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A B S T R A C T   

High performance cheaper Ti alloys can be developed based on the addition of several alloying elements, 
amongst which are Cu, Mn and Al. Studies are available in literature about binary and some ternary alloys based 
on the addition of these elements; however, no quaternary Ti–Cu–Mn–Al alloys were developed. Therefore, in 
this study quaternary Ti–Cu–Mn–Al alloys were manufactured via powder metallurgy to gain a better under
standing of the effect of the alloy composition and the achievable mechanical performance. It is found that the 
selected quaternary Ti–Cu–Mn–Al alloys are characterised by a lamellar structure, which is progressively refined 
as the amount of alloying elements increases, and precipitation of the Ti2Cu intermetallic occurs if the Cu content 
is high enough. The amount of residual porosity increases and changes morphology as more thermal energy is 
invested in the diffusion of the alloying elements. In terms of mechanical behaviour, the quaternary 
Ti–Cu–Mn–Al alloys undergo both elastic and plastic deformation upon tensile loading. Strength and hardness 
linearly increase and the ductility monotonically decreases, which is the result of the compromise between the 
amount of residual porosity and the several strengthening mechanisms brought about by the actual total amount 
of alloying elements added.   

1. Introduction 

Ti and its alloys are commonly used in high demanding industries 
like the aerospace and the biomedical due to their high cost and balance 
of properties. The latter include low density, high strength, corrosion 
resistance, and biocompatibility [1,2]. The effort to reduce the cost of Ti 
alloys is threefold, including developing new more energy efficient 
extraction processes, using alternative more economical manufacturing 
methods (e.g. net shaping), and create new chemical compositions 
bearing cheap alloying elements. In terms of net shaping, powder met
allurgy techniques are ideal to manufacture Ti alloys due to their high 
materials’ yield, reduce power consumption and reactivity by being 
solid state methods, and limited amount of finishing operations required 
[3,4]. Regarding new chemical compositions, alloying elements such as 
Cu, Mn and Al can be considered for a variety of reasons including, 
respectively, achieving antibacterial properties, enhance biocompati
bility, and stabilise the α phase on top of improving the mechanical 
behaviour. It is worth mentioning that both Cu and Mn are eutectoid β 
stabilisers whereas Al is a α stabiliser. 

Regarding the development of binary Ti–Cu alloys, the arc melting 

under protective atmosphere casting process has been widely studied. 
This technique was used by Kikuchi et al. [5] to manufacture Ti-(0.5–10 
%)Cu alloys, by Zhang et al. [6] to process the Ti-(5–10 %)Cu alloys, by 
Yi et al. [7] to obtain Ti-(2–10 %)Cu alloys, and by Zhang et al. [8] to 
produce Ti-(2–4%)Cu alloys. Characterisation of the cast as well as of 
some heat treated alloys primarily included microstructure, mechanical 
properties, and antibacterial behaviour. When it comes to binary Ti–Cu 
alloys developed by powder metallurgy, vacuum hot pressure sintering 
has been the dominant technique. This method was used by Zhang et al. 
[9] to manufacture Ti-(5–10 %)Cu alloys using ball milled high purity 
powder blends, which were consolidated using the 850–1050 ◦C sin
tering temperature range while keeping constant the sintering time at 2 
h and the uniaxial pressure at 30 MPa. Some of the vacuum hot pressure 
sintered samples were also plastically deformed at 800 ◦C by means of 
extrusion. Zhang et al. [6] also studied the same alloys vacuum hot 
pressure sintered at 800 ◦C for 1 h but without applied pressure whilst 
Liu et al. [10] used vacuum hot pressure sintering to manufacture 
Ti-(2–25 %)Cu alloys. Similar properties to those characterised for cast 
alloys were quantified in the case of powder metallurgy binary Ti–Cu 
alloys. Major modifications of binary Ti–Cu alloys included the addition 
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of Fe [11] or Ni [12]. 
Concerning binary Ti–Mn alloys, casting has also been greatly 

investigated [13–17] where Kim et al. [17] manufactured Ti-(5–20 %) 
Mn alloys starting from Ti sponge and Mn ingots which were remelted 
several times before being subjected to a heat treated for 4 h below the 
solidus temperatures to achieve better performance (i.e. hardness, 
oxidation resistance, and corrosion resistance) with respect to Ti. 
Similarly, Gouda et al. [13] produced Ti-(8–20 %)Mn alloys from a 
mixture of Ti sponge and Mn flakes and the cast alloys were eventually 
solution treated achieving an improvement of the cold workability with 
the Mn content. In the case of powder metallurgy binary Ti–Mn alloys, 
Fernandes Santos et al. [18] manufactured Ti-(8–17 %)Mn alloys by 
means of metal injection moulding for shaping followed by vacuum 
sintering at 1100 ◦C for 8 h as well as a solution treatment at 900 ◦C for 1 
resulting in the increase of the hardness and the loss of tensile properties 
(i.e. strength and ductility) for progressively higher Mn additions. 
Alloying elements that were added to modify binary Ti–Mn alloys pri
marily included Mo [19], Nb [20], and Zr [21]. 

Incorporation of Al in Ti alloys is used for a variety of reasons 
including reducing the cost, decreasing the density, enhance the 
deformability, improve the oxidation resistance, and increase the me
chanical performance via creating a two-phase region. Consequently, Al 
is the main α stabiliser intentionally added to Ti as it increases the 
maximum solubility of β stabilisers in the α phase [22]. However, the 
amount of Al needs to be limited to avoid the embrittlement derived by 
the precipitation of Ti3Al intermetallic compound [23,24]. In literature, 
fewer studies are available on ternary alloys based on the combined 
addition of Cu and Mn [25,26], Al and Cu [27–30], and Al and Mn 
[31–34] compared to the binary systems and, to the best knowledge of 
the authors, no studies considered the development of Ti-based qua
ternary alloys considering the simultaneous addition of Cu, Mn and Al. 
Consequently, the aim of this work is to design powder metallurgy 
quaternary Ti–Cu–Mn–Al alloys to be manufactured via press and sinter 
to gain understanding of the effect of the alloy composition on their 
physical properties, microstructural evolution, and resulting mechanical 
behaviour. 

2. Experimental procedure 

The design of the quaternary Ti–Cu–Mn–Al alloys was done by means 
of the molybdenum equivalent parameter (Moeq), which considers the 
stabilisation strength of different alloying elements [35,36], as defined 
by Wang et al. [37]. A short version is reported in Eq. (1):  

Moeq = 1.50⋅Cu + 2.26⋅Mn – 1.47⋅Al                                        (Eq. 1) 

As per the definition proposed by cotton et al. [38], β-rich α+β ti
tanium alloys have Moeq < 5, near-β titanium alloys have Moeq ≥ 5 but 
lower 10, and metastable β titanium alloys have Moeq ≥ 10 but lower 30. 
A quaternary Ti–Cu–Mn–Al chemical composition was selected for each 
of those and the details are reported in Table 1. The Cu to Mn ratio was 
maintained consant and the amount of Al fixed at 2.5 wt.%. 

The raw materials for the study were elemental powders available 
commercially. The hydride-dehydride (HDH) irregular Ti powder 
(Goodfellow Ltd.) had particle size lower than 75 μm and purity of 99.4 
%. The dendritic Cu powder (Merck KGaA) had particle size smaller than 
45 μm and 99.7 % purity. The Mn angular powder (Sigma Aldrich Ltd.) 

had particle size lower than 63 μm and purity greater than 99 %. The 
spherical Al powder (ECKA Granules) had particle size smaller than 45 
μm particle size and >99 % purity. The fabrication process initiated with 
mixing the raw powders in a V-blender for 30 min with a rotational 
speed of 30 Hz. A 100-ton hydraulic press was used to produce green 
compacts with a 40 mm diameter cylindrical shape via cold pressing for 
10 s at 600 MPa. Additionally, the walls of the die were lubricated with a 
graphite coating to reduce friction. To avoid contamination, no lubri
cant was added to the powders. The green compacts were placed in a 
vacuum sintering furnace for 2 h at 1300 ◦C with a heating rate of 10 ◦C/ 
min and final furnace cooling under vacuum. These conditions were 
selected from literature on powder metallurgy of Ti alloys [2,39,40]. 

The theoretical density was calculated via the rule of mixture, 
whereas the Archimedes’ principle was used to obtain the sintered 
density. Before microstructural characterisation, the samples were pol
ished and etched using Kroll reagent (3 ml HF + 6 ml HNO3 + 91 ml 
H2O). Micrographs were captured using an Olympus GX71 light optical 
microscope and a Philips XL-30 scanning electron microscope. XRD 
analysis (Cu Kα radiation) was carried out using the following parame
ters: scanning angle of 30–80◦, steep size of 0.013◦, voltage of 45V, and 
current of 40 mA. The tensile properties were obtained from, at least, 
three dog-bone samples (cross-section of 2 × 2 mm2, gauge length of 20 
mm) per composition. The tests were conducted on a Instron 33R4204 
electro-mechanical testing machine with a 0.1 mm/min crosshead 
speed. The change in elongation was recorded via an extensometer. The 
Rockwell Hardness method with HRA scale was used to assess the 
hardness of the samples. 

3. Results and discussion 

Fig. 1 shows representative micrographs of the quaternary 
Ti–Cu–Mn–Al alloys where it can be seen that residual porosity is pre
sent. Specifically, the volumetric amount of residual pores increases 
with the alloying elements content and, regardless of the chemical 
composition, they are isolated and uniformly distributed. This is an 
indication of the fact that the alloys reached the last stage of sintering 
upon their manufacturing where homogenisation of the chemistry is 
complete. However, it can also be seen that the morphology of the 
porosity changes, switching from purely spherical to more irregular as 
the amount of eutectoid β stabilisers increases. As the alloys were sin
tered under the same conditions, this reflects the fact that a progres
sively higher amount of thermal energy is invested in the diffusion and 
homogenisation of the alloying elements rather than in the densification 
of the alloys. 

In terms of microstructure, it can be seen that all the quaternary 
Ti–Cu–Mn–Al alloys are characterised by a lamellar structure typical of 
Ti alloys bearing both α and β stabilisers. The lamellar microstructure is 
known to lead to the best compromise between strength and toughness 
in Ti alloys. This microstructure forms upon slow cooling from the β field 
on crossing the allotropic phase transformation temperature (i.e. β 
transus) and it is composed of α+β lamellae enclosed within α grain 
boundaries or prior β grains. Nonetheless, it can be seen that the overall 
coarseness of the microstructural features decreases with the amount of 
eutectoid β stabilisers added or, in turns, for higher Moeq values. In 
particular, the size of the prior β grains increases as alloys with higher 
amount of β stabilisers are sintered at a relatively higher temperature 
with respect to their β transus, leading to grain growth. Coherently, as 
more amount of β phase is stabilised within the microstructure, the 
width of the α lamellae decreases and that of the β lamellae increases 
resulting in a general refinement. It is also found that a hypoeutectoid 
substructure is precipitated within the β lamellae for a sufficiently high 
amount of Cu, which in this instance corresponds to the addition of 3.5 
wt.%. This structure is typically found in hypoeutectoid cast binary 
Ti–Cu alloys [41]. It is worth mentioning that no undissolved powder 
particles of the alloying elements were found during microstructural 
analysis, and the homogeneity of the chemical composition is further 

Table 1 
Details of the quaternary Ti–Cu–Mn–Al alloys studied.  

Alloy Ti [wt. 
%] 

Cu [wt. 
%] 

Mn [wt. 
%] 

Al [wt. 
%] 

Moeq 

Ti–1Cu–1Mn-2.5Al 95.5 1 1 2.5 0.1 
Ti-3.5Cu-3.5Mn- 

2.5Al 
90.5 3.5 3.5 2.5 9.5 

Ti–5Cu–5Mn-2.5Al 87.5 5 5 2.5 15.1  
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confirmed by the elemental maps of the distribution of the alloying el
ements. This could have been expected as the sintering parameters were 
chosen based on literature about powder metallurgy Ti alloys [18,39,42] 
and the three alloying elements (namely Cu, Mn and Al) have high 
diffusion rates in Ti [43]. However, it is worth noticing that the distri
bution of the alloying elements in the α and β phases is much more 
homogeneous in the Ti–1Cu–1Mn-2.5Al alloy with respect to the others. 
For the Ti-3.5Cu-3.5Mn-2.5Al and Ti–5Cu–5Mn-2.5Al alloys, Al is 
preferentially found in the α phase whereas Cu and Mn in the β phase, 
coherently with their maximum solubility dictated by the binary phase 
diagrams [44] and the fact that they are, respectively, α and β stabilisers. 

The results of the XRD analysis are illustrated in Fig. 2 where it can 
be seen that only the equilibrium α phase was detected in the 
Ti–1Cu–1Mn-2.5Al alloy despite its microstructure being lamellar 
(Fig. 1a and b). This is due to the fact that the amount of stabilised β 
phase within the microstructure is below the detection limit of the 
diffractometer used. In the case of the Ti-3.5Cu-3.5Mn-2.5Al (Fig. 2b), 
the equilibrium α phase is still the predominant but the main (110) peak 
of the stabilised β phase and that of the precipitated Ti2Cu intermetallic 
phase were also detected, in agreement with the result of the micro
structural characterisation. The precipitation of the Ti2Cu intermetallic 
phase has been reported in literature to occur for Cu contents of 2 wt.% 
and above [5]. Similar results are found for the Ti–5Cu–5Mn-2.5Al 
where several peaks of the stabilised β phase and of the precipitated 
Ti2Cu intermetallic phase are present in the XRD pattern (Fig. 2c). 

Through the analysis of the relative intensity of the strongest peak of 
the latter two phases, it is found that both increase with the amount of β 
stabilisers added or the equivalent Moeq value (Fig. 2d). However, a 
linear increase is found for the Ti2Cu intermetallic phase, which is not 
the case for the main (110) peak of the stabilised β phase. The overall 
amount of stabilised β phase still increases when adding 5 wt.% of Cu 
and Mn, as more peaks related to it are found, which is coherent with 
microstructural analysis (Fig. 1e and f). Nevertheless, the fact that more 
Cu is used for the precipitation of the Ti2Cu intermetallic phase leads to a 
lower relative intensity of the main (110) peak of the stabilised β phase. 

From the variation of the density of the quaternary Ti–Cu–Mn–Al 
alloys versus their Moeq value, it can be seen that the green (3.82 → 3.89 
g/cm3), sintered (4.22 → 4.33 g/cm3), and theoretical (4.54 → 4.83 g/ 
cm3) density all monotonically increase (Fig. 3a). This is the result of the 
compromise between the increase of the density induced by the addition 
of Cu and Mn, which are heavier than Ti, and the reduction of the 
density brought about by Al, which is lighter. However, from Fig. 3b), it 
can be seen that the increase in density does not actually translate into a 
reduction of the porosity. Specifically, it is found that amount of residual 
pores present in both the green (15.7 → 19.5 %) and sintered (7.1 → 
10.3 %) samples linearly increases with the Moeq value. This means that 
the addition of the alloying elements powder particles to Ti decreases 
the compressibility of the powder blend resulting in the decrease of the 
relative green density. The compressibility of the powder blend is the 
compromise between the morphology, particle size, and hardness of the 
different powders. The dendritic and spherical morphology of the Cu 
and Al powder is detrimental but the angular shape of the Mn powder is 
favourable. Powders with smaller particle size are generally more 
difficult to press but the smaller powder particles of the alloying ele
ments can sit in between the gaps left by the coarser Ti powder particles. 
The low hardness or high deformability of Cu and Al is beneficial but the 
high hardness of Mn is detrimental to the compressibility. 

In terms of relative sintered density, the sintering process generally 
results in a decrease of the residual porosity content of approximately 9 
% due to the effective densification and shrinkage of the alloys during 
sintering. However, it can be seen that the addition of a greater amount 
of alloying elements results in a progressively higher amount of residual 
porosity, in agreement with the results of the microstructural analysis 
(Fig. 1). It can be also noticed that the gap between the porosity values of 
the green and sintered density slightly increases (8.7 → 9.1 %) and, 
consequently, the densification parameter decreases from 55.2 % to 

Fig. 1. Representative optical and SEM micrographs and elemental maps, 
respectively: a-c) Ti–1Cu–1Mn-2.5Al, d-f) Ti-3.5Cu-3.5Mn-2.5Al, and g-i) 
Ti–5Cu–5Mn-2.5Al. 
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46.9 %. This reinforces the fact that a progressively higher amount of 
thermal energy is spent in the dissolution of the alloying elements 
powder particles to achieve a homogenisation of the chemistry rather 
than on the densification of the alloys. It is worth mentioning that the 
residual porosity and densification values shown in Fig. 3 for the sin
tered quaternary Ti–Cu–Mn–Al alloys are comparable to those of other 
powder metallurgy Ti alloys obtained via the blended elemental 
approach [18,39,42,45]. 

Fig. 4 shows typical stress-strain tensile curves of the quaternary 
Ti–Cu–Mn–Al alloys where it can be seen that, regardless of the chemical 
composition, each alloy exhibits a ductile behaviour as it undergoes 
plastic deformation after the initial elastic region. The amount of sus
tained plastic deformation decreases, and consequently the stress 
withstood by the alloy increases, for higher additions of β stabilisers 
making the alloy progressively more brittle. It can also be seen that there 
is a much more significant loss of ability to withstand plastic deforma
tion when the amount of Cu and Mn is increased to 3.5 wt.% with respect 
to the further increment to 5 wt.%. This behaviour is consequently re
flected on the failure mode and the associated fracture surface of the 
quaternary Ti–Cu–Mn–Al alloys. Therefore, the fractography micro
graph of the Ti–1Cu–1Mn-2.5Al alloy shows a rough surface primarily 

composed of ductile dimples, plastically deformed residual pores, and 
intergranular failure along the α grain boundaries (Fig. 4b). This agrees 
with the good toughness and high deformability of this alloy. The 
fracture surface of the Ti-3.5Cu-3.5Mn-2.5Al alloy is significantly flatter, 
a great number of ductile dimples is still present but so are undeformed 
residual pores. Tear ridges due to the intergranular failure of the α grain 
boundaries are visible as well as a great number of shallower elevations 
corresponding to the intergranular failure along the α+β lamellae 
(Fig. 4c). The fracture surface of the Ti–5Cu–5Mn-2.5Al alloys resembles 
that of the Ti-3.5Cu-3.5Mn-2.5Al alloy. Primary differences are much 
shallower tear ridges and intergranular α+β lamellae’ elevations as well 
as fewer and less pronounced ductile dimples resulting in an overall 
flatter surface typical of more brittle materials (Fig. 4d). 

Fig. 5 shows the variation of the average tensile properties including 
yield stress, ultimate tensile strength, and elongation at failure of the 
quaternary Ti–Cu–Mn–Al alloys. As expected from the stress-strain 
tensile curves (Fig. 4), both the yield stress and the ultimate tensile 
strength increase with the progressive addition of a greater amount of 
alloying elements. This results in a linear relationship between these 
properties and the Moeq parameter. More in detail, the yield stress in
creases from 632 MPa to 921 MPa and the ultimate tensile strength from 

Fig. 2. Results of the XRD analysis of the quaternary Ti–Cu–Mn–Al alloys: a) Ti–1Cu–1Mn-2.5Al, b) Ti-3.5Cu-3.5Mn-2.5Al, c) Ti–5Cu–5Mn-2.5Al, and d) relative 
intensity of the main β(110) and Ti2Cu peak as a function of the Moeq parameter. 

Fig. 3. Variation of the density (a) and of the porosity-densification (b) of the quaternary Ti–Cu–Mn–Al alloys as a function of the Moeq parameter.  
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703 MPa to 978 MPa. Strengthening of the quaternary Ti–Cu–Mn–Al 
alloys concurrently results in the decrease of the elongation at failure 
from 5.8 % to 1.8 % with the Ti-3.5Cu-3.5Mn-2.5Al alloy having a lower 
ductility than the expected from a purely monotonic decrement. The 
described tensile behaviour is the result of the compromise between 
several aspects sparking from the addition of a progressive higher 
amount of the alloying elements. Firstly, the addition of greater content 

of Al, Cu and Mn leads to solid solution strengthening as a larger amount 
of these atoms substitute Ti atoms in its lattice. The addition of Cu and 
Mn also results in the stabilisation of a higher amount of β phase, which 
is stronger than the α phase. Furthermore, a continuous refinement of 
the microstructural features is obtained as a consequence of the larger 
amount of stabilised β phase (Fig. 1). Finer microstructures are charac
terised by a larger amount of grain boundaries [46], especially between 

Fig. 4. Typical stress-strain tensile curves (a) and representative results of the fractographic analysis of the quaternary Ti–Cu–Mn–Al alloys: b) Ti–1Cu–1Mn-2.5Al, c) 
Ti-3.5Cu-3.5Mn-2.5Al, and d) Ti–5Cu–5Mn-2.5Al. 

Fig. 5. Average tensile properties of the quaternary Ti–Cu–Mn–Al alloys: a) strength as a function of the Moeq parameter, b) elongation as a function of the Moeq 
parameter, c) strength as a function of porosity, and d) elongation as a function of porosity. 
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the α+β lamellae, which significantly hinder dislocations movement. 
For a sufficiently high content of Cu, 3.5 wt.% in this instance, precip
itation of the Ti2Cu intermetallic phase occurs (Fig. 2). The formation of 
Ti2Cu particles within the microstructure improves the strength due to 
dislocation pinning at the grain boundaries [47], where it has been re
ported that the eutectoid particles present in the α grains of binary Ti–Cu 
alloys is a leading cause for strength enhancement and low ductility [5]. 
Lastly, the increase of the Al, Cu and Mn contents also results in the 
sintered alloy having a greater amount of residual porosity (Fig. 3). The 
amount, morphology, and overall distribution of the residual pores 
affect the mechanical behaviour as pores are stress concentration sites, 
they reduce the effective load bearing cross section, and can provide a 
preferential path for crack growth. 

In the case of the strength, all the aspects (i.e. solid solution, β sta
bilisation, microstructural refinement, and Ti2Cu precipitation) with the 
exception of the increased amount of residual porosity contribute to the 
strengthening of the quaternary Ti–Cu–Mn–Al alloys. From the analysis 
of the variation of the strength of the quaternary Ti–Cu–Mn–Al alloys 
versus the amount of residual porosity (Fig. 5c), it can be seen that a 
reverse linear trend is achieved where higher amounts of porosity lead 
to stronger alloys. Therefore, it is concluded that the combined 
strengthening mechanisms overcome the detrimental effect of the re
sidual pores, justifying the linear increase of the strength with the Moeq 
parameter (Fig. 5a). However, from Fig. 5c) it can be seen that the 
strength of the Ti-3.5Cu-3.5Mn-2.5Al alloy is higher than the expected 
from a purely linear relationship, which highlights the contribution of 
the initial precipitation of the Ti2Cu intermetallic phase in the micro
structure of the quaternary Ti–Cu–Mn–Al alloys. Concerning the elon
gation at fracture, all the strengthening mechanisms as well as the 
residual pores work against it, resulting in the decreasing trend shown in 
Fig. 5b). Moreover, a decreasing trend is also found as a function of the 
amount of porosity (Fig. 5d), which is the expected behaviour. However, 
it can be seen that the ductility of the Ti-3.5Cu-3.5Mn-2.5Al alloy is 
lower than the one predicted from a monotonic decrement, which is 
especially visible in Fig. 5d) and it is due to the formation of the brittle 
Ti2Cu intermetallic phase. This permits to highlight two aspects, 
strengthening of the quaternary Ti–Cu–Mn–Al alloys rather than the 
amount of porosity actually control the ductility of the alloys, and the 
residual pores have a remarkably higher impact on the elongation than 
on the strength of the alloys. 

The variation of the hardness of the quaternary Ti–Cu–Mn–Al alloys 
is shown in Fig. 6 as a function of either the Moeq parameter or the 
amount of residual porosity. It can be seen that a linear trend is found in 
both cases, where the alloys gets harder (58 → 65 HRA) for higher Moeq 
values and for greater amounts of porosity present in the microstructure. 
As for the strength, all the strengthening mechanisms favour a higher 
hardness whereas porosity detracts from it, where the former are more 
powerful than the latter. Once again, the effect of the initial precipita
tion of the Ti2Cu intermetallic phase is emphasised by the higher 
hardness of the Ti-3.5Cu-3.5Mn-2.5Al alloy (Fig. 6b). 

Fig. 7 shows the strain hardening rate of the quaternary 

Ti–Cu–Mn–Al alloys as a function of the true plastic strain as well as the 
true stress versus true strain tensile curves. It is worth mentioning that 
the strain hardening rate curves of the Ti–5Cu–5Mn-2.5Al alloy could 
not be properly calculated due to its more brittle behaviour with respect 
to the other alloys. However, it can be noticed that the position of the 
strain hardening rate curves reflects the fineness of the microstructure. 
The finer the microstructure the more shifted to higher true plastic strain 
values (i.e. towards the right) the strain hardening rate curve is. The 
Ti–1Cu–1Mn-2.5Al alloy is characterised by a strain hardening rate 
which asymptotically decreases (i.e. stage II of deformation) upon the 
initial tensile loading followed by a more gradual decrease as the plastic 
deformation of the alloy progresses (i.e. stage III) [48]. In the case of the 
Ti-3.5Cu-3.5Mn-2.5Al alloy, the initial asymptotic part never converts 
into stage III of deformation due to the fairly brittle nature of the alloy. It 
can also be seen that the Ti–1Cu–1Mn-2.5Al alloy is the only one able to 
withstand plastic deformation after the onset of necking, which is 
identified by the crossing of its strain hardening rate curve with the 
respective true stress versus true strain tensile curve [49]. This reflects 
the higher intrinsic toughness of this alloy in comparison to the other 
quaternary Ti–Cu–Mn–Al alloys and it is due to its coarser lamellar 
microstructure and the absence of the precipitation of the Ti2Cu inter
metallic phase. 

A comparison of the mechanical properties of the quaternary 
Ti–Cu–Mn–Al alloys with other Cu-, Mn- and Al-bearing Ti alloys pri
marily obtained via powder metallurgy methods [5,14,18,25,29,32,50, 
51] including press and sinter and metal injection moulding is reported 
in Fig. 8. The quaternary Ti–Cu–Mn–Al alloys have slightly better 
properties than cast binary Ti–Cu alloys, comparable properties with 
powder metallurgy binary Ti–Mn alloys, powder metallurgy ternary 

Fig. 6. Variation of the Rockwell hardness of the quaternary Ti–Cu–Mn–Al alloys as a function of the Moeq parameter (a), and as a function of porosity (b).  

Fig. 7. Strain hardening rate of the quaternary Ti–Cu–Mn–Al alloys as a 
function of the true plastic strain. 
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Ti–Cu–Mn alloys and, generally, higher strength but lower ductility with 
respect to powder metallurgy ternary Ti–Cu–Al and Ti–Mn–Al alloys 
(Fig. 8a). However, it is worth mentioning that this comparison is 
affected by the actual amount of alloying elements present in each alloy 
as, overall, higher yield stresses but lower elongation values are ach
ieved for progressively greater additions of alloying elements to Ti. From 
Fig. 8b), it can be seen that the higher the ultimate tensile strength the 
higher the hardness, which is the expected behaviour. However, the 
quaternary Ti–Cu–Mn–Al alloys have higher strength but lower hardness 
in comparison to cast binary Ti–Cu alloys. Moreover, they have higher 
strength and lower hardness compared to powder metallurgy binary 
Ti–Mn alloys as well as similar ultimate tensile strength/hardness pairs 
to powder metallurgy ternary Ti–Cu–Mn, Ti–Cu–Al, and Ti–Mn–Al 
alloys. 

To better understand the effect of the alloy composition on the 

properties of quaternary Ti–Cu–Mn–Al alloys, their ultimate tensile 
strength and elongation at fracture is also plotted versus the amount of 
alloying elements and the amount of residual porosity in Fig. 8. In terms 
of ultimate tensile strength, for a comparable amount of alloying ele
ments, the quaternary Ti–Cu–Mn–Al alloys have similar strength to that 
of other Ti alloys, sometimes slightly higher and some other times 
somewhat lower (Fig. 8c). This is especially noticeable when compared 
to cast binary Ti–Cu alloys as some alloys with the same chemical 
composition were heat treated. Furthermore, it can be seen that a higher 
addition of alloying elements generally leads to a stronger alloy, 
resulting in an overall increasing linear trend, with the exception of a 
couple of powder metallurgy binary Ti–Mn alloys. In this case the dif
ference resides in the type of microstructure as a β type microstructure is 
achieved for a sufficiently high amount of Mn, namely 14 wt.% in this 
instance. It is worth noticing that no such increasing linear trend is 

Fig. 8. Comparison of the mechanical properties of the quaternary Ti–Cu–Mn–Al alloys with literature [5,14,18,25,29,32,50,51]: a) yield stress versus elongation at 
fracture, b) ultimate tensile strength versus hardness, c) ultimate tensile strength versus amount of alloying elements, d) ultimate tensile strength versus porosity, e) 
elongation at fracture versus amount of alloying elements, and f) elongation at fracture versus porosity. 
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obtained when the ultimate tensile strength is analysed against the 
amount of residual porosity (Fig. 8d) as data are much more scattered. 
This reinforces the finding that the actual microstructural features and 
the associated strengthening mechanisms are the dominant factor con
trolling the strength of powder metallurgy Ti alloys rather than their 
residual porosity. At least at comparable levels of relative sintered 
density and densification achieved in this study (Fig. 3). 

Concerning the elongation at fracture (Fig. 8e), it is found that, for an 
equivalent total amount of alloying elements, the quaternary 
Ti–Cu–Mn–Al alloys generally have slightly lower ductility compared to 
most of the other powder metallurgy Ti alloys considered, but better 
elongation at fracture with respect to cast binary Ti–Cu alloys. This is a 
reflection of the effect of different alloying elements as well as the type 
of manufacturing process used to obtain the alloy as their combination 
leads to differences in terms of microstructural features. Therefore, an 
overall decreasing trend of the ductility of the alloys with the total 
amount of alloying elements is found. Once again, this is not the case of 
the variation of the elongation at fracture with the amount of residual 
porosity (Fig. 8f) further confirming the more powerful effect of the 
microstructural features on the tensile properties of the alloys analysed. 
It is worth noticing that comparable or better elongation at fracture 
values are achieved in powder metallurgy Ti alloys with respect to cast 
binary Ti–Cu alloys despite the fact that that the former are charac
terised by the presence of residual pores within the microstructure. 

4. Conclusions 

In this study quaternary Ti–Cu–Mn–Al alloys were designed and 
manufactured via the powder metallurgy press and sinter method aim
ing at gaining a better understanding of the effect of the alloy compo
sition on their properties. It is found that the selected quaternary 
Ti–Cu–Mn–Al alloys are characterised by a lamellar structure, inde
pendently of their composition. However, the actual chemistry of the 
alloy has a remarkable effect on the coarseness of the microstructural 
features, which become finer for higher Moeq values due to the greater 
amount of β phase stabilised within the microstructure. Formation of a 
hypoeutectoid substructure entailing the precipitation of the Ti2Cu 
intermetallic phase is also found for a sufficiently high amount of Cu. 
The relative amount of the Ti2Cu intermetallic phase increases as more 
Cu is added. Residual porosity is also present as microstructural feature, 
which is typical of powder metallurgy Ti alloys where the final 
morphology of the pores is affected by the total amount of alloying el
ements added. This is a reflection of how the thermal energy is 
distributed between the densification of the alloy and the dissolution of 
the alloying elements to achieve a homogeneous chemistry. Addition of 
the elemental powders for the achievement of the desired quaternary 
Ti–Cu–Mn–Al composition results in the reduction of the powder blend 
compressibility. The associated reduction of the green density with the 
amount of alloying elements is directly translated into a decreasing 
trend of the relative sintered density or increase of the residual porosity. 
This also affects the densification of the alloys, which thus decreases for 
greater contents of alloying elements. Independently of the chemistry, 
the quaternary Ti–Cu–Mn–Al alloys exhibit a ductile behaviour where 
an increase of the withstood load and a decrease of the elongation is 
found as the addition of the content of the β stabilising elements in
creases. This reflects into the switch of the fracture surface from rough 
and primarily composed of ductile dimples to flat and characterised by 
intergranular fracture at the α+β lamellae boundaries. The compromise 
between solid solution strengthening, higher amount of stabilised β 
phase, refinement of the microstructure, precipitation of the Ti2Cu 
intermetallic phase, and increase of the amount of residual porosity 
leads to stronger and harder but less ductile alloys for higher Moeq 
values. The average mechanical properties of the quaternary 
Ti–Cu–Mn–Al alloys align with the trend found analysing other Cu-, Mn- 
and Al-bearing Ti alloys manufactured by means of powder metallurgy. 
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