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A B S T R A C T   

The use of cheap alloying elements and alternative manufacturing techniques are two strategies that can be used 
to reduce the high cost of Ti alloys. Furthermore, heat treatments are an easy and cost effective method to tailor 
the mechanical behaviour by means of the modification of the microstructure. For that, this work analysed the 
quenching and aging heat treatment of binary Ti-Cu and Ti-Mn alloys manufactured via powder metallurgy. It is 
found that the post-processing solution treatment does not significantly affect the physical properties and re
sidual porosity remains unchanged within the microstructure; however, the heat treatment changes the micro
constituents. Serrated martensitic transformed β is formed in quenched Ti-Cu alloys and it is converted into a 
coarse lamellar or a hypoeutectoid structure as the Cu content increases with the subsequent aging treatment. 
Aging of the Ti-Mn alloys slightly coarsen the microstructural features where martensite or equiaxed metastable β 
grains are obtained after quenching. Enhancing of the mechanical behaviour is generally achieved and the so
lution treatment switches from improving the ductility to increasing the strength and the hardness as the amount 
of the alloying element increases.   

1. Introduction 

The highest relative mechanical properties, excellent corrosion 
resistance, biocompatibility, and moderate strength at high tempera
tures make Ti and its alloys suitable for a variety of applications span
ning from aerospace to biomedical [1]. The workforce Ti-6Al-4 V alloy is 
the most known and used amongst the different Ti alloys [2], compo
sitions refer to weight percentage if not otherwise specified. However, Ti 
alloys are significantly more expensive than other structural metals, 
limiting their employability. This has sparked investigations on finding 
alternative β stabiliser to vanadium [3] and niobium [4], due to their 
high and variable cost, and exploring alternative more efficient 
manufacturing technique like powder metallurgy. From a cost point of 
view, Cu and Mn are promising β stabiliser candidates [5,6]. Although 
casting can be used, the manufacture of binary Ti-Cu and Ti-Mn alloys 
via powder metallurgy [7–9] offers the advantages of less energy de
mand, lower reactivity with oxygen, and prevention of alloying ele
ments segregation. Reduction of the residual porosity intrinsic of the 
simple press and sinter process can easily be obtained through ther
momechanical deformation processes like forging, resulting in the 
improvement of the mechanical behaviour. This can be further changed 

via tailoring the microstructural features using a simple heat treatment. 
A variety of casting and powder metallurgy methods have been 

investigated to manufacture binary Ti-Cu and Ti-Mn alloys. These are 
exemplified by the works of Kikuchi et al. [6] and Zhang et al. [10] and 
Kim et al. [11] and Fernandes Santos et al. [5], respectively, for binary 
Ti-Cu and Ti-Mn alloys manufactured via casting and powder metal
lurgy. In particular, Kikuchi et al. [6] analysed the microstructure and 
tensile behaviour of cast Ti-(0.5–10)Cu alloys where the yield stress 
increased and the elongation decreased due to the formation of the 
eutectoid microstructure. Zhang et al. [10] prepared Ti-(5− 10)Cu alloys 
using hot pressure sintering (850–1050◦C, 30 MPa, 2 h, and furnace 
cooling) achieving similar trends in terms of compressive properties. 
Kim et al. [11] investigated cast Ti-(5− 20)Mn alloys demonstrating that 
they exhibit higher hardness and better oxidation protection than Ti 
where a lamellar structure was only found in the Ti-5Mn alloy and the ω 
phase only in the Ti-10Mn alloy. Fernandes Santos et al. [5] manufac
tured Ti-(8− 17)Mn alloys via metal injection moulding showing that the 
alloys are characterised by a β-type microstructure and the amount of ω 
phase progressively decreases as the amount of Mn increases from 8 % to 
13 % [5]. In terms of applications of these alloys, Ti-Cu and Ti-Mn are 
mainly considered as promising materials for biomedical applications 
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due to the antibacterial capability of Cu and the biocompatibility of Mn, 
respectively. For example, Wang et al. [12] clarified the effect of Cu on 
the mechanical and corrosion properties of cast Ti-(4− 10)Cu alloys 
whilst Bai et al. [13] addressed the biocompatibility of sintered Ti-(10) 
Cu alloy quantifying the in vivo bone response. Concurrently, Zhang 
et al. [14] recently proposed new Mn-bearing Ti alloys reporting that the 
alloys are nontoxic to human osteosarcoma cells in comparison with 
pure titanium, and Zhou et al. [15] analysed minor Sn modifications of 
the Ti-(2− 4)Mn alloy and the resultant mechanical properties and 
corrosion behaviour. 

Tailoring of the phases for changing the resulting mechanical 
behaviour through precipitation hardening heat treatments has exten
sively been studied for cast/wrought binary Ti-Cu and Ti-Mn alloys 
[16–19]. For example, Hayama et al. [16] analysed the effect of an 
annealing treatment (900ºC/2 h and furnace cooling) as a function of the 
composition of cast Ti-5Cu (hypoeutectoid), Ti-7.1Cu (eutectoid), and 
Ti-15Cu (hyper-eutectoid) resulting in the improvement of the ductility 
of the alloys. Holden at el. [19] quantified the mechanical properties of 
several Ti-(0.5–12)Mn alloys subjected to different heat treatments 
including annealing (750ºC/1 h) and solution treated (700–750ºC/1 h, 
quenching, and aging 400ºC/4 h) showing that the microstructural 
features have a higher impact on the ductility rather than on the strength 
of the alloys. The heat treatment of binary Ti-Cu and Ti-Mn alloys 
manufactured via powder metallurgy has not been extensively investi
gated and, therefore, there is a lack of knowledge. Consequently, the aim 
of this study is to analyse the microstructure and quantify the mechan
ical behaviour of heat treated powder metallurgy β eutectoid bearing Ti 
alloys (i.e. Ti-Cu and Ti-Mn). In particular, the alloys were prepared 
using press and sinter of blended elemental powders followed by forging 
in the β field for their subsequent solution and aging heat treatment. 

2. Experimental procedure 

The raw materials acquired for this study were a Ti powder with 
maximum particle size < 75 µm and 0.21 % oxygen, a Cu powder with 
maximum particle size < 63 µm and < 0.10 % oxygen, and a Mn powder 
with maximum particle size < 45 µm and < 0.10 % oxygen. Particle size 

and purity data as per suppliers’ specifications. Fig. 1 shows the 
morphology of the raw powders where it can be seen that the Ti and Mn 
powders are irregular whilst the Cu powder is dendritic. 

The correct ratio of the elemental powders were mixed in a V-shaped 
blender operated at 30 Hz for 30 min. Specifically, binary Ti-0.5Cu, Ti- 
2.5Cu, and Ti-5Cu as well as binary Ti-1Mn, Ti-5Mn and Ti-10Mn alloys 
were analysed. Shaping of the powder blends was done at room tem
perature by means of uniaxial cold pressing, applying 600 MPa. It is 
worth mentioning that the compositions were chosen based on the sta
bilisation power of the alloying elements to cover the full spectrum of Ti 
alloys, from near-α (i.e. Ti-0.5Cu) to β (i.e. Ti-10Mn). The samples were 
vacuum sintered at 1250ºC for 2 h using a heating rate of 10ºC/min, 
which are common parameters for sintering Ti alloys [15,20–23]. Sub
sequently, the samples were heated to 1150ºC using an induction coil 
under an argon atmosphere and forged (reduction ratio ~1.4) using a 
strain rate in order of 1 s− 1. Finally, the forged samples were subjected 
to a solution and aging heat treatment entailing heating to 950ºC for 1 h, 
water quenching, aging at 400ºC for 8 h, and final air cooling. It is worth 
noticing that the chosen forging temperatures are meant to be within the 
β region for all the alloys according to their respective phase diagrams 
[24]. It is also worth mentioning that literature [6,16,17,25,26] was 
used to select the heat treatment conditions. In particular, Zhang et al. 
[27] heat treated binary Ti-(2− 4)Cu alloys obtaining the best compro
mise between mechanical, biocorrosion and antibacterial properties by 
means of a solution treatment (900ºC/3 h, quenching, and aging at 
400ºC/12 h). Similarly, Ikeda et al. [28] analysed the response of binary 
Ti-(6− 15)Mn alloys solution treated (900ºC/3 h, quenching, and aging 
at 400/500ºC for different times). 

The theoretical density was computed using the rule of mixtures. The 
green density was calculated as the mass to volume ratio. The density of 
the sintered or forged samples was quantified through water displace
ment measurements. Porosity is the difference between the density of 
the forged and fully dense alloys whereas the densification is the 
different between the forged and sintered density divided by the 
different between the theoretical and sintered density. For microstruc
tural analysis, which was carried out using an Olympus BX60F5 optical 
microscope, the heat treated samples were ground, polished, and etched 

Fig. 1. SEM micrographs showing the morphology of the raw powders: a) Ti, b) Cu, and c) Mn.  
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(Kroll solution comprising 6 ml HNO3, 2 ml HF and 92 ml distilled 
water). At least three dog-bone shaped samples with 2×2 mm2 cross- 
section and 20 mm gauge length were tested via a computer 
controlled electro-mechanical universal testing machine (Instron 
33R4204) applying a strain rate of 5⋅10− 3 s− 1. The offset method was 
used to determine the yield stress and a mechanical extensometer was 
used to measure the elongation. A minimum of five Vickers hardness 
indentations were performed to subsequently evaluate the average 
hardness of the alloys. 

3. Results and discussion 

The variation of the physical properties of the investigated binary Ti- 
Cu and Ti-Mn alloys including density, porosity, and densification are 
shown in Fig. 2. It can be seen that the theoretical density of the alloys 
linearly increases with the amount of alloying elements from 4.53 g/cm3 

to 4.73 g/cm3 for the Ti-Cu alloys and from 4.54 g/cm3 to 4.80 g/cm3 

for the Ti-Mn alloys. These values are higher than the density of Ti (i.e. 
4.51 g/cm3) and it is due to the fact that both Cu (i.e. 8.96 g/cm3) and 
Mn (i.e. 7.43 g/cm3) are heavier than Ti. In comparison, the theoretical 
density of the Ti-Mn alloys is higher that of the Ti-Cu alloys despite the 
lower density of Mn due to the greater amount of Mn used in the binary 
alloys with respect to Cu. Concerning the green density, its value 
monotonically decreases, with comparable slope, with the amount of 
alloying elements for the addition of either Cu or Mn due to the reduced 
compressibility of the powder blends (Fig. 2a). This is, respectively, 
related to the dendritic morphology of the Cu powder and the higher 
hardness of the Mn powder on top of the difference in terms of maximum 

particle size. The Ti-Mn alloys powder blends have slightly higher 
relative compressibility as a consequence of the smaller particle size and 
more favourable powder particle morphology. The density of both sin
tered and forged samples linearly increases with the amount of Cu or 
Mn. However, it is noticeable the remarkably much higher slope at 
which the sintered density of the binary Ti-Cu alloys increases with 
respect to the other cases. 

A more in depth insight on the specific effect of the alloying element 
powders used is obtained by analysing the variation of the relative 
sintered density values vs. the green density (Fig. 2b). The green density 
decreases in both systems, from 83.7 % to 79.5 % and from 85.1 % to 
79.2 %, respectively, for Ti-Cu and Ti-Mn alloys. The higher values of 
the latter alloys, where the alloying element content is greater, is related 
to their better compressibility. The sintered density increases from 
89.2 % to 93.5 % with the amount of Cu whereas decreases from 94.5 % 
to 91.2 % with the Mn content. Therefore, higher values of sintered 
density are achieved for higher additions of Cu even though the green 
density decreases. Conversely, the sintered density of Ti-Mn alloys de
creases with the amount of Mn despite the better compressibility. As all 
the specimens were sintered under the same conditions, this is related to 
the intrinsic diffusivity of each alloying element which is higher for Cu 
due to its lower melting point in comparison to Mn. However, because of 
the higher green density, generally higher sintered density values are 
found for the binary Ti-Mn alloys. It is worth mentioning that the rela
tive sintered density values reported in Fig. 2b) are comparable to those 
of other Ti-based materials manufactured by press and sinter [5,29–33]. 

From Fig. 2c), the density of the forged Ti-Cu alloys initially in
creases (i.e. 98.8–99.6 %) and then decreases (i.e. 98.7 %) with the 

Fig. 2. Variation of the physical properties of the binary Ti-Cu and Ti-Mn alloys: a) sintered density vs. amount of alloying element (note: full symbols are for Ti-Cu 
alloys and empty symbols are for Ti-Mn alloys), b) sintered density vs. green density, c) forged density vs. sintered density, and d) densification vs. porosity. 

L. Bolzoni et al.                                                                                                                                                                                                                                 



Journal of Alloys and Compounds 992 (2024) 174510

4

amount of Cu, which is directly correlated with the increase in sintered 
density induced by the addition of Cu. The forging density values are 
higher with respect to the sintered samples, meaning that hot forging is 
successful in sealing the majority of the residual porosity. However, the 
gap between the two values decreases (i.e. 9.6–5.3 %) as the content of 
Cu increases, indicating that the alloy becomes less plastically deform
able. In the case of the Ti-Mn alloys, the forging density increases (i.e. 
98.2–99.0 %) with the amount of Mn, which corresponds to a linear 
decrement with the sintered density. Consequently, the difference be
tween the two monotonically increases (i.e. 3.8–7.8 %) with the Mn 
content, implying a better deformability for greater Mn additions. 
Generally, higher forging density values are achieved in the binary Ti-Cu 
alloys with respect to the Ti-Mn alloys despite the former having lower 
sintered density, suggesting that Ti-Cu alloys are more comparatively 
malleable than Ti-Mn alloys. The combination of the behaviours previ
ously discussed results in the binary Ti-Cu alloys having overall higher 
densification and lower amount of residual porosity after hot forging 
with respect to their binary Ti-Mn counterparts (Fig. 2d). For both sys
tems, as it could have been expected, higher densifications are associ
ated with lower porosity values resulting in an overall decreasing trend 
common to both types of alloys. 

Fig. 3 shows representative micrographs of the quenched and aged 

Ti-Cu alloys. Those of the sintered and forged samples are available 
elsewhere [8]. However, as the final microstructure of Ti alloy depends 
on the overall thermal history, the sintered Ti-Cu alloys are charac
terised by the classical lamellar microstructure composed of α grain 
boundaries and α+β lamellae. As the amount of Cu increases, the size of 
the α+β lamellae is progressively refined and a hypoeutectic structure of 
α-Ti lamellae and Ti2Cu intermetallic phase [34] that transforms from 
β-Ti at the eutectoid temperature is found in the Ti-5Cu alloy. The forged 
Ti-Cu alloys have a martensitic-like microstructure due to the fast 
cooling experienced by the material during forging. The fineness of the 
martensitic structure uniformly increases with the amount of Cu. It is 
worth mentioning that contrary to binary Ti alloys in which the eutec
toid reaction is sluggish (e.g. Ti-Mn), the β phase is not retained at room 
temperature upon water quenching in binary Ti-Cu alloys [17]. A 
serrated martensitic transformed β microstructure is, therefore, obtained 
upon quenching in the Ti-Cu alloys regardless of the Cu content. 
Nonetheless, the coarseness of the transformed β microstructure 
remarkably decreases moving from the Ti-0.5Cu alloy (Figs. 3a) to 
Ti-2.5Cu (Fig. 3c) and to Ti-5Cu (Fig. 3e). 

Decomposition of the martensite obtained through quenching from 
the β field is expected to undergo during the aging treatment at 400ºC. 
Fig. 3b) shows that the microstructure of the Ti-0.5Cu alloy is 

Fig. 3. Representative micrographs of the, respectively, quenched and aged Ti-Cu alloys: a-b) Ti-0.5Cu, c-d) Ti-2.5Cu, and e-f) Ti-5Cu.  
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constituted by a coarse lamellar structure similar to that obtained upon 
cooling from the sintering temperature. As 0.5 wt % of Cu is below the 
maximum solubility of Cu in the α phase, the microstructure is primarily 
composed of α phase grains and a relatively small amount of trans
formed structure is found at the grain boundaries. In the case of the aged 
Ti-2.5Cu (Fig. 3d) and Ti-5Cu alloys (Fig. 3b) a microstructure composed 
of α grains and the Ti2Cu phase in the form of lamellae is achieved as a 
consequence of the decomposition of martensite. The microstructure is 
commonly found in hypoeutectoid Ti-Cu alloys. Smaller and fewer α 
grains and coarser and more regions with the eutectoid α-Ti+Ti2Cu 
structure are present as the Cu content increases. A small amount of 
either elongated or spherical pores are also present in the microstructure 
of the quenched and aged Ti-Cu alloys in agreement with the data of 
Fig. 2 for the forged alloys. 

The results of the microstructural characterisation performed on the 
quenched and aged Ti-Mn alloys are presented in Fig. 4. To understand 
them, it is worth remembering that a coarse and fine lamellar micro
structure was, respectively, found in the Ti-1Mn and Ti-5Mn alloys 
whereas equiaxed β grains with fine elongated retained α grains found at 
the grain boundaries and within some grains were observed for the Ti- 
10Mn alloy. After forging, an extremely fine lamellar microstructure 
was found in the Ti-1Mn alloy whilst a fully β microstructure was 

obtained in the Ti-5Mn and Ti-10Mn alloys [9]. As for the Ti-Cu alloys, 
some few small elongated residual pores with either spherical or elon
gated morphology are also found in the microstructure of the quenched 
and aged Ti-Mn alloys. Retention of β as a metastable phase is expected 
in quenched Ti-Mn alloys for a sufficiently high amount of Mn (i.e. 3 %) 
due to the sluggish eutectoid reaction. Accordingly, α’ martensite forms 
upon quenching in the Ti-1Mn alloy (Fig. 4a) whilst a microstructure 
composed of equiaxed metastable β grains is formed in the Ti-5Mn and 
Ti-10Mn alloys. However, it can be seen that acicular grains originating 
from martensite are also present, as reported in literature [28]. In this 
case, the precipitation of such acicular grains is related to the oxygen 
content which virtually shift the phase transformation temperature to 
higher values and affects the transformation kinetics. It is, therefore, 
found that the size of the equiaxed metastable β grains is coarser and 
that of the acicular grains much finer in the case of the Ti-10Mn alloy. 

Aging of the quenched Ti-Mn alloys at 400ºC for 8 h does not lead to 
major modifications of the microstructure, if not to a minor coarsening 
of the phases. Exclusively in the case of the Ti-1Mn alloy the decom
position of martensite leads to the precipitation of some α grains 
resulting in a lookalike lamellar microstructure. 

Fig. 5 shows representative examples of the tensile stress-strain 
curves of the quenched and aged binary Ti-Cu and Ti-Mn alloys. With 
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regards to the former, irrespective of their chemistry, the alloys are able 
to undergo both elastic and plastic deformation before non-catastrophic 
failure. The stress at which each specific alloy transitions from one 
behaviour to the other increases with the amount of Cu. Consequently, 
the resistance to the applied uniaxial tensile load increases but the 
ability to withstand plastic deformation decreases (Fig. 5a). Similar 
behaviour and trend could have been expected for the Ti-Mn alloys. 
However, it can be seen that both the Ti-5Mn and Ti-10Mn alloys only 
undergo elastic deformation before catastrophic failure whilst the Ti- 
1Mn alloy is able to plastically deforms after the initial elastic defor
mation. The Ti-Mn alloys become significantly more brittle as the 
amount of Mn increases. 

The strain hardening curves calculated from the true stress vs. true 
strain derived from the tensile curves of Fig. 5 are displayed in Fig. 6. 
The depicted dσ/dεp curves are commonly divided between Stage II (i.e. 
the initial asymptotic part of the curve) and Stage III [35]. In the former, 
each alloy show very high dσ/dεp values and a sharp decrease over a 
narrow plastic strain range where for polycrystalline materials this is not 
a proper deformation stage [36]. Stage III is characterised by a much 
slower decreases of the dσ/dεp ratio, which is determined by the dislo
cation generation to annihilation balance. The type of microstructure 
and the fineness of its features determines the shape of the dσ/dεp curve. 
Therefore, it can be seen that the Ti-5Cu alloy has much higher dσ/dεp 
values in Stage II with respect to the other aged Ti-Cu alloys as a 
consequence of its very fine hypoeutectoid microstructure (Fig. 3). The 

transition from Stage II to Stage III also roughly coincides with the 
intersection between the dσ/dεp curves of the Ti-0.5Cu and Ti-2.5Cu 
alloys where the hardening rate of the latter starts to decrease at a 
faster rate compared to the former (Fig. 6a). In the case of the Ti-Mn 
alloys, only the dσ/dεp curve of the Ti-1Mn alloy could be derived due 
to the brittle nature of the aged Ti-5Mn and Ti-10Mn alloys. The Ti-1Mn 
alloy is characterised by a hardening behaviour, which is comparable to 
that of the Ti-5Cu alloy in Stage II and to that of the Ti-2.5Cu alloy in 
Stage III. 

The graphs of Fig. 6 also report the variation of the true stress vs. true 
strain tensile curves where the crossover of these curves with the 
respective dσ/dεp curves is identified as the onset of necking following 
the necking stability Considère criterion [37]. It can be seen that there is 
a strong dependency of the onset of necking value with Stage III and an 
increase in uniform elongation follows necking upon tensile loading. 
This relates well with the elastoplastic behaviour of the alloys and it is an 
estimation of their toughness (Fig. 5). For the binary Ti-Cu alloys, the 
amount of plastic deformation underwent after necking progressively 
decreases with the Cu content due to transformation and refinement of 
the microstructural features (Fig. 3). The necking onset and subsequent 
deformation of the Ti-1Mn alloy is comparable to that of the Ti-2.5Cu 
alloy, although of the differences in microstructure. 

The average mechanical properties of the quenched and aged binary 
Ti-Cu alloys as a function of the Cu content are shown in Fig. 7. The yield 
stress and the ultimate tensile strength both monotonically increase with 

Fig. 5. Representative results of the tensile and hardening behaviour of the quenched and aged binary Ti-Cu and Ti-Mn alloys: a) stress-strain curves of the Ti-Cu 
alloys, and b) stress-strain curves of the Ti-Mn alloys. 

Fig. 6. Representative results of the hardening behaviour of the quenched and aged binary Ti-Cu and Ti-Mn alloys: a) strain hardening curves of the Ti-Cu alloys, and 
b) strain hardening curves of the Ti-Mn alloys. 
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the amount of Cu. Specifically, the yield stress increases from 441 MPa 
to 929 MPa and the ultimate tensile strength from 543 MPa to 
1027 MPa. For the sake of comparison, Fig. 7a) also reports the data of 
the forged alloys [8]. It is found that the selected solution treatment is 
primarily beneficial to enhance the tensile properties of the Ti-5Cu alloy 
as the yield stress and the ultimate tensile strength are, respectively, 
172 MPa and 126 MPa higher compared to the forged alloy. In the case 
of the Ti-2.5Cu alloy the heat treatment does not lead to any significant 
improvement as both the yield stress and the ultimate tensile strength 
values of the forged and heat treated alloys are comparable. Conversely, 
for the Ti-0.5Cu alloy, the selected solution treatment decreases both the 
yield stress and the ultimate tensile strength of 161 MPa and 107 MPa, 
respectively. 

From Fig. 7b), the solution treatment leads to a linear decrease of the 
elongation to fracture from 12.2 % to 3.0 % as the amount of Cu present 
in the alloy increases. When compared to the respective forged alloys, it 
can be seen that the solution plus aging treatment is beneficial to 
improve the ductility of the binary Ti-Cu alloys; however, its efficacy 
decreases as the Cu content increases. Therefore, the elongation of the 
heat treated Ti-0.5Cu alloy is threefold that of the forged counterpart 
whereas the elongation of the heat treated Ti-5Cu alloy is twice as low as 
that of the forged alloy. As it could have been expected from the trend of 
the strength, the solution treatment continuously increases the hardness 
of the Ti-Cu alloys from 212 HV to 376 HV (Fig. 7c). Once again, the 
selected hat treatment is beneficial for the Ti-5Cu alloy, neutral for the 
Ti-2.5Cu alloy and detrimental for the hardness of the Ti-0.5Cu alloy. 
The changes in mechanical properties induced by the heat treatment and 
with respect to the forged alloys are due to two main factors, namely the 

formation of a progressively refined microstructure during the aging 
treatment and the creation of the hypoeutectoid structure entailing the 
presence of the hard but brittle Ti2Cu intermetallic phase (Fig. 3). 

Fig. 8 shows the mean mechanical properties of the quenched and 
aged binary Ti-Mn alloys as a function of the amount of Mn added. Due 
to the brittle nature of the alloys, only the yield stress of the Ti-1Mn 
could be calculated as 643±19 MPa, which is comparable to that of 
the forged alloy, i.e. 648±16 MPa. The ultimate tensile strength of the 
aged alloys slightly increases from 752 MPa of the Ti-1Mn alloy to 
796 MPa of the Ti-5Mn alloy and then plummets to 108 MPa for the Ti- 
10Mn alloy (Fig. 8a). A similar increasing and then decreasing trend is 
found for the forged alloys. The studied solution treatment marginally 
increases the yield stress of the forged Ti-1Mn alloy by 24 MPa but 
remarkably decreases that of the other Ti-Mn alloys due to their 
embrittlement [38]. Interestingly, the studied heat treatment also leads 
to a slight increase of the ductility of the Ti-1Mn alloy of approximately 
1 %. In terms of elongation to failure (Fig. 8b), the heat treated Ti-Mn 
alloys are characterised by an exponentially decreasing trend as the 
ductility drops from 10.2 % to 0.6 %. Consequently, the ductility of the 
Ti-Mn alloys is generally lower after the heat treatment. 

Regarding the hardness (Fig. 8c), the solution treatment initially 
leads to a remarkable increase (265→521 HV) and subsequently to a 
much lower one (i.e. 534) as the content of Mn increases. The same trend 
is found for the forged alloys. It can be noticed that the hardness of the 
heat treated Ti-Mn alloys is always higher in comparison to their forged 
counterparts and the gap between the two increases as the Mn content 
increases. The mechanical behaviour discussed and the extraordinary 
differences between the various Ti-Mn alloys are related to their 

Fig. 7. Average mechanical properties of the forged and heat treated binary Ti-Cu alloys: a) yield stress and ultimate tensile strength (note: full symbols are for the 
heat treated alloys and empty symbols are for forged alloys), b) elongation to fracture, and c) hardness. 
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microstructure, which is lamellar for the Ti-1Mn alloy and composed of 
equiaxed β grains with acicular α grains for the rest of the alloys (Fig. 4). 
A direct comparison between the average mechanical properties of the 
Ti-Cu (Fig. 7) and Ti-Mn (Fig. 8) alloys indicates that the latter are much 
stronger, harder and less ductile but the results of the strength are biased 
by their brittleness. 

A comparison of the tensile properties of the forged and heat treated 
Ti-Cu alloys of this study with other binary Ti-Cu alloys manufactured 
using a variety of methods including post-processing heat treatments [6, 
16,17,25,39,40] is shown in Fig. 9. In general, the yield stress of the 
binary Ti-Cu alloys increases with the amount of Cu added and the 
forged and heat treated alloys of this study sit at the up end of the dis
tribution for comparable compositions. Specifically, the yield stress of 
the heat treated Ti-0.5Cu alloy is lower compared to its forged coun
terparts but it is slightly higher with respect to that of an equivalent cast 
alloy. The heat treated Ti-2.5Cu alloy has comparable yield stress to the 
forged alloys and it is much better with respect to the same alloy ob
tained via casting (Fig. 9a). Moreover, the yield stress is lower compared 
to a solution treated Ti-3Cu, as different heat treatments including T4 
and T6 for longer times were used, but much better than that of a 
quenched as well as solution treated Ti-3.7Cu alloy despite the latter 
bearing a higher Cu content and having been aged at a higher temper
ature for longer times. Concerning the heat treated Ti-5Cu alloy, it has 
the best yield stress amongst other Ti-5Cu alloys subjected to forging, 
casting, quenching or a solution treatment. Furthermore, the Ti-5Cu 
alloy is characterised by the highest yield stress, better than that of 
Ti-7.1 Cu alloy manufactured via casting, semisolid forging and solution 
treated. 

From Fig. 9b), as the ultimate tensile strength increases the ductile 
decreases and this is generally associated with the increment of the Cu 
content in the alloy. In terms of UTS/strain pairs, the binary Ti-Cu alloys 
of this study significantly outperform all the cast and solution treated Ti- 
(0.5–7.1)Cu alloys as well as the quenched and solution treated Ti- 
(3.7–7.1)Cu alloys. The heat treated Ti-0.5Cu alloy is amongst those 
with the best ductility but its strength is, understandably, lower than 
that of semisolid forged Ti-7Cu alloys and the quenched Ti-3.7Cu alloy 
due to the lower Cu content. Similarly, the heat treated Ti-2.5Cu alloy 
has higher strain values than most of the solution treated Ti-3Cu alloys 
but its ultimate tensile strength is comparatively lower. The highest UTS 
value is achieved in the heat treated Ti-5Cu alloy combined with better 
ductility with respect to other Ti-Cu alloy with similar chemical 
compositions. 

Fig. 10 shows a comparison of the mechanical properties of the 
forged and heat treated Ti-Mn alloys of this study with other binary Ti- 
Mn alloys obtained by means of different manufacturing methods 
without and with subsequent heat treatment [5,19,40–42]. As for the 
Ti-Cu alloys, better ductility is associated with lower values of ultimate 
tensile strength, which are commonly attained in lean compositions. 
Consequently, the forged and heat treated Ti-1Mn alloy is characterised 
by the highest elongation to fracture value amongst all the binary Ti-Mn 
alloys considered (Fig. 10a). Furthermore, its ultimate tensile strength is 
not remarkably different from that of some of the Ti-Mn alloys obtained 
via press and sinter. The forged Ti-Mn alloys are the one generally 
characterised by the best compromise between high ultimate tensile 
strength and good ductility. Analysing the variation of the hardness with 
the Mn content (Fig. 10b), the heat treated Ti-Mn alloys have the highest 

Fig. 8. Average mechanical properties of the forged and heat treated binary Ti-Mn alloys: a) yield stress and ultimate tensile strength (note: full symbols are for the 
heat treated alloys and empty symbols are for forged alloys), b) elongation to fracture, and c) hardness. 

L. Bolzoni et al.                                                                                                                                                                                                                                 



Journal of Alloys and Compounds 992 (2024) 174510

9

hardness amongst other alloys with comparable chemical composition. 
Moreover, their hardness is also remarkably higher with respect to alloys 
bearing a significantly higher amount of Mn such as quenched and so
lution treated Ti-(3.4–12.1)Mn alloys, metal injection moulded 
Ti-(8− 12)Mn alloys and pressed and sintered Ti-(10− 14)Mn alloys. 
Generally higher hardness values are achieved for higher Mn contents; 
however, a decreasing sub-trend can also be identified for Mn compo
sitions above a specific threshold, which corresponds to the formation of 
a microstructure composed of fully stabilised equiaxed β grains. 

4. Conclusions 

This work investigated the effects that a quenching and aging heat 
treatment have on the properties and performance of binary Ti-Cu and 
Ti-Mn alloys manufactured via powder metallurgy, as there is lack of 
knowledge. From it, the following conclusions can be drawn: 

- The theoretical density of the binary Ti-Cu and Ti-Mn alloys mono
tonically increases with the amount of alloying elements as they are 
heavier than Ti whilst the green density linearly decreases as the 
addition of the Cu and Mn powders affects the compressibility of the 
powder blends. Sintering and forging of the alloys always leads to a 
progressively higher values for higher alloying elements additions. 
Due to its higher diffusivity, the addition of Cu is more beneficial in 
terms of increasing the relative sintered density and forging is 
effective in sealing most of the residual pores. The subsequent heat 
treatments do not significantly affect the residual pores, which 
remain within the microstructure.  

- Quenching of the binary Ti-Cu alloys does not results in the retention 
of the β phase, a serrated martensitic transformed β microstructure is 
formed, which becomes remarkably finer as the Cu content in the 
alloy increases. This in turn affects the outcome of the aging treat
ment and, thus, a coarse lamellar structure is obtained if the Cu 
content is below the maximum solubility limit. A hypoeutectoid 
structure composed of α grains and the intermetallic Ti2Cu phase is 
otherwise created. Conversely, retained β is present in the quenched 
Ti-Mn alloys and, therefore, α’ martensite is formed for compositions 
below the maximum solid solubility of Mn and equiaxed metastable β 
grains for compositions above. Precipitated acicular α grains are also 
found. Aging does not change the nature of the microstructure but 
leads to a minor coarsening of the phases.  

- The heat treated alloys are generally characterised by an elasto- 
plastic tensile behaviour, which becomes purely elastic for the bi
nary Ti-Mn alloys as the Mn content increases. Accordingly, the yield 
stress and the ultimate tensile strength monotonically increase, and 
so does the hardness, and the elongation to fracture linearly de
creases as the alloying element content increases. Furthermore, the 
alloys are characterised by similar overall strain hardening behav
iour, but the details of the strain hardening curve depend on the type 
of microstructure and the fineness of its features, with the majority of 
the alloys sustaining plastic deformation after the onset of necking. 
The solution treatment transitions from enhancing the ductility to 
improving the strength and the hardness as the amount of the 
alloying element increases. Nevertheless, the actual amount of 
improvement of each property is highly dependent on the chemical 
composition of each specific binary Ti-Cu and Ti-Mn alloy.  

- The heat treated Ti-5Cu alloy is characterised by the highest yield 
stress amongst alloys with comparable composition but manufac
tured using different methods and the binary Ti-Cu of this study 
significantly outperform all the cast, quenched, and solution treated 
alloys in terms of UTS/strain pairs. The best ductility among all the 
compared binary Ti-Mn alloys is obtained in the heat treated Ti-1Mn 
alloy and the highest hardness values are achieved in the heat treated 
Ti-Mn alloys. 

Fig. 9. Comparison of the average tensile properties of the heat treated Ti-Cu 
alloys with literature [6,16,17,25,39,40]: a) yield stress versus Cu content, 
and b) ultimate tensile strength versus strain. Legend: HT-heat treated, 
F-forged, C-cast, ST-solution treated, Q-quenched, and SSF-semisolid forged. 

Fig. 10. Comparison of the average mechanical properties of the heat treated 
Ti-Mn alloys with literature [5,19,40–42]: a) ultimate tensile strength versus 
strain, and b) hardness versus Mn content. Legend: HT-heat treated, F-forged, 
MIM-metal injection moulded, P&S-pressed and sintered, CR-cold rolled, 
Q-quenched, and ST-solution treated. 
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