
Ti—Cu—Fe alloys were characterised in terms of physical

properties, microstructural analysis and mechanical
performance.
2. Experimental procedure

The raw powders used to produce the Ti-xCu-xFe alloys were
a hydride-dehydride irregular Ti powder (Dgg < 75 pm, purity
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>99.4%) supplied by GoodFellow, an electrolytic dendritic Cu
powder (Dgo < 63 pm, purity >99.7%) supplied by Merck KGaA,
and an atomised spherical Fe powder (Dgg < 10 um, purity
>99.0%) supplied by GoodFellow.

Ti-xCu-xFe alloys powder blends with x = 0.5, 1, 3.5 and 5%
were obtained by mixing the required amount of elemental
powders for 30 min in a V-shaped blender operated at 45 rev-
olutions per minute. The homogenised powder blends were
then shaped into 40 mm specimens at room temperature
through the application of a uniaxial pressure of 600 MPa. The
shaped Ti-xCu-xFe specimens were vacuum sintered at the
temperature of 1300 °C for 2 h. Heating of the specimens to the
sintering temperature was done at 10 °C/min, the vacuum
level was kept constant at 102 Pa, and the specimens were
left to cool inside the furnace.

The effect of the addition of the different amount of
alloying elements on the processability of the alloy was
quantified through the density before (i.e. compressibility)
and after sintering. For that, the dimensions of the specimens
were measured with a digital calliper, the weight of the
specimens was measured with an analytical scale, measure-
ments of the weight were performed both in air and water,
and the theoretical density of each alloy was calculated using
the specific weight and density of each of the element
composing the alloy. The densification parameter was
computed as the ratio of the difference between sintered and
green density values by the difference between theoretical
and green density values. Porosity was calculated as the dif-
ference between the sintered density and the fully dense
alloys.

A sample for each of the Ti—xCu—xFe alloys was ground,
polished, and etched by means of a Kroll reactant (H,O-based
solution with 2 vol.% HF and 4 vol.% HNOs) to analyse the
microstructure via an Olympus BX-53 light optical microscope
and via a Hitachi S4700 SEM. Further confirmation of the
phases present in each Ti—xCu—xFe alloy was obtained by
means of XRD analysis (30—90° angle, 0.013° step, Cu—K,
source).

The hardness of the sintered alloys was measured using
the Rockwell A-scale hardness (HRA). Quasi static
stress—strain curves of the Ti—xCu—xFe alloys were obtained
by means of an Instron 33-R-4204 universal machine.
Dogbone-shaped tensile samples with 2 mm x 2 mm rectan-
gular geometry and 20 mm calibrated length were tested at a

strain rate of 5-107> s~*. The deformation of the samples was

measured using a mechanical extensometer, and the yield
stress was calculated using the offset method. At least three
samples per alloy composition were tested to quantify the
average yield stress (YS), ultimate tensile strength (UTS), and
strain at fracture.

3. Results and discussion

Cold uniaxial pressing of the Ti—xCu—xFe alloys blends leads
to the compaction of the powder particles and, from Fig. 1a), it
can be seen that the relative green density decreases from
86.7% to 85.3% with the increment of the amount of the
alloying elements. This slight decrement of the compress-
ibility of the powder blends is due to the combined effects of
adding alloying elements with different particle morphology
and size as well as different intrinsic deformability to the Ti
powder, which constitutes the backbone of the Ti—xCu—xFe
alloys. Specifically, the higher the amount of dendritic Cu
and spherical Fe powder particles with particle size smaller
than that of Ti, the lower the relative green density value
achieved, even though of the higher deformability of pure Cu
and Fe with respect to Ti.

Vacuum sintering of the ternary Ti—xCu-—xFe alloys in-
duces the densification of the materials, resulting in an overall
increment of the density of the powder compacts. From
Fig. 1a), the relative sintered density does also decrease with
the amount of alloying elements added, and consequently the
amount of residual porosity left by the sintering process in-
creases (Fig. 1b). This is not surprising, as the Ti—xCu—xFe
alloys were all sintered under the same conditions, and it
can be noticed that the gap between the values of the green
and sintered density for the different Ti—xCu—xFe alloys re-
mains approximately constant at 8%. However, from the
values of the densification experienced by the Ti—xCu—xFe
alloys during sintering (Fig. 1b), the densification parameter
decreases from 60.0% to 54.6% (Fig. 1b). This decrement is
related to the fact that the higher the amount of alloying el-
ements added, the greater the amount of thermal energy
spent in the dissolution and diffusion of the alloying elements
to reach a homogeneous chemistry within the alloy. Thus, the
high diffusivity of Cu and Fe in Ti is not able to compensate for
the higher amount of energy required for compositional
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homogeneity. It is worth noticing that, however, the values of
the relative sintered density achieved in the ternary
Ti—xCu—xFe alloys are comparable to those of other powder
metallurgy Ti alloys obtained by means of uniaxial pressing,
or injection moulding, plus vacuum sintering, which is around
94—95% [30,31]. In this range of relative sintered density, the
ternary Ti—xCu—xFe alloys are expected to have reached the
third stage of sintering where compositional homogeneity is
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prior B grain
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prior f grain

Equiaxed
prior B grain

Equiaxe
prior  grain

achieved and individual isolated residual pores start to
coalesce.

Fig. 2 shows low magnification optical micrographs and
high magnification SEM micrographs of the microstructure of
the ternary Ti—xCu—xFe alloys. In the first instance, the
microstructural analysis of the Ti—xCu—xFe alloys confirms
that, regardless of the actual chemical composition of the
alloy, there are no undissolved powder particles of the
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Fig. 2 — Low magnification optical micrographs and high magnification SEM micrographs, respectively, of the sintered
Ti—xCu—xFe alloys: a) and b) Ti—0.5Cu—0.5Fe, c) and d) Ti—1Cu—1Fe, €) and f) Ti—3.5Cu—3.5Fe, and g) and h) Ti—5Cu—5Fe.
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alloying elements and the alloys are characterised by isolated,
mainly spherically shaped residual pores, primarily found at
the grain or lamellar boundaries. The volumetric amount of
porosity visible in the optical micrographs is in agreement
with the relative sintered density data of Fig. 1, as the number
and size of pores increase with the amount of alloying ele-
ments. It has been reported that eutectic melting at the sur-
face contacts of Ti and Fe powder particles results in
Kirkendall porosity and accelerated production of transient
TiFe-based intermetallics, promoting homogenisation of the
powder compacts [31]. It can then be speculated that melting
of Cu particles will result in similar processes during sintering,
further justifying the achievement of a homogenous chemis-
try in the ternary Ti—xCu—xFe alloys (Fig. 2).

The initial addition of 0.5% of Cu and Fe leads to the
formation of a lamellar microstructure (Fig. 2a) composed by
elongated prior B grains and coarse o lamellae interspaced
by fine B lamellae (Fig. 2b), as a consequence of the stabili-
sation of a small amount of the B phase. Therefore, the
addition of 1% of eutectoid p stabilisers (i.e. Cu + Fe) has a
drastic effect on the stabilisation and formation of the
phases, and changes the typical microstructure of pure Ti,
which is composed of a grains, to lamellar. Doubling the
amount of Cu and Fe added to Ti does not significantly
change the microstructural features, as the Ti—1Cu—1Fe
alloy is still primarily constituted by elongated prior B grains
and coarse o lamellae interspaced by fine p lamellae (Fig. 2c).
However, the increment of the amount of eutectoid B sta-
bilisers added significantly refines both the size of the prior B
grains, some of which start to be more equiaxed, and the
interlamellar spacing as a result of the slightly coarser B
lamellae (Fig. 2d) compared to the Ti—0.5Cu—0.5Fe alloy.
Therefore, the Ti—1Cu—1Fe alloy is characterised by a
slightly finer interlamellar spacing. The increment of the
amount of Cu and Fe to 3.5% leads to the formation of a fully
lamellar microstructure composed of equiaxed prior B grains
and fine o+p lamellae (Fig. 2e), thus, significantly changing
the morphology of the phases present with respect to the
Ti—1Cu—1Fe alloy, as more B is stable at room temperature.
From Fig. 2f), the interlamellar spacing is not significantly
different compared to that of the Ti—1Cu—1Fe alloy, but both
the prior B grains and o+p lamellae are remarkably finer.
Moreover, it can be noticed that the internal structure of the
B lamellae looks fragmented rather than continuous, indi-
cating the formation of a eutectoid substructure within the B
lamellae. Both Cu and Fe are capable of forming interme-
tallic phases; however, based on literature about binary
Ti—Cu and Ti—Fe alloys [15—23], the eutectoid substructure
is expected to entail the Ti,Cu intermetallic phase rather
than any Fe-based intermetallic phases. A further increment
of the amount of Cu and Fe to 5% progresses the refinement
of the microstructure, which remains fully lamellar and
composed of equiaxed prior B grains and o+p lamellae
(Fig. 2g), whose size is, once again, significantly finer with
respect to that of the Ti—3.5Cu—3.5Fe alloy. However, con-
trary to the Ti—3.5Cu—3.5Fe alloy, the high magnification
analysis of the microstructure of the Ti—5Cu—5Fe alloy
(Fig. 2h) shows a considerable smaller interlamellar spacing
between the « and B lamellae, and the formation to a much
greater extent of the eutectoid substructure, resembling the

eutectoid microstructure (a+Ti,Cu) found in cast binary
Ti—Cu alloys [20,21].

Confirmation of the phases composing the sintered ternary
Ti—xCu—xFe alloys was obtained by means of XRD analysis,
whose results are shown in Fig. 3. It can be seen that the o Ti
phase is always the predominant phase present in the
Ti—xCu—xFe alloys. More in detail, the « Ti phase is the only
phase detected in the Ti—0.5Cu—0.5Fe and Ti—1Cu—1Fe alloys,
meaning that for small additions of Cu and Fe, although the
Ti phase is stabilised in the microstructure (Fig. 2), its amount
is below the detection limit of the equipment used to obtain
the XRD spectra of Fig. 3. Different peaks of the § Ti phase are
present in the XRD spectra of the Ti—3.5Cu—3.5Fe and
Ti—5Cu—5Fe alloys, even if they are clearly much more
discernible in the latter alloy. In the case of the
Ti—3.5Cu—3.5Fe alloy, the main peak of the § Ti phase overlaps
with the main peak of the « Ti phase. XRD analysis also con-
firms that the eutectoid substructure found in the
Ti—3.5Cu—3.5Fe and Ti—5Cu—5Fe alloys actually contains the
Ti,Cu intermetallic phase, which has been reported in litera-
ture to form once the amount of Cuis equal or greater than 2%
[15-18,32].

Representative engineering stress—strain curves of the
sintered ternary Ti—xCu—xFe alloys are shown in Fig. 4a), from
which it can be seen that the alloys are characterised by both
elastic and plastic deformation. In general, the higher the
amount of alloying elements, the higher the stress of the alloy
and the lower its ability to withstand plastic deformation. It is
worth noticing that the Ti—1Cu—1Fe alloy has higher
deformability than the Ti—0.5Cu—0.5Fe alloy.

Fig. 4b) shows the variation of the strain hardening rate of
the ternary Ti—xCu—xFe alloys as a function of the true plastic
strain for the late stages of deformation where it can be seen
that, regardless of the chemical composition, the shape of the
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Fig. 3 — XRD spectra of the sintered Ti—xCu—xFe alloys.
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strain hardening curve is similar as the ternary Ti—xCu—xFe
alloys have a lamellar structure and, thus, their deformation
is controlled by the same mechanism. However, the extent of
plastic deformation and strain hardening is alloy dependent.
It is worth noticing that due to its more brittle nature, it was
not possible to calculate the strain hardening rate of the
Ti—5Cu—5Fe alloy. In the initial stage, the ternary Ti—xCu—xFe
alloys are characterised by a very high strain hardening rate,
which decreases at a high pace for values of true plastic
deformation equals to or lower than 0.02. The actual true
plastic deformation value at which the slope of the strain
hardening rate curve significantly changes, which corre-
sponds to the transition from the second to the third hard-
ening stage [33], depends on the total amount of B phase
stabilised in the microstructure and, therefore, is determined
by the chemistry of the alloy. Specifically, the higher the
amount of B stabiliser alloying elements added, the higher the
amount of B phase present in the microstructure, the higher
the shift of the strain hardening rate curves towards higher
true plastic deformation values and, consequently, the higher
the hardening of the alloy. Accordingly, the third hardening
stage, where the slope of the strain hardening rate curve is
much less steep as the hardening is controlled by the balance
between the generation and annihilation of dislocations, is
still common due to the lamellar microstructure. However, it
is, once again, alloy dependent, due to the actual character-
istics of the lamellar structure including grain size, inter-
lamellar spacing, etc (Fig. 2). As per the Considere criterion
[34], necking in the alloys starts when the strain hardening
rate curve crosses the true stress, which is also reported as a
function of the true plastic strain in Fig. 4b). Consequently,
necking before fracture only happened in the Ti—0.5Cu—0.5Fe
and Ti—1Cu—1Fe alloys. For both alloys, the strain at which
necking starts is dependent on the strain at failure, and thus
on the chemistry of the alloy, and they can be considered
tough as the alloys undergo a substantial amount of defor-
mation after necking.

The average mechanical properties of the ternary
Ti—xCu—xFe alloys, as measured per tensile and hardness
tests, are reported in Fig. 5 where it can be seen that in
agreement with the stress—strain curves, YS and UTS increase
with the total amount of alloying elements added. Precisely,
the YS increases from 437 MPa to 871 MPa and the UTS from
512 MPa to 912 MPa, respectively, as the amount of Cu and Fe

increases from 0.5% to 5%. The increase in strength is related
to the microstructural features and it is the balance between
the negative effect of a slightly higher amount of residual
porosity (Fig. 1), which effectively reduces the strength of the
material behaving like stress concentrator sites and reducing
the total load bearing cross-section, and the evolution of the
microstructure with the progressive addition of more B sta-
bilisers (Fig. 2). Therefore, itis found that the combined effects
of (1) the overall refinement of the phases, (2) the trans-
formation of the prior B grains morphology from elongated to
equiaxed with the associated reduction of their size, (3) the
formation of a greater amount of progressively finer a+p
lamellae, (4) the refinement of the interlamellar spacing, and
(5) the formation of the Ti,Cu intermetallic phase with the
associated eutectoid substructure within the B lamellae,
significantly overpower the negative effect of the higher
amount of residual pores. From Fig. 5a), both YS and UTS in-
crease monotonically, keeping approximately the same gap
between the two, with the exception of the Ti—5Cu—5Fe alloy
where the YS is much closer to the UTS. Such behaviour in-
dicates that the effect of the formation of the eutectoid
structure entailing the Ti,Cu intermetallic phase on the ten-
sile strength is much more relevant when the amount of Cu
added is 5% rather than 3.5%, as the material becomes more
brittle.

In the case of the hardness of the alloys (Fig. 5b), a
continuously increasing linear trend is also achieved due to
the balance between the amount of residual porosity and
refinement of the microstructural phases. It is found that the
presence of the eutectoid substructure contributes to the
overall hardness of the material but its effect is not more
pronounced in the Ti—5Cu—5Fe alloy compared to any of the
others ternary Ti—xCu—xFe alloys. With respect to the strain
at failure, Fig. 5b) shows that, generally, the strain decreases
with the increment of the amount of alloying elements. Both
the higher amount of residual pores and the refinement of the
phases of the microstructure contribute to the decrement, but
the strain of the Ti—0.5Cu—0.5Fe alloy is lower than that of the
Ti—1Cu—1Fe alloy. Counting that the relative density of the
two alloys is comparable (i.e. £0.1%, Fig. 1) and that in neither
of them the Ti,Cu intermetallic phase is present (Fig. 3), the
higher deformability of the Ti—1Cu—1Fe alloy is due to the
slightly finer interlamellar spacing of the a+p lamellae, and
the refinement and transition of some of the prior § grains
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Fig. 5 — Variation of the average mechanical properties of the sintered Ti—xCu—xFe alloys: a) strength versus Cu or Fe
content, b) hardness and strain versus Cu or Fe content, c) YS versus strain, and d) UTS versus hardness.

from elongated to equiaxed induced by the addition of a total
of 2% of eutectoid B stabilisers with respect to 1% (Fig. 2). In
terms of correlation between the measured mechanical
properties, it is found that the strain at failure increases
parabolically with the decrement of the YS (Fig. 5c), whilst the
hardness increases linearly with the increment of the UTS
(Fig. 5d). Quite good overall relationships between different
aspects of the mechanical response of the ternary
Ti—xCu—xFe alloys are found as the R® value is equals to or
greater than 0.96.

The results of the fractographic analysis performed on the
sintered Ti—xCu—xFe alloys are shown in Fig. 6, where it can be
seen that the Ti—0.5Cu—0.5Fe and Ti—1Cu—1Fe alloys have
similar fracture surface. More in detail, these alloys have an
intergranular fracture surface and the alloys failed under the
quasi-static uniaxial tensile load at the boundaries of the
elongated prior B grains and the fine g lamellae. The coarse «
lamellae present within the elongated prior B grains sustained a
significant amount of plastic deformation prior to failure, giving
the impression of the formation of tear ridges in the fracture
surface. Furthermore, the majority of the pores remained un-
deformed, meaning that their contribution to the failure
mechanism of the Ti—0.5Cu—0.5Fe and Ti—1Cu—1Fe alloys is
marginal. It can, however, be noticed that the amount and
sharpness of the intergranular failure at the boundaries of the
elongated prior B grains is more significant for the Ti—1Cu—1Fe
alloy, which leads to a rougher surface morphology (Fig. 6b) due
to the refinement of the microstructural featuresinduced by the
addition of a higher amount of Cu and Fe (Fig. 2).

The fracture surface of the Ti—3.5Cu—0.3Fe and
Ti—5Cu—5Fe alloys is noticeably different from that of the
other sintered Ti—xCu—xFe alloys. Specifically, firstly it can be
seen that the residual pores had a greater contribution to the
failure mechanism, as more of them are plastically deformed.
Moreover, the failure mode actually switches to a combination
of transgranular along the prior B grains and lamellae
boundaries, and intergranular within the o+p lamellae. It can
be noticed that from the Ti—3.5Cu—0.3Fe (Fig. 6¢) to the
Ti—5Cu—5Fe (Fig. 6d) alloy the fracture surface becomes flatter
and more defined tear ridges are present. The change in
fracture mode is related to the progressive refinement of the
characteristics of the lamellar structure and the formation of
the eutectoid substructure within the p lamellae. The greater
number of small B lamellae and the higher amount of brittle
Ti,Cu intermetallic particles leads to a more brittle failure of
the Ti—3.5Cu—3.5Fe and Ti—5Cu—5Fe alloys with respect to the
Ti—0.5Cu—0.5Fe and Ti—1Cu—1Fe alloys, in agreement with
the representative stress—strain tensile curves of Fig. 4.

Fig. 7 shows the comparison of the mechanical properties
of the sintered ternary Ti—xCu—xFe alloys with other Ti alloys
found in literature [18,23,35—37] including binary Ti—xCu, bi-
nary Ti—xFe, and the Ti—6A1—4V alloy obtained either through
powder metallurgy or via casting. It is worth mentioning that
compositions are in wt.%. Form Fig. 7a), the sintered ternary
Ti—xCu—xFe alloys have lower ductility for comparable UTS
with respect to sintered Ti—xCu alloys, higher ductility for
similar UTS compared to cast/heat treated Ti—xCu alloys, and
higher ductility for equivalent UTS in comparison to sintered


https://doi.org/10.1016/j.jmrt.2023.03.178
https://doi.org/10.1016/j.jmrt.2023.03.178

JOURNAL OF MATERIALS RESEARCH AND

TECHNOLOGY 2023;24:2678—-2687 2685

IM4000 5kV x500 SE M

Fig. 6 — Representative results of the fractographic analysis performed on the sintered Ti—xCu—xFe alloys: a)
Ti—0.5Cu—0.5Fe, b) Ti—1Cu—1Fe, c) Ti—3.5Cu—3.5Fe, and d) Ti—5Cu—5Fe.

a) M This study ¢ Sintered Ti-xCu
@ Cast Ti-xCu X Heat treated Ti-5Cu
Sintered Ti-xFe X Cast Ti-6Al-4V
1200 -
—_ 1000 - '—>&_" Amount of
& | alloying elements
S 800 -
O L I
-
5 600 | #— -
l—.—.l_._.
—@—
400 T T T d
0 5 10 15 20
Strain [wt.%]

b) M This study ¢ Sintered Ti-xCu
® Cast Ti-xCu X Heat treated Ti-5Cu
Cast Ti-xFe X Cast Ti-6Al-4V
1000 ~
HiH x
800 - ——
g
E 600 - »%—4'_‘
[ LI Amount of
> _
400 - o ri——— alloying elements
200 T T T d
100 200 300 400 500
Hardness [HV]

Fig. 7 — Comparison of the mechanical properties sintered ternary Ti—xCu—xFe alloys (where x is in wt.%) with literature

[18,23,35-37]: a) UTS versus strain, and b) YS versus hardness.

Ti—xFe alloys. However, the trend is reverse at higher alloying
elements addition rates, and the Ti—5Cu—5Fe alloy has com-
parable, although slightly lower, properties than those of the
cast Ti—6Al—4V alloy. In terms of YS/hardness pairs, Fig. 7b)
shows that the sintered ternary Ti—xCu—xFe alloys generally
have somewhat lower hardness for similar YS values with

respect to sintered and cast Ti-xCu alloys, cast Ti-xFe alloys,
and cast Ti—6Al1-4V alloy. These general trends are the
consequence of the different alloys having different levels of
residual porosity, especially from powder metallurgy to cast
alloys, and the specific composition of the alloy, which results
in the formation and stabilisation of different phases.
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4, Conclusions

From this study about the use of cheap alloying elements (i.e.
Cu and Fe) for the development of new low-cost powder
metallurgy ternary Ti—Cu—Fe alloys the following conclusions
can be drawn:

- The higher the amount of powder particles of the alloying
elements, which have different morphology and size, added
to the Ti powder the lower the achieved relative density
values despite of the high diffusivity of Cu and Fe. For the
same sintering conditions, the higher the amount of alloy-
ing elements the higher the thermal energy invested in the
homogenisation of the chemistry of the alloy. However, the
relative density values of the ternary Ti—Cu—Fe alloys are
comparable to those of other sintered Ti alloys.

In general, the addition of Cu and Fe to Ti leads to the
formation of a lamellar microstructure, which is progres-
sively refined in terms of prior p grains and o+p lamellae
with the subsequent addition of a higher amount of
alloying elements. If the addition of eutectoid B stabilisers
is below 1%, the morphology of the prior B grains is elon-
gated and changes to equiaxed with the addition of a
greater amount of alloying elements. The formation of a
eutectoid substructure entailing the Ti,Cu intermetallic
phase within the p lamellae is found for a sufficiently high
amount of Cu (i.e. 3.5% in this work).

The sintered ternary Ti—xCu—xFe alloys are characterised by
both elastic and plastic deformation and, generally, the higher
the amount of eutectoid p stabilisers added to Ti the higher the
strength and the hardness, but the lower the ability to with-
stand plastic deformation. Good relationships are found for
the yield stress/strain and ultimate tensile strength/hardness
pairs. Moreover, the deformation and failure of the sintered
ternary Ti—xCu—xFe alloys is governed by the same mecha-
nism as the alloys have a lamellar microstructure. Neverthe-
less, the extent of plastic deformation and strain hardeningis
alloy dependent as the chemistry of the alloy determines the
phases present in the microstructure. Consequently, the
fracture mode changes from intergranular ductile to more
brittle transgranular with the progressive addition of a higher
amount of Cu and Fe. At low addition levels of eutectoid B
stabilisers, the sintered ternary Ti—xCu—xFe alloys are able to
withstand significant plastic deformation after necking,
which is an indication of toughness.

For similar alloy compositions, the average mechanical
properties of the sintered ternary Ti—xCu—xFe alloys are
comparable to those of other either sintered or cast Ti al-
loys bearing Cu or Fe as alloying elements. However, dif-
ferences can be highlighted when specific aspects of the
different alloys including presence of residual pores, total
amount of alloying elements added, and microstructural
features, are taken into account.
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