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a b s t r a c t

Reduction of the manufacturing cost of titanium and the development of new alloys are

crucial to effectively harvest the benefits derived by the use of titanium in industrial appli-

cations. Therefore, we considered the creation of new Ti-2X-2Z alloys via the combined lean

additions of isomorphous (i.e. Nb) and eutectoid (i.e. Cu, Mn, and Fe) beta stabilisers, and

systematically analysed their effect on the manufacturability and mechanical response of

titanium produced via powder metallurgy. It is found that the addition of the alloying ele-

ments reduces the compressibility of the powder blend but enhances the densification. The

microstructure of titanium is transformed into a Widmanst€atten structure composed of a

grain boundaries and aþb lamellae where the stronger the beta stabilisers the more refined

the microstructural features, and no intermetallic phases are precipitated despite the use of

eutectoid stabilisers. Consequently, the combined addition of isomorphous and eutectoid

beta stabilisers has a significant effect on the mechanical response with the material

becoming stronger, harder and less tough with the increment of the potency of the added

beta stabilisers; however, the Ti-2X-2Z alloys share similar strengthening mechanisms. A

more accurate theoretical equation for developing titanium alloys through the molybdenum

equivalent parameter should be developed.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Titanium (Ti) and its alloys are characterised by a combination

of properties such as low density, high strength, good corrosion

resistance, biocompatibility, and mechanical properties at

relatively high temperatures better suited, with respect to

competitors’ metals [1,2], for most structural engineering ap-

plications. However, the widespread application of Ti alloys in
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industry is hinderedby thehigh costs involved in the extraction

and fabricationofTiasa consequenceof thehighreactivitywith

atmospheric gases, especially oxygen, and the poor machin-

ability. Consequently, Ti alloys are still primarily used in high

demanding engineering sectors such as the aeronautic, the

biomedical, and the petrochemical where the high cost is

overbalanced by the benefits brought about by using Ti alloys

rather than any other of the available structural metals. With

respect to the fabrication of Ti alloys, powder metallurgy, a
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recognised green technology, has been identified as an ideal

alternativemanufacturing technique for Ti alloys when aiming

to reduce their cost. This is because the fabrication of Ti alloys

via powder metallurgy entails advantages such as solid-state

processing (i.e. limiting the reactivity of Ti), reduced number

ofoperationsneeded toobtain theproductwith thefinal desired

geometry (i.e. near-net-shape processing), and high yield of

material (i.e. waste minimisation during fabrication). Further-

more, powder metallurgy offers the possibility to design new

chemical compositionsnot otherwise achievable and the ability

to easily tailor the performance of Ti, especially when the

composition is created through the so-called blended elemental

approachwhere elemental powders of the desired elements are

mixed together to make up the desired composition [1].

Ti is an allotropic metal and it has two main equilibrium

phases, the low temperature hexagonal close packed (HCP)

alpha Ti and the high temperature body-centred cubic (BCC)

beta Ti phases. The addition of each alloying element either

increases or decreases the allotropic phase transformation

temperature and, therefore, the alloying elements are known

as a or b stabilisers, respectively. This entails the fact that if

enough b stabilisers are added (worth to note that do exit

isomorphous and eutectoid b stabilising elements), the high

temperature beta Ti phase is stabilised at room temperature.

Accordingly, Ti alloys are classified as a, aþb, and b alloys

depending on the phases present in the microstructure of the

alloy at room temperature after an annealing heat treatment. It

is worth mentioning that there are also near-a alloys, which

generally have a maximum of 2e3% of b stabilisers added in

their composition (all compositions are inwt.% unless specified

differently), and b Ti alloys are further subdivided into meta-

stable and fully stable alloys depending on the total amount of b

stabilisers present. a Ti alloys are best known for their high

strength and corrosion resistance, aþb Ti alloys for their bal-

ance of mechanical performance including strength and

toughness, and b Ti alloys for their enhanced formability [3,4].

The design of new Ti alloy compositions, which can be

used to reduce the intrinsic cost of Ti via the addition of cheap

alloying elements such as Fe, can be tackled using different

strategies, two of which are the bond order/d-orbital energy

(Bo-Md) map [5,6] and the molybdenum equivalent (MoE)

parameter [7,8]. The latter is preferred for its simplicity where

the stabilisation effect on the b-Ti phase of each alloying

element to be added in the composition is accounted for

through aweighting factor. Currently, in literature there are at

least two definitions of the MoE parameter, respectively

shown in Eq. (1) [7] and Eq. (2) [8], which are also used to

classify Ti alloys. The weighting factors of these equations are

for compositions in wt.% and were obtained in quenched

alloys.

MoEð1Þ¼ 1:0 Moþ 0:67 Vþ 0:44 Wþ 0:28 Nbþ 0:22 Taþ 2:9 Fe

þ 1:6 Crþ 0:77 Cuþ 1:11 Niþ 1:43 Coþ 1:54 Mn e 1:0 Al

(Eq. 1)

MoEð2Þ¼ 1:0 Moþ 1:25 Vþ 0:59 Wþ 0:28 Nbþ 0:22 Taþ 1:93 Fe

þ 1:84 Crþ 1:50 Cuþ 2:46 Niþ 2:67 Coþ 2:26 Mnþ 0:30 Sn

þ 0:47 Zrþ 3:01 Si e 1:47 Al

(Eq. 2)
Among b stabilisers, Nb is an isomorphous b stabiliser used

because of its non-toxic behaviour and ability to lower the

elastic modulus, Cu is a eutectoid b stabiliser used to provide

antibacterial capability and burn resistance, Mn is a strong

eutectoid b stabiliser used to reduce the cost and because of its

lower toxicity than V [9,10], and Fe is a strong eutectoid b

stabiliser primarily used to reduce the intrinsic cost of the

alloy and enhance the mechanical behaviour. The addition of

Nb [11e17], Cu [18e28] and Fe [29e35] in their respective bi-

nary TieNb, TieCu and TieFe systems has been widely

investigated whilst the addition of Mn in binary TieMn alloys

has been much less explored [36e39].

Studies reporting the processing and properties of ternary

alloys where the combination of any two of those elements (i.e.

Nb, Cu,Mn, and Fe) were jointly added to Ti are alsomuchmore

uncommon and have specific limitations. In particular, to the

best knowledge of the authors, few studies reported ternary Ti-

xNb-yCu alloys [40e42], but only considering high Nb þ Cu

contents (i.e. � 10%) and primarily using casting as

manufacturing process. Two studies analysed ternary Ti-xNb-

xMn alloys [43,44], but with the composition of one of two

elements fixed and no characterisation of the alloys in the as-

obtained conditions was performed, as the alloys were always

heat treated. Ternary Ti-xNb-yFe alloys have been slightlymore

investigated [45e52] but, as for ternary Ti-xNb-xMn alloys,

most literature investigated alloys where the content of one of

the two alloying elements was kept constant, focused on

obtaining metastable or stable b Ti alloys (i.e. high Nb þ Fe

contents), and wrought metallurgy was the prime processing

choice. There are few reports on ternary Ti-xFe-yCu alloys

[53e56], but only thework of Zadorozhnyy et al. [54,55] actually

considered the development of aþb alloys, even though they

only analysed one particular composition (i.e. Ti-3.5Fe-3.9Cu),

and there is no literature on manufacturing ternary Ti-xFe-

yCu alloys via powder metallurgy. Only Ikeda et al. [57] stud-

ied ternary Ti-xFe-yMn, but once again only alloys with high

addition rates resulting in materials with a microstructure

composed of equiaxed beta grains were analysed. It is also

worth mentioning that not many of the previously mentioned

studies quantified the structural behaviour of the ternary al-

loys, and if they did, not many reported tensile properties.

The aim of this work is thus to understand the effect that

combined lean additions of isomorphous (i.e. Nb) and eutec-

toid (i.e. Cu, Mn, and Fe) beta stabilisers have on the

manufacturing and mechanical behaviour of Ti. In particular,

the amount of each alloying element was fixed at 2% and,

therefore, the following Ti-2X-2Z alloys were investigated:

Tie2Nbe2Cu, Tie2Nbe2Mn, Tie2Nbe2Fe, Tie2Fee2Cu, and

Tie2Fee2Mn. CP-Ti (commercially pure) was also analysed as

the reference material. The alloys were produced via powder

metallurgy and their mechanical and strengthening behav-

iour based on tensile testing was quantified.
2. Experimental procedure

SEMmicrographs showing the morphology and basic features

of the elemental powders used as raw materials for the cur-

rent study are reported, respectively, in Fig. 1 and Table 1. It

can be seen that both Ti andNb have irregularmorphology, Cu

https://doi.org/10.1016/j.jmrt.2022.11.023
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Fig. 1 e SEM micrographs showing the morphology of the raw materials: a) irregular Ti powder, b) irregular Nb powder, c)

dendritic Cu powder, d) angular Mn powder, and e) spherical Fe powder.

Table 1 e Suppliers’ specification of the raw materials.

Powder Purity [%] Maximum particle size
[mm/mesh]

Supplier

Ti 99.4 75/200 GoodFellow

Nb 99.8 45/325 AlfaAesar

Cu 99.7 63/230 Merck KGaA

Mn 99.0 45/325 Sigma-Aldrich

Fe 99.0 10/1200 GoodFellow
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is dendritic, Mn is angular, and Fe is spherical. The maximum

particle size is slightly different for each powder and Ti, which

constitutes the bulk of the material, has the biggest particle

size (D90 < 75 mm), which is ideal for its processing via powder

metallurgy.

The correct amount of raw powders were weighted and

mixed for 30 min using a revolution frequency of 45 Hz. The

blends of mixed powders were then compacted into 40 mm

cylindrical samples at room temperature via applying a

https://doi.org/10.1016/j.jmrt.2022.11.023
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uniaxial pressing of 600 MPa by means of a hydraulic press.

Vacuum sintering of the pressed compacts was performed at

1300 �C using a dwell time of 120 min, a heating rate of 10 �C/
min, and furnace cooling under vacuum.

The theoretical density of the alloys was calculated by

means of the rule of mixtures. The density of the pressed

compacts was calculated as the mass-to-volume ratio for

which 5 measurements of the thickness and 3 measurements

of the dimeter were taken using a 2-decimal digital calliper.

The weight was quantified by means of a 4-decimal analytical

balance. Phase analysis by means of X-ray diffraction was

done on a Philips X'pert with Cu Ka radiation using a scanning

angle range of 25e65�, and a step size of 0.013�. Microstruc-

tural characterisation was performed with both optical

(Olympus BX53) and electronic (Hitachi S4700) microscopes

for which the samples were metallographically prepared

using the standard grinding and polishing method and final

chemical etching by means of a water-based Kroll solution

(2 vol% HF and 4 vol% HNO3).
Fig. 2 e Variation of the physical properties of the Ti-2X-2Z allo

density vs. green density, and c) densification vs. porosity.
The mechanical behaviour of the alloys was quantified

measuring quasi-static tensile properties and hardness. In

particular, an Instron 33R4204 universal tester equipped with

an external mechanical extensometer was run at a strain rate

of 5$10�3 1/s to test a minimum of five dogbone samples with

cross-section of 2 � 2 mm2 and gage length of 20 mm. A uni-

versal hardness tester was used to measure the Rockwell

hardness (HRA) of the alloys.
3. Results

Fig. 2 summarises the measurements of the physical proper-

ties of the Ti-2X-2Z alloys, which include theoretical, green,

and sintered density as well as densification and porosity. The

theoretical density of the Ti-2X-2Z alloys is higher than that of

CP-Ti (i.e. 4.51 g/cm3) and ranges from 4.64 g/cm3 for the

Tie2Fee2Mn alloy to 4.68 g/cm3 for the Tie2Nbe2Cu alloy. The

sintered density of the Ti-2X-2Z alloys is also higher compared
ys: a) sintered density vs. theoretical density, b) sintered

https://doi.org/10.1016/j.jmrt.2022.11.023
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to CP-Ti where Nb-based Ti-2X-2Z alloys (i.e. Tie2Nbe2Cu,

Tie2Nbe2Mn, and Tie2Nbe2Fe) show a linear relationship

between sintered and theoretical density, which is not the

case for the Fe-based Ti-2X-2Z alloys (i.e. Tie2Nbe2Fe,

Tie2Fee2Cu, and Tie2Fee2Mn). Considering the relative

green density (Fig. 2b), the Tie2Nbe2Cu alloy (86.8%) has a

higher value compared to CP-Ti (86.4%), the Tie2Fee2Cu alloy

has the same value (86.4%) of CP-Ti, whereas all the other

alloys have lower green density (i.e. 85.3e85.6%) in compari-

son to CP-Ti. However, the values of the relative sintered

density of the Ti-2X-2Z alloys (93.5e94.8%) are all greater than

that of CP-Ti (93.1%). The values of the relative sintered den-

sity of the Ti-2X-2Z alloys are comparable to those of other Ti-
Fig. 3 e Results of the XRD analysis of the Ti-2X-2Z alloys: a) C

Tie2Fee2Cu, and f) Tie2Fee2Mn.
based materials manufactured by press and sinter

[15,27,29,30,38,44,58]. From Fig. 2c), it can be seen that the Ti-

2X-2Z alloys have, thus, lower amount of residual porosity

(5.2e6.5%) compared to CP-Ti (6.9%) due to the higher densi-

fication (50.8e64.6%) promoted by the addition of the alloying

elements to CP-Ti, which has a densification of 49.6%.

The results of the XRD analysis carried out on the Ti-2X-2Z

alloys are shown in Fig. 3. It is worth mentioning that the

plane/family of planes of the different phases were labelled

only the first time encountered. As expected, the alpha Ti

phase with HCP structure (a ¼ 2.95 �A and c ¼ 4.67 �A) was the

only phase detected for CP-Ti. The alpha Ti phase was also the

only phase detected for the Tie2Nbe2Cu and Tie2Fee2Cu
P-Ti, b) Tie2Nbe2Cu, c) Tie2Nbe2Mn, d) Tie2Nbe2Fe, e)

https://doi.org/10.1016/j.jmrt.2022.11.023
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alloys whereas both the alpha Ti and beta Ti with BCC struc-

ture (a ¼ 3.30 �A) phases were detected for the other Ti-2X-2Z

alloys.

Fig. 4 shows representative micrographs of the micro-

structure of the Ti-2X-2Z alloys analysed at lowmagnification

via optical microscopy and at high magnification by means of

scanning electron microscopy, respectively. In terms of

microstructure, CP-Ti is composed of Widmanst€atten a plates

whilst the Ti-2X-2Z alloys have a Widmanst€atten micro-

structure, independently of their actual chemical composi-

tion. The primary differences between the Widmanst€atten

structures of the Ti-2X-2Z alloys is the size of the aþb lamellae

found within the a grains, and the morphology of the a grain

boundaries (or prior b grains), which is elongated in the case of

the Cu-containing Ti-2X-2Z alloys (i.e. Tie2Nbe2Cu and

Tie2Fee2Cu) and equiaxed for the rest of the Ti-2X-2Z alloys.

The optical micrographs show that, regardless of the chem-

istry of the alloy, CP-Ti and the Ti-2X-2Z alloys are charac-

terised by a uniform distribution of isolated spherical residual

pores left by the sintering process [59]. The volumetric amount

of residual pores (~5e7%) agrees with the results presented in

Fig. 2.

The variation of the mechanical properties of the Ti-2X-2Z

alloys is presented in Fig. 5 where, from the representative

tensile curves, it can be seen that both CP-Ti and the Ti-2X-2Z

alloys are characterised by both elastic and plastic deforma-

tion before failure, which does not happen catastrophically.

The lean addition of the selected alloying elements has a

profound impact on the tensile behaviour as the Ti-2X-2Z al-

loys all have much higher strength and lower ductility with

respect to CP-Ti. Specifically, the lowest strength and hard-

ness and the highest elongation are found in CP-Ti, and the

highest strength and hardness and lowest elongation in the

Tie2Fee2Mn alloy. More in detail, the ultimate tensile

strength varies between 447 ± 23 MPa to 676 ± 16 MPa and,

consequently, the hardness increases from 50 ± 0.7 to 59 ± 1.2

HRA (Fig. 5b). Moreover, the yield stress varies between

371 ± 31 MPa to 606 ± 6 MPa and, consequently, the elongation

decreases from 14.4 ± 1.1 to 2.7 ± 0.9 (Fig. 5c).

Fig. 6 shows representative fractographic micrographs of

the Ti-2X-2Z alloys where it can be seen that the fracture

surface of the Ti-2X-2Z alloys is, generally, rougher with

respect to that of CP-Ti. The latter failed in a ductileway due to

the transgranular fracture at the Widmanst€atten a plates

whilst the Ti-2X-2Z alloys mainly failed in a ductile way

through a combined transgranular and intergranular fracture

of the a and b phase, respectively. Most of the residual pores

are deformed as they contributed to the failure of the Ti-2X-2Z

alloys.
Fig. 4 e Representative low (i.e. optical) and high (i.e. SEM)

magnification micrographs, respectively, of the Ti-2X-2Z

alloys: a-b) CP-Ti, c-d) Tie2Nbe2Cu, e-f) Tie2Nbe2Mn, g-h)

Tie2Nbe2Fe, i-j) Tie2Fee2Cu, and k-l) Tie2Fee2Mn.
4. Discussion

In this study, Ti-2X-2Z alloys were designed based on lean

additions of isomorphous and eutectoid beta stabilisers

keeping the ratio of the two alloying elements constant. The

new Ti-2X-2Z alloys are to be produced via the classical

powder metallurgy route of cold pressing plus vacuum sin-

tering and for that blends of the specific powder were mixed,

compacted, and consolidated. Fig. 2 shows that the theoretical
density of the of the Ti-2X-2Z alloys is higher than that of CP-

Ti as all the alloying elements used have higher density

compared to Ti. Specifically, the values of the density of the

https://doi.org/10.1016/j.jmrt.2022.11.023
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Fig. 5 e Variation of the mechanical properties of the Ti-2X-2Z alloys: a) representative tensile curves, b) ultimate tensile

strength vs. hardness, and c) yield stress vs. elongation.
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alloying elements, which were used to calculate the theoret-

ical density are: 8.57 g/cm3 for Nb, 8.96 g/cm3 for Cu, 7.43 g/cm3

for Mn, and 7.87 g/cm3 for Fe. The values of the sintered

density of the Ti-2X-2Z alloys are also higher with respect to

that of CP-Ti, as they are still a function of the density of the

alloying elements, but each actual value is also influenced by

the specific diffusivity of the element in Ti. Consequently, a

linear relationship between the values of the sintered and

theoretical densities is found for the Nb-based Ti-2X-2Z alloys

(i.e. Tie2Nbe2Cu, Tie2Nbe2Mn, and Tie2Nbe2Fe) but not for

the Fe-based Ti-2X-2Z alloys (i.e. Tie2Nbe2Fe, Tie2Fee2Cu,

and Tie2Fee2Mn). This is due to the fact that Nb has the

highest melting point, and the lowest diffusivity, amongst the

alloying elements used and, therefore, it is the element con-

trolling the sintering process when present. In the case of the

Fe-based Ti-2X-2Z alloys, no particular element is identified as

the limiting one.

A better insight about the effect of the specific alloying

element powders used can be gained from the analysis of the
relative density values of Fig. 2b). The features of the powder

used, including their size, morphology, and deformability,

affect the compressibility of the powder blend. Similar or

higher compressibility compared to CP-Ti is only achieved in

the Ti-2X-2Z alloys containing Cu (i.e. Tie2Nbe2Cu and

Tie2Fee2Cu) due to the high deformability of pure Cu. Thus,

lower values are obtained for the other Ti-2X-2Z alloys due to

the combined effect of the higher hardness of Nb and Mn and

the mismatch in particle size for the Fe powder, which has

a significantly smaller particle size as well as spherical

morphology.

Regardless of the actual relative green density value, it can

be noticed that all the Ti-2X-2Z alloys are characterised by a

higher value of relative sintered density in comparison to CP-

Ti (Fig. 2b), which means that the addition of the selected

alloying elements favours the densification of the alloys.

Specifically, the Tie2Nbe2Mn and Tie2Nbe2Fe alloys reach

slightly higher values with respect to the Tie2Nbe2Cu alloy,

even though of the higher relative green density of the latter.

https://doi.org/10.1016/j.jmrt.2022.11.023
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Fig. 6 e Results of the fractographic analysis of the Ti-2X-2Z alloys: a) CP-Ti, b) Tie2Nbe2Cu, c) Tie2Nbe2Mn, d)

Tie2Nbe2Fe, e) Tie2Fee2Cu, and f) Tie2Fee2Mn.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 2 1 : 3 8 2 8e3 8 4 3 3835
This means that, for the same amount of Nb (i.e. Nb-based Ti-

2X-2Z alloys), the addition of Mn or Fe is more beneficial than

the addition of Cu, which is due to the intrinsic diffusivity of

each element in Ti as well as the fact that the Mn and Fe

powders used have smaller particles size compared to Cu.

More in detail, the addition of Fe is the most beneficial as it

permits to obtain the highest relative sintered density value in

the Nb-based Ti-2X-2Z alloys, despite of the lowest relative
green density. Considering the Fe-based Ti-2X-2Z alloys al-

lows to highlight two main points. Firstly, Nb is confirmed to

be the element slowing down the sintering process, due to its

low diffusivity, as the Tie2Nbe2Fe alloy as the lowest relative

sintered density value among the Fe-based Ti-2X-2Z alloys.

Secondly, the combined addition of Fe and Mn significantly

enhances the sintering process, due to their high diffusivity

and small particle size, as the Tie2Fee2Mn alloy reaches the

https://doi.org/10.1016/j.jmrt.2022.11.023
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highest relative sintered density value despite starting from

the lowest relative green density.

Coherently with the previous discussion about the values

of the relative sintered density and the hindering/enhance-

ment of the sintering process, the Ti-2X-2Z alloys have

smaller amounts of residual porosity compared to CP-Ti and

higher densification. As expected, the Nb-based Ti-2X-2Z al-

loys have higher porosity and lower densification with respect

to the Fe-based Ti-2X-2Z alloys (Fig. 2c). Specifically, for the

Nb-based Ti-2X-2Z alloys, a linear reduction of the amount of

porosity and a linear increase of the densification is obtained

by adding the same amount of Cu/Mn/Fe, and the same

linear trends for porosity and densification are obtained for

Fe-based Ti-2X-2Z alloys by adding the same amount of

Nb/Cu/Mn.

The XRD spectra of Fig. 3 confirm that only the two equi-

librium allotropic phases of Ti were found, meaning that the

addition of the chosen elements does not lead to the forma-

tion of any metastable Ti phases or intermetallic phases.

Specifically, exclusively the alpha Ti phase was detected for

CP-Ti and the Tie2Nbe2Cu and Tie2Fee2Cu alloys, even

though during the microstructural analysis of the latter two

the b phase was clearly visible (Fig. 4), which is reflected in the

broadening of the a(101) peak. This is due to the fact that the

amount of stabilised beta Ti phase is below the detection limit

of the equipment. This behaviour is the consequence of the

stabilising power of the alloying elements and the micro-

structure they lead to generate upon slow cooling from a

temperature above the b transus of the alloy. In the case of the

other Ti-2X-2Z alloys, both the alpha Ti and beta Ti phases

were detected where the relative intensity of themain peak of

the family of b(110) planes increases with the potency of the b

stabiliser element.

Analysis of the microstructure of the studied materials

(Fig. 4) reveals that there is a uniform distribution of residual

pores left by the sintering process in both CP-Ti and the Ti-2X-

2Z alloys, whose volumetric fraction is consistent with the

results of the physical properties (Fig. 2). The individual pores

have a sphere-shaped morphology and are mainly located at

the grain boundaries. These aspects are a confirmation that

the materials reached the third stage of sintering during pro-

cessing, which is associated with the complete dissolution of

the powder particles of the alloying elements and achieving a

homogenous chemical composition [15,27,29,30,38,44]. This is

further confirmed by the fact that no undissolved alloying

elements powder particles were found during the micro-

structural analysis.

Widmanst€atten a plates are the only microconstituent of

the microstructure of CP-Ti (Fig. 4aeb), which are the result of

the allotropic phase transformation of Ti upon furnace cooling

under vacuum from the sintering temperature. The addition

of a small amount of isomorphous and eutectoid beta stabil-

isers always switches the plate-like microstructure of CP-Ti to

Widmanst€atten where its features are affected by the type of

alloying elements used. Specifically, the combined addition of

Nb (i.e. isomorphous) and Cu (eutectoid) leads to the forma-

tion of a coarse Widmanst€atten structure composed of elon-

gated a grain boundaries (Fig. 4c) and thick aþb lamellae in the

Tie2Nbe2Cu alloy. The amount of stabilised b is fairly small,

as it can be seen from the thin b lamellae (Fig. 4d), which is due
to the fact that Nb is soluble in the alpha Ti phase and Cu is a

relatively weak b stabiliser (Eq. (1) and Eq. (2)), especially

compared to the other eutectoid b stabilisers used in this

study.

Swapping the addition of Cu to either Mn (Fig. 4e) or Fe

(Fig. 4g) changes the Widmanst€atten microstructure of the Nb-

based Ti-2X-2Z alloys to being composed of equiaxed a grain

boundaries, rather than elongated. More in detail, the addition

of Mn or Fe reduces the average size of the a grains and leads to

the formation of finer aþb lamellae due to the greater amount

of beta Ti phase being stabilised and the fact that neither Mn

nor Fe has solubility in the alpha Ti phase at room temperature.

The size of the a grains is smaller and the thickness of the b

lamellae bigger in the case of the Tie2Nbe2Mn alloy (Fig. 4f)

with respect to the Tie2Nbe2Fe alloy (Fig. 4h) leading to amore

refined Widmanst€atten structure. This microstructure is

typical of near-a and aþb Ti alloys containing b stabilisers

without or with any a stabilisers, and it is created during the

slow cooling of the alloy froma temperature above its b transus

temperature. Upon crossing this allotropic phase trans-

formation, the beta Ti phase starts to transform into the alpha

Ti phase at the grain boundaries and, thus, the equiaxed prior b

grains become either elongated or equiaxed a grain boundaries.

Nuclei of the alpha Ti phase form with their basal (close-

packed) plane parallel to the {110} planes of the beta Ti phase

and grow fast along the plane and slow perpendicularly to the

plane, generating a lamellae. Depending on the specific solu-

bility of each alloying element, the atoms of the b stabilisers

accumulate in the beta Ti phase, stabilising it. The beta Ti

phase, therefore, remains within the Widmanst€atten structure

as b lamellae.

Considering the Fe-based Ti-2X-2Z alloys, the Tie2Fee2Cu

is characterised by a Widmanst€atten structure composed of

elongated a grain boundaries (Fig. 4i) and aþb lamellae (Fig. 4j)

whose thickness is significantly finer compared to that of the

Tie2Nbe2Cu alloy (Fig. 2d). The Cu-containing Ti-2X-2Z alloys

of this study (i.e. Tie2Nbe2Cu and Tie2Fee2Cu) are both

characterised by the presence of elongated a grain boundaries,

which highlights theweak stabilising power of Cu as eutectoid

b stabiliser. The stabilising power of Fe is not sufficiently high

to be able to form equiaxed a grain boundaries, which is the

case when Mn is simultaneous added to Cu [60]. In the case of

the Tie2Fee2Mn alloy, due to the high stabilising potency of

Fe and Mn, the alloy has the finest Widmanst€atten structure

amongst the studied Ti-2X-2Z alloys, which is composed of

the smallest equiaxed a grain boundaries (Fig. 4k) and the

finest aþb lamellae (Fig. 4l). Therefore, in agreement with Eq.

(2), rather than Eq. (1), the alloying elements used in this study

can be listed in terms of increasing stabilising potency as:

Nb/Cu/Fe/Mn.

As discussed in the introduction, the design of new Ti al-

loys can be done using bond order/d-orbital energy (Bo-Md)

maps [5,6] and the MoE parameter [7,8]. These two strategies

can also be used to classify Ti alloys along with the standard

practise of classifying them based on the phases present in

the alloy at room temperature after slow cooling. This should

be combined with the knowledge that near-a alloys generally

have a maximum of 2e3% of b stabilisers, as this can be used

to differentiate them from aþb Ti alloys, which have a higher

amount of b stabilisers. From the microstructural analysis

https://doi.org/10.1016/j.jmrt.2022.11.023
https://doi.org/10.1016/j.jmrt.2022.11.023


j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 2 1 : 3 8 2 8e3 8 4 3 3837
results of the Ti-2X-2Z alloys shown in Fig. 4, alloys which

were slow cooled after sintering, it can be assumed that the

Cu-containing Ti-2X-2Z alloys (i.e. Tie2Nbe2Cu and

Tie2Fee2Cu) are near-a alloys, despite the fact that the total

amount of b stabilisers is 4%, due to their coarse Wid-

manst€atten structure and the small amount of stabilised beta

Ti phase present in the microstructure. CP-Ti is obviously a a

Ti alloy, whereas the other Ti-2X-2Z alloys (i.e. Tie2Nbe2Mn,

Tie2Nbe2Fe, and Tie2Fee2Mn) are aþb Ti alloys as their

microstructure is composed of equiaxed grain boundaries and

refined aþb lamellae resulting in a fine Widmanst€atten

structure.

Fig. 7 shows an attempt to classify the Ti-2X-2Z alloys of

this study on the basis of the bond order/d-orbital energy (Bo-

Md) map [5,6] and the MoE parameter [7,8], respectively. In the

case of the bond order/d-orbital energy (Bo-Md) map (Fig. 7a),

the boundaries defining the a (fine dash line) and b (coarse

solid line) Ti alloys regions were reported along with the ex-

pected change in structure due to the addition of Nb (i.e.

coarse dash line). It is found that all the Ti-2X-2Z alloys, with

the exception of the Tie2Fee2Mn alloy, are classified as aþb Ti

alloys as bond order/d-orbital energy (Bo-Md) maps do not

seem to be able to differentiate between near-a and aþb Ti

alloys. More in detail, the Tie2Nbe2Cu alloy lays right in the

middle of the aþb Ti alloys region and the Tie2Fee2Cu alloy

lays very close to the b Ti alloys' border line where, in contrast,

microstructural analysis shows that these alloys have a coarse

Widmanst€atten structure typical of near-a Ti alloys. Even

more interestingly, the Tie2Fee2Mn alloy is classified as a b Ti

alloy, being across the b Ti alloys’ border line, but the micro-

structural analysis clearly shows that the alloy is a aþb Ti alloy

characterised by a fine Widmanst€atten structure.

Considering the classification of the Ti-2X-2Z alloys of this

study on the basis of the MoE parameter as calculated per Eq.

(1) (i.e. abscissa) and Eq. (2) (i.e. ordinate) shown in Fig. 7b), it

can be seen that all the Ti-2X-2Z alloys, with the exception of
Fig. 7 e Classification of the Ti-2X-2Z alloys by means of current

MoE(1) vs. MoE(2).
the Tie2Nbe2Cu alloy, are classified as near b Ti alloys. As in

the case of Bo-Md) maps, theMoE parameter’ equations cannot

differentiate between near-a and aþb Ti alloys. An interesting

case is the Tie2Nbe2Mn alloy, which is classified as either aþb

or near-b Ti alloy, respectively, depending on whether Eq. (1)

or Eq. (2) is used as they significantly differ in terms of Mn

weighting coefficient. It is worth mentioning that the main

source of discrepancy between current theories and the

experimental results of this study is most likely related to the

cooling rate, as weighting factors of Eq. (1) and Eq. (2) were

developed using quenched alloys, whereas the alloys of this

study were obtained via press and sinter, which is charac-

terised by a slower cooling rate. Therefore, combining the

results of this analysis with those of the microstructural

characterisation (Fig. 4), it is evident that current theories,

especially the MoE parameter, are lacking and could be

improved to better reflect the stabilisation potency of the

different alloying elements, the effect of the processing pa-

rameters, and the different type of Ti alloys that can be ach-

ieved through their addition.

Regarding the mechanical behaviour, the representative

tensile curves of Fig. 5 show that the Ti-2X-2Z alloys as well as

CP-Ti do not fail in a catastrophic manner as they are able to

deform plastically after the initial elastic deformation. More-

over, as their tensile curves overlay, it can be inferred that the

Ti-2X-2Z alloys all have similar elastic modulus, which is

comparable to that of CP-Ti. In terms of tensile properties, CP-

Ti has the lowest strength and the highest elongation to

fracture due to its microstructure composed of Widmanst€at-

ten a plates (Fig. 4aeb). Consequently, CP-Ti has also the

lowest hardness.

Generally, the combined addition of isomorphous and

eutectoid beta stabilisers has a significant effect on the me-

chanical properties. Specifically, the simultaneous addition of

Nb and Cu remarkably increase the strength (i.e. 110 MPa for

the yield stress and 140 MPa for the ultimate tensile strength)
theories: a) bond order/d-orbital energy (Bo-Md) map, and b)
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and hardness with a minor loss of ductility (~2%) as a conse-

quence of the transformation of the microstructure into

coarse elongated a grains and thick aþb lamellae (Fig. 4ced) in

the Tie2Nbe2Cu alloy. The replacement of Cu with Mn or Fe

leads to a less significant increase of the strength (~10e50MPa

for both yields tress and ultimate tensile strength where Mn

has slightly higher strengthening effect compared to Fe) and

hardness but to a comparable loss of ductility (~4%). This

behaviour is due to the change of the morphology of the prior

b grains to equiaxed, whose size is thus smaller with respect

to that of the Tie2Nbe2Cu alloy, and the reduction of the

interlamellar spacing as a consequence of the stabilisation of

a greater quantity of b phase (Fig. 4eeh).

It is interesting to note that the Tie2Fee2Cu alloy has com-

parablemechanical properties to those of the Tie2Nbe2Mnand

Tie2Nbe2Fe alloys as the maximum variation in strength,

hardness and elongation among them is, respectively, less than

50MPa, 2HRA, and 0.7%. Similar properties are obtaineddespite

the fact that the microstructure of the Tie2Fee2Cu alloy is

composed of elongateda grains (Fig. 4iej), rather thanequiaxed,

and coarse aþb lamellaedue to theweak stabilising power ofCu

as eutectoid b stabiliser. The combined addition of Fe and Mn

results in theTie2Fee2Mnalloyhaving thehighest resistance to

plastic deformation during uniaxial load (i.e. tensile) or inden-

tation, and the lowest ability to plastically deform. This behav-

iour is due to the Tie2Fee2Mn alloy being characterised by a

more refined Widmanst€atten structure constituted by the

smallest equiaxed a grains and thefinest aþb lamellae (Fig. 4k-l)

amongst the studied Ti-2X-2Z alloys. This results in the

Tie2Fee2Mnalloyhaving thehighest increase of 80MPa inyield

stress and thehighest drop of 4.9% in elongationwith respect to

the group of Ti-2X-2Z alloys with similarmechanical properties

(i.e. Tie2Nbe2Mn, Tie2Nbe2Fe and Tie2Fee2Cu).

It is worth noticing that, generally, higher strength/hard-

ness and lower elongation values are obtained in the Fe-based

Ti-2X-2Z alloys with respect to the Nb-based alloys (Fig. 5).

This is in agreement with the results of the microstructural

characterisation (Fig. 4), and it is a reflection of the stabilising

power of the different alloying elements used. Furthermore,

from Fig. 5bec), it can be seen that the variation of the ulti-

mate tensile strength with the hardness and that of the yield

stress with the elongation can accurately be expressed as a

linear relationship with high coefficients of determination

(R2). Not surprisingly, the linear increase of the ultimate ten-

sile strength is associated with a constant increase of the

hardness (R2 ¼ 0.99), and the monotonic increase of the yield

stress with a continuous reduction of the ductility (R2 ¼ 0.90).

In terms of failure of the material upon tensile testing

(Fig. 6), the fracture surface of CP-Ti is fairly flat, and the

material failed through the decohesion at the a grain bound-

aries even though striation due to the withstood plastic

deformation are found within the grains. Moreover, it can be

noticed that the residual porosity is highly deformed, trans-

forming into dimples, meaning that the residual pores

contributed to the fracture of the material. In general, the

fracture surface of the Ti-2X-2Z alloys is rougher with respect

to that of CP-Ti and, therefore, tear-ridge like features are

present. The Ti-2X-2Z alloys failed through a combination of

decohesion at the a grain boundaries and fracture along the

aþb lamellae boundaries. Thus, the fracture surface is
composed of a majority of flat areas, with striations within

them, and a minority of rough areas with step-like appear-

ance. The former are associated with the coarse a lamellae

and areas where residual pores were deformed into dimples,

and therefore failed in a transgranular ductile manner. The

rough areas correspond to the much finer b lamellae and

primarily failed intergranularly through the lamellae. In

accordance with the microstructural analysis (Fig. 4), the

relative amount of rough intergranular areas increases with

the refinement of the features (i.e. prior b grain size and

interlamellar spacing) of the Widmanst€atten structure.

From the fractographic analysis (Fig. 6), the residual

porosity left by the sintering process effectively contributes to

the failure of the Ti-2X-2Z alloys as pores reduce the actual

load bearing cross section and act as stress concentration

sites.With the aim of clarifying the relative contribution of the

residual porosity, the variation of the mechanical properties

of the Ti-2X-2Z alloys as a function of the relative density is

plotted in Fig. 8. For powder metallurgy materials, it is ex-

pected that a higher relative density results in the monotonic

increase of the strength and of the hardness, and in the

exponential increase of the ductility as the material ap-

proaches full density or zero residual porosity. From the data

of Fig. 8, it can be seen that such prediction is correct for the

yield stress, the ultimate tensile strength, and the hardness of

the Ti-2X-2Z alloys as these three properties are higher for

higher values of relative density. Moreover, it can be noticed

that the variation of these three properties as a function of the

relative density can be estimated through linear relationships

which, despite having different coefficients and constants,

have comparable R2 (~0.75). Comprehensively considering the

graphs of Figs. 5 and 8, both the microstructural changes

induced by the combined addition of different isomorphous

and eutectoid beta stabilisers and the reduction of the residual

porosity contribute to the enhancement of the strength and of

the hardness with respect to CP-Ti. However, the type of

combination of alloying elements has a higher strengthening

effect than the reduction of the residual porosity.

Regarding the ductility of the Ti-2X-2Z alloys as measured

through the elongation to fracture (Fig. 8d), it can be seen that a

different trend to the expected is found as the elongation pro-

gressively decreases with the increment of the relative density.

The actual decreasing trend can effectively be representedwith

a linear relationshipwith R2¼ 0.86. Holistically, thismeans that

the presence and reduction of the residual porosity has a

significantly lower impact on the ductility of the Ti-2X-2Z alloys

with respect to the microstructural changes. Specifically, the

change of the microstructure of CP-Ti, which is composed of a

plates, to a Widmanst€atten structure composed of elongated/

equiaxed a grains and aþb lamellae through the addition of the

selected alloying elements significantly reduces the ability to

withstandplasticdeformation.This is related to the fact that the

movement of the dislocations is much more restricted by the

creation of a significantly higher number of grain and lamella

boundaries, which have a more negative effect on the ductility

than the presence of residual pores. Overall, with respect to the

Nb-based Ti-2X-2Z alloys, Fe-based alloys reach higher levels of

relative density due to the enhancement of the densification

induced by the addition of Fe which results in higher strength

(Fig. 8aeb), higher hardness (Fig. 8c) but lower ductility (Fig. 8d).
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Fig. 8 e Variation of the mechanical properties of the Ti-2X-2Z alloys as a function of the relative density: a) yield stress, b)

ultimate tensile strength, c) hardness, and d) elongation.
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Fig. 9 shows the variation of the strengthening rate of the

Ti-2X-2Z alloys as a function of the true plastic strain where it

can be seen that the general behaviour, which reflects the

different deformation stages that the alloys undergo, is

similar for all the Ti-2X-2Z alloys as the shape of their

strengthening curves is alike due to their Widmanst€atten

microstructure. The strengthening curves can be divided into

two segments, the initial sharp decrease of the strengthening

rate for true plastic strain below approx. 0.015, which is

known as Stage II, and the subsequent reduction of the rate at

which the strengthening rate decreases (i.e. Stage III) [61].

In stage II, the Fe-based Ti-2X-2Z alloys have higher

strengthening rate compared to CP-Ti and the rest of the Nb-

based Ti-2X-2Z alloys whereas in Stage III all the Ti-2X-2Z al-

loys are characterised by a higher strengthening rate compared

to CP-Ti as per the inset in Fig. 9a). This behaviour is the direct

consequence of the transformation of the a plates micro-

structure of CP-Ti into the Widmanst€atten microstructure of

the Ti-2X-2Z alloys. Particularly, the shape of the strengthening
rate curve in Stage III is derivedby the compromise between the

generation/multiplication and disappearance of dislocations.

Therefore, the Ti-2X-2Z alloys are characterised by a higher

dislocations generation/multiplication rate whose movement

is significantly more hindered by the lamellae boundaries

rather than the a plates boundaries.

A detail of the strengthening rate curves in the 0e0.12 true

strain range, along with the tensile true stress vs. true strain

curves of the Ti-2X-2Z alloys, is shown in Fig. 9b). As per the

necking stability Consid�ere criterion [62], the intersection of

the two curves of each specific Ti-2X-2Z alloy represents the

point at which necking of that alloy during tensile testing

starts. For the Ti-2X-2Z alloys, the onset of necking is strongly

dependent on the Stage III strengthening rate, and in all the

alloys, with the exception of the Tie2Fee2Mn alloy, necking is

followed by an increase in uniform elongation, which corre-

lates well with the average ductility (Fig. 5), and it is an indi-

cation of the toughness of the alloy. More in detail, due to its a

plates microstructure characterised by a much lower number

https://doi.org/10.1016/j.jmrt.2022.11.023
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Fig. 9 e Strengthening rate vs. true plastic strain of the Ti-2X-2Z alloys: a) general behaviour, and b) detail of a) including the

true stress vs. true strain curves.
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of grain boundaries, CP-Ti is able to withstand a significant

amount of deformation after necking, resulting in the stria-

tion within the a plates found during the fractographic anal-

ysis (Fig. 6a). Generally, the finer the Widmanst€atten

microstructure of the Ti-2X-2Z alloys (i.e. smaller a grains and

finer aþb lamellae) the lower the extent of plastic deformation

after necking, even though the ductility of the Tie2Fee2Cu

alloy is lower than that of the Tie2Nbe2Fe alloy as the former

has a greater amount of stabilised b phase as a consequent of

bearing two eutectoid beta stabilisers rather than one

isomorphous and one eutectoid. In accordance with the ten-

sile curves of Fig. 5, the Tie2Fee2Mn alloy fails as the result of

neck instability and it is not able to sustain plastic deforma-

tion once necking starts.

A comparison of the mechanical behaviour of the Ti-2X-2Z

alloys of this study with Ti alloys bearing some of the same

alloying elements, and being similar types of Ti alloys, found
Fig. 10 e Comparison of the mechanical properties of the Ti-2X

ultimate tensile strength vs. hardness, and b) yield stress vs. e
in literature [20,27,33,40,63] is shown in Fig. 10. From the ul-

timate tensile strength/hardness pairs, Fig. 10a) shows that,

despite of the residual porosity, the Ti-2X-2Z alloys are char-

acterised by better strength and similar hardness to sintered

Ti-xCu and wrought Ti-xNb alloys, and higher strength and

lower hardness with respect to cast Ti-xCu and cast Ti-xFe

alloys. In terms of yield stress/elongation pairs, it can be

seen that, most of the Ti-2X-2Z alloys have similar or better

yield stress and higher ductility compared to cast Ti-xCu al-

loys, similar or better yield stress and comparable ductility

with respect to wrought Ti-xNb alloys, and similar or better

yield stress and lower ductility in comparison to cast Ti-xFe

alloys. Moreover, the Tie2Fee2Mn alloy has properties com-

parable to those of the more heavily alloyed cast Tie4Cue6Nb

alloy. The actual differences between the yield stress/elon-

gation pairs of the Ti-2X-2Z alloys and the other Ti alloys

shown in Fig. 10b) are related to the processing method/
-2Z alloys of this study with literature [20,27,33,40,63]: a)

longation.
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conditions and the actual microstructural features deriving

from it. Once again, it is worth noticing that the Ti-2X-2Z al-

loys have similar behaviour tomost of the cast/wrought alloys

despite bearing a smaller amount of alloying elements and the

presence of the residual porosity. This means even better

mechanical properties could be achieved in the Ti-2X-2Z al-

loys through a secondary method like thermomechanical

processing or hot isostatic pressing which would seal the re-

sidual porosity.
5. Conclusions

In this study a series of Ti-2X-2Z alloys, created through the

combined lean additions of isomorphous (i.e. Nb) and eutec-

toid (i.e. Cu, Mn, and Fe) beta stabilisers, were manufactured

aiming to understand the effect of the selected alloying ele-

ments on the processability and mechanical behaviour of ti-

tanium. As the Ti-2X-2Z alloys were produced via the classical

powder metallurgy route of cold pressing plus vacuum sin-

tering it can be concluded that:

- Despite the fact that the addition of the alloying elements

reduces the compressibility of the powder blend, higher

sintered density values are achieved compared to Ti due to

the enhancement of the densification induced by the

diffusion of the chosen alloying elements during sintering.

The actual enhancement is proportional to the intrinsic

diffusivity of the elements and their particle size.

- The addition of the selected isomorphous and eutectoid

beta stabilisers does not lead to the formation of any

metastable or intermetallic phases and their presence sta-

bilises the beta phase, transforming themicrostructure of Ti

from a plates to a Widmanst€atten structure composed of a

grain boundaries and aþb lamellae. The stronger the po-

tency of the beta stabilisers added the more round and

smaller the a grains, and the finer the interlamellar spacing.

- Attempting to classify newly developed Ti alloys based on

current theories such as bond order/d-orbital energy (Bo-

Md) maps and the molybdenum equivalent (MoE) param-

eter is challenging as they are not able to differentiate be-

tween near-a and aþb Ti alloys. Moreover, currently

available equations to calculate the MoE parameter, which

is generally used to design new Ti alloys, are lacking as

they do not effectively reflect the stabilisation power of the

different alloying elements and the different type of Ti al-

loys that can be achieved.

- The combined addition of isomorphous and eutectoid beta

stabilisers has a significant effect on the mechanical

properties and the Ti-2X-2Z alloys fail non-catastrophically

through a combination of decohesion at the a grain

boundaries and fracture of the aþb lamellae. The strength

and hardness increase, and the ductility decreases, as

more potent beta stabilisers are used due to the resulting

microstructural changes, namely the change of the size

and morphology of the prior b grains and the reduction of

the size of the aþb lamellae, which have a more significant

effect than the reduction of the residual porosity.

- The Ti-2X-2Z alloys have similar strengthening rates and

are characterised by similar strengthening mechanisms as
they share a Widmanst€atten microstructure where the

finer the Widmanst€atten microstructure the lower the

ability to withstand plastic deformation after necking.
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