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A B S T R A C T   

Two basic cost reducing concepts, manipulation of alloy chemistry and optimisation of the hot working process, 
were adopted in developing low-cost experimental titanium alloys that may be suitable for land-based appli
cations. Iron, a low-cost beta stabilising element in titanium alloys, was used as a partial and full replacement for 
vanadium in ASTM grade 5 Ti–6Al–4V. Thermo-Calc simulations were first done on the Ti–6Al-xV-yFe alloy 
compositions (for y ¼ 4 – x and x ¼ 1–3) to predict the amounts of phases and the β-transus temperatures. 
Thereafter, the compacted powders of the different experimental alloys were melted and allowed to solidify in 
the electric arc furnace cold copper hearth. Optical and scanning electron microscopy (SEM) and X-ray 
diffraction (XRD) were used to characterise the alloys. Also, the hardness of the low-cost alloys was measured 
and compared to commercial Ti–6Al–4V. The Ti–6Al–1V–3Fe alloy was subjected to hot compression testing at 
various temperatures (750–950 �C) and strain rates (1-10 s-1) on a Gleeble 3500 thermomechanical simulator. 
Processing maps and microstructural validation were used to define the most suitable processing conditions. The 
stress exponent and apparent activation energy were also calculated using a hyperbolic-sine equation. The results 
show that the low-cost alloys with partial substitution of vanadium with iron contained only α-Ti and β-Ti phases 
with no TiFe phase. The hardness of the alloys increased with increase in iron addition. The stress exponent “n” 
value was less than 5 indicating that flow softening was not solely driven by dynamic recovery. The optimum 
processing conditions for hot working were found at ~900 �C and 0.1 s-1 strain rate. The alloy generally had a 
large processing window with the softening process controlled by mechanisms such as dynamic recovery, dy
namic recrystallisation of prior beta grains, and dynamic alpha lath globularisation. In the region of 750–780 �C 
and 1.5–10 s� 1 an area of unstable deformation was established which should be avoided during processing. This 
work shows that low-cost αþβ titanium alloys containing iron can be manufactured using traditional ingot 
metallurgy techniques and loss of material due to processing-induced defects can be minimised or avoided during 
primary conversion process such as forging and rolling.   

1. Introduction 

The production of lower-cost titanium alloys was largely driven by 
the need to make the alloys more competitive in many land-based ap
plications where they were promising [1,2]. Typical land-based appli
cations include automotive, chemical, recreational, marine, jewellery, 
and biomedical industries [3]. In general, good strength-to-weight ratio, 
excellent biocompatibility and resistance to corrosion are persuasive 

attributes of titanium and its alloys, making them ideal for use in such 
applications [3,4]. The major factor impeding the widespread use of 
different titanium alloys in applications other than the aerospace in
dustry is their high cost [5,6]. Most researchers have therefore focused 
on finding ways to reduce the cost of titanium [7,8]. 

Many researchers have adopted different design concepts to achieve 
cost reduction during the production of titanium alloys [8–10]. They 
have taken into account some of the critical factors which add to the 
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high cost of titanium alloys. To sum up, expensive alloys, difficult 
extraction of titanium from its mineral, high energy input for casting and 
heat treatment, complex and multi-staged forming techniques, difficult 
machining and large amounts of wasted material during manufacturing 
are critical factors which influence the cost of producing titanium-based 
products. The basic cost-reducing concepts explored by researchers 
include: substitution of expensive with less costly alloying elements that 
fulfil a similar role, optimisation of hot working and machining pro
cesses, and the adoption of powder metallurgy routes to manufacture 
components directly from titanium powder [11–13]. In the past few 
years, advances in titanium research have paved the way for the use of 
more robust approaches in developing low-cost titanium alloys. Notable 
examples of this are the FAST-forge process [14], Cristal Metals Arm
strong process [15] and electrochemical deoxidation Metalysis Process 
using the Fray, Farthing and Chen process [16]. 

In this work, two of the aforementioned basic concepts were adopted 
in developing low-cost Ti–6Al-xV-yFe. These low-cost alloys were pro
posed as potential alternative to Ti–6Al4V in a number of land-based 
applications. The concepts addressed the challenges of expensive 
alloying elements, as well as complex, multi-stage forming of titanium 
ingots. The first concept involved the replacement of vanadium, an 
isomorphous beta stabiliser in Ti–6Al–4V, with iron which is an inex
pensive eutectoid forming beta stabiliser. The second concept was the 
optimisation of forming parameters using processing maps. In 
Ti–6Al–4V, both partial and full replacement of vanadium with iron 
were done to assess the effect of composition on microstructure and 
hardness of the alloys. Unlike in other studies [17,18] where full 
replacement has often been the focus, in this work more attention was 
paid to the alloys with partial vanadium substitution. This is because 
previous researchers have reported that TiFe or Ti2Fe intermetallic 
compounds are readily formed in iron-containing titanium alloys if the 
iron content exceeds 2.5 wt% [12,19]. However, it was reported that a 
combination of iron and any of the isomorphous beta stabilisers e.g. V, 
Mo and Nb, could prevent intermetallic compounds such as TiFe or Ti2Fe 
from forming in beta titanium alloys [20]. Consequently, the role of iron 
additions on the microstructures and hardness of the experimental 
Ti–6Al-xV-yFe alloys was assessed and is presented in this work. 

As part of the first phase of this work, the experimental alloys were 
subjected to corrosion testing in different environment. Additionally, 
initial compression testing was performed on the experimental alloys at 
a constant temperature of 900 �C and 1 s-1 strain rate. The results ob
tained from these experiments have been reported elsewhere [21,22]. 
Summarily, Ti–6Al–1V–3Fe offered superior corrosion resistance in 3.5 
wt% NaCl and 3.5 M H2SO4 solutions. Also, the alloy showed lower 
resistance to deformation than the commercial Ti–6Al–4V due to an 
increase in the beta phase by Fe in Ti–6Al–1V–3Fe. The beta phase in 
titanium has a bcc structure which possesses more slip systems in com
parison with the hcp alpha phase, hence causing lower flow stress in 
Ti–6Al–1V–3Fe compared to Ti–6Al–4V. 

On the basis of corrosion performance and low resistance to defor
mation, Ti–6Al–1V–3Fe alloy was selected for further deformation 
studies as the second phase of this work and the results are also pre
sented. A recent cost analysis done on the experimental alloys showed 
that up to 10% cost savings can be achieved from procurement of 
starting raw materials alone [23]. To prevent this savings from being 
sieved away by processing of the alloy, it became imperative to establish 
the most beneficial processing parameters for hot working of the alloy 
and the underlying mechanism. This can also save about 40% of wasted 
materials during forming of alloys into different profiles. The hot 
forming parameters of the Ti–6Al–1V–3Fe alloy have been optimised to 
reduce the contribution of complex and multi-stage forging processes to 
the high cost of titanium alloys production. 

Due to their relevance to conventional ingot metallurgy which re
mains the oldest and one of the most prominent commercial techniques 
used in the production of titanium alloy components, the two cost- 
reducing methods adopted in this study were chosen. 

2. Materials and method 

2.1. Alloy design and casting 

The initial prediction of phase proportions and β-transus tempera
tures of the targeted low-cost alloys was simulated on a Thermo-Calc 
software with the TTTi3 database. Based on the selected compositions, 
molybdenum equivalent (Mo-eq.) values of the alloys were also calcu
lated from Equation (1) [24] since Mo-eq. of � 5 to 5 wt % are by 
approximation classified as αþβ alloys [25,26]. These values were 
considered in the alloy design to ensure the alloys were essentially the 
αþβ type. 

Mo � eq: ðwt%Þ ¼ Mo þ 0:67V þ 0:44Wþ 0:28 Nb ​ þ 0:22Ta
þ 1:6Cr þ 1:25Ni ​ þ 1:7Co þ 2:9Fe � 1:0Al

(1) 

The various compositions of the alloys were produced by mixing and 
compacting a predetermined mass of elemental Ti, Al V and Fe powders 
and then melting in a water-cooled, vacuum arc-melting furnace with a 
copper crucible. Prior to melting, a 5 � 10-3 bar vacuum environment 
was created in the melting chamber and purged with argon gas to 
remove oxygen. The process was repeated three times. A pure titanium 
sample which served as an oxygen getter was first melted to further 
minimise oxygen contamination before melting the alloy compacts. The 
as-cast samples were melted three times to homogenise the ingot com
positions. The alloys were homogenised further by solution-treating at 
790 �C in a muffle furnace for 4 h followed by air-cooling. 

2.2. Hot compression testing 

The axisymmetric compression samples were machined from the 
experimental Ti–6Al–1V–3Fe alloy casting with rectangular axial di
mensions of 8 � 8 � 12 mm. Using a Gleeble 3500® thermomechanical 
simulator, single-hit axisymmetric hot compression tests were con
ducted on the experimental alloy up to a strain of 0.6. The compression 
tests were done at the deformation temperatures of 750 – 950 �C in steps 
of 50 �C and strain rates of 0.001, 0.01, 0.1, 1 and 10 s-1. Before testing, a 
spot welder was used to solder a chromel-alumel thermocouple to the 
midspan of the samples. During compression testing the thermocouple 
measures the temperature of the samples. At a heating rate of 5 �C.s-1 the 
samples were heated directly to the targeted temperature of deforma
tion. The samples were then kept for 180 s at this temperature to achieve 
uniform sample temperature. Thereafter, the samples were force cooled 
in compressed air. Only samples with the barrelling coefficient that was 
<1.1 [27] after compression were considered valid. 

The flow stress data obtained from the experiments were used to 
determine the constitutive constants at the peak stress. Also, the data 
was used to construct processing map at the total strain of 0.6. An 
Arrhenius equation with a hyperbolic-sine function and a temperature- 
compensated strain rate parameter (Zener-Hollomon parameter) [28] 
was used to calculate the apparent activation energy and stress exponent 
[29,30]. In Equations (2)–(4), the constitutive relations are expressed, 
and the constitutive constants were used to indicate the mechanisms 
governing the process of deformation. 

_ε¼ f ðσÞ exp
�
� Q
RT

�

(2)  

Z¼ _ε exp
�

Q
RT

�

(3)  

and: 

f ðσÞ¼

8
<

:

A1σn; for : ασ < 0:8
A2 exp

�
βσp
�
; ασ > 1:2

A3
�
sinh

�
ασp
��n for all σ  
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_ε ¼A3
�
sinh

�
ασp
��n exp

�
� Q
RT

�

(4)  

where σpis the peak stress, _ε is strain rate, Q is the activation energy, n is 
the stress exponent, T is temperature (in �C) R is the universal gas 
constant (8.314 kJ/mol), Z is the Zener-Hollomon parameter, and α, β, 
A1, A2 and A3 are material constants. 

Processing map was developed in accordance with the procedures 
described by Prasad et al. [31]. This involves the overlaying of insta
bility map on the power dissipation map. The power dissipation effi
ciency (η) was derived exclusively from the strain rate sensitivity 
parameter following equations (5) and (6) [32]. The strain rate sensi
tivity parameter (m) is the slope of ln σ vs. ln _ε. 

m¼
∂ln σ
∂ln _ε (5)  

η¼ 2m
mþ 1

(6) 

The data for constructing the instability map was obtained using 
Equation (7) that was proposed by Murty et al. [33,34]. This equation is 
one of the mostly utilised instability criteria used in predicting region of 
unstable deformation on the processing map of most metallic alloys. 

ξð _εÞ¼ 2m
η � 1< 0 (7) 

Based on its reliability, this criterion was chosen to predict unstable 
regions for a wide range of metallic alloys [35]. 

The optical and SEM images obtained from selected deformed sam
ples were analysed to confirm the patterns observed on the flow curves 
and the processing map predictions. The procedure for obtaining the 
micrographs is presented in Section 2.3. 

2.3. Microstructural examination, X-ray diffraction and hardness testing 

A Zeiss Sigma field emission gun-scanning electron microscope (FEG- 
SEM) and a Leica DM 6000 optical microscope were used to analyse as- 
cast, homogenised and compression tested samples. Prior to micro
structural examination, silicon carbide abrasive paper of different grit 
sizes (600–4000 grit) were used in grinding the surface of the samples. 
Thereafter, the samples were chemo-mechanically polished using a 
0.050 μm colloidal silica suspension containing 20% hydrogen peroxide. 
The polished samples were then etched using standard Kroll’s reagent 
and were cleaned with ethanol in an ultrasonic bath before drying with 
compressed air. The FEG-SEM was equipped with an Oxford energy 
dispersive X-ray (EDX) detector which was used to verify the composi
tions of the alloys. The samples selected for EDX analyses were not 
etched to ensure the elemental composition was accurately measured. 
Back-scattered electron (BSE) imaging at 15 kV and Secondary electron 
(SE) imaging was also performed on the FEG-SEM to distinguish the 
phases present in the alloys. 

Using a Bruker D2 Phaser® diffraction machine fitted with a cobalt 
Kα radiation source, XRD measurements were taken at 2ϴ angles of 
10–110�. The machine was operated at generator settings of 30 kV and 
20 mA at a temperature of 25 �C. The patterns obtained were analysed 
using PANalytical (v3.0e) X’pert Highscore software. 

A Future-Tech FM 700 microhardness testing machine was used to 
perform Vickers microhardness tests (HV0.3) on the homogenised 
samples. Measurements of hardness were repeated five times and the 
mean values, and the corresponding standard deviations were 
determined. 

3. Results 

3.1. Effects of iron addition 

3.1.1. Phase predictions from Thermo-Calc simulation 
Table 1 presents the phase proportions and beta transus tempera

tures obtained from Thermo-Calc simulations. The raw Thermo-Calc 
curves are presented in the supplementary data. The molybdenum 
equivalent values of the alloys obtained using Equation (1) are also 
listed in Table 1. The trend to note in Table 1 is that β-transus decreased 
as the iron content increased, while the beta-phase and molybdenum 
equivalent values increased. This trend concurs with established 
knowledge on the role that iron plays in titanium alloys. Iron being a 
strong beta stabilising element in titanium, a decrease in the β-transus 
temperature would expectedly increase the molybdenum equivalent 
with increasing iron addition [36]. The beta stabilising factor of iron is 
twice as strong as molybdenum and four times stronger than vanadium 
[36]. It is however established that the formation of intermetallic 
compounds such as Ti2Fe and TiFe is possible depending on the iron 
content of titanium alloys [17,37]. These intermetallic compounds are 
the equilibrium phases that are formed when iron is added to titanium in 
considerable amounts, and they often have deleterious effects on the 
mechanical properties, mainly ductility and toughness [8,11,17,18,37]. 

The results obtained from the Thermo-Calc simulations did not show 
the formation of any intermetallic compounds for the selected compo
sitions, which agrees with earlier work [20] that the use of isomophous 
and eutectoid beta stabilising elements together could help prevent the 
evolution of intermetallic compounds in iron-containing titanium alloys. 
However, it is still possible that segregation of iron during melting and 
casting of the alloys could lead to the formation of TiFe and Ti2Fe. 
Consequently, the alloys were characterised to identify the phases pre
sent in the alloys. The results obtained are presented in the subsequent 
sections. 

3.1.2. Microstructure and XRD patterns of the cast annealed alloys 
Table 2 shows the average compositions of the Ti–6Al-xV-yFe alloys 

subjected to EDX analyses. The composition of the alloys was close to the 
targeted nominal compositions. EDX was also used to identify the in
dividual phases in the alloys. Representative EDX point analyses of the 
dark and light phases are presented in Fig. 1 and Table 3. The dark phase 
contains Ti, Al and V, but no Fe, while the light phase has Ti, Al, V and 
Fe. The presence of Fe in the elemental composition of the light phase 
established that the light phase is the beta phase. The same approach 
was adopted by Safdar et al. [38] when identifying the phases in se
lective laser melted titanium alloys. They reported that Fe was absent in 
the alpha phase due to its low solubility, and Fe preferentially stabilises 
the beta phase where it has higher solubility. The maximum solubility of 
Fe in β-Ti is approximately 22 wt% [39,40]. 

Fig. 2a shows the selected optical micrograph of the low-cost alloy, 
the remaining micrographs of the alloy in the as-cast and homogenised 
condition are available in the supplementary material. All the alloys 
have Widmanst€atten α-laths embedded in the large beta grains. The 
average size of the large prior beta grains was less than 600 μm, which is 
consistent with the size of the αþβ titanium alloys previously reported 
by Lütjering and Williams [20]. In Fig. 2b which show the SEM-BSE 
image of the experimental alloy, it is seen that the alpha laths (dark) 
are separated by interplatelet beta (light). 

From the XRD pattern (Fig. 3), the dominant phases in all the alloys 
were α-Ti (hcp), β-Ti (bcc) and TiO2. Other minor phases that were 
detected in the experimental Ti–6Al–4Fe and commercial Ti–6Al–4V 
were FeTiO3 and V2O5 respectively. The presence of FeTiO3 suggests 
that intermetallic TiFe may have formed and oxidised in the alloy 
Ti–6Al–4Fe, where the content of vanadium was completely replaced by 
iron. The crystallographic data of the phases detected are given in 
Table 4. 
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3.1.3. Hardness 
Fig. 4 shows the increased hardness of the Ti–6Al-xV-yFe alloys with 

an increase in Fe content except in Ti–6Al–2Fe and Ti–6Al–1V–3Fe 
where similar hardness values have been achieved. The increased 
hardness with Fe content can be ascribed to the solid solution 
strengthening effect of iron caused by the difference in the atomic radii 
of iron and titanium [40]. Another factor which may have contributed to 

the hardness of the alloys is the level of dissolved interstitials such as 
oxygen, nitrogen and carbon [41,42], which was not measured. As 
shown from the XRD results (Fig. 5), TiO2 and iron-titanium-oxide peaks 
indicated the presence of oxygen in the alloy. While there is expected to 
be oxygen in titanium alloys, further contamination could have occurred 
during melting, casting and annealing of the alloys despite the pre
cautions taken. 

3.2. Hot working behaviour of Ti–6Al–1V–3Fe 

The flow behaviour, constitutive parameters, processing maps and 

Table 1 
Thermo-Calc results for the Ti–Al–V–Fe alloys using the TTTi3 titanium database.  

Samples Targeted composition (wt %) β-transus temp (�C) Phases present at 800 �C (mol %) Molybdenum Equivalent (wt %) 

Ti Al V Fe α-Ti (hcp) β-Ti (bcc) 

Ti–6Al–4V 90 6.0 4 0 944 86 14 � 3.32 
Ti–6Al–3V–1Fe 90 6.0 3 1 937 75 25 � 1.09 
Ti–6Al–2V–2Fe 90 6.0 2 2 932 68 32 1.14 
Ti–6Al–1V–3Fe 90 6.0 1 3 925 61 39 3.37 
Ti–6Al–4Fe 90 6.0 – 4 921 55 45 5.60  

Table 2 
Average compositions of Ti–6Al-xV-yFe alloys determined by EDX.  

Sample Nominal (wt %) Actual (wt %) 

Ti Al V Fe Ti Al V Fe 

Ti6Al4V w 90 6 4 – 89.9 6.0 4.1 – 
1 90 6 3 1 89.8 � 0.1 5.7 � 0.1 3.7 � 0.1 0.8 � 0.1 
2 90 6 2 2 89.4 � 0.3 5.6 � 0.1 2.7 � 0.1 2.3 � 0.3 
3 90 6 1 3 89.1 � 0.2 5.7 � 0.2 1.9 � 0.1 3.3 � 0.1 
4 90 6 – 4 89.4 � 0.3 5.9 � 0.1 – 4.7 � 0.2  

Fig. 1. EDX spot analysis of a) α phase and b) β phase in Ti–6Al–3V–1Fe.  

Table 3 
Composition of α and β phases by EDX, in wt%.  

Elements α-Ti β-Ti 

Al 6.0 � 0.1 4.0 � 0.4 
Ti 91.6 � 0.1 81.4 � 0.8 
V 2.4 � 0.2 8.9 � 0.5 
Fe – 5.7 � 0.5  

M.O. Bodunrin et al.                                                                                                                                                                                                                           



Materials Science & Engineering A 791 (2020) 139622

5

microstructural evolution of Ti–6Al–1V–3Fe are presented in this 
section. 

3.2.1. Flow behaviour 
Selected flow curves obtained from the axisymmetric compression 

testing of Ti–6Al–1V–3Fe alloy at the applied deformation temperatures 
and strain rates are presented in Fig. 5, the entire flow curves are made 
available in the supplementary data. The general trend that can be 
observed is that the flow stress has a direct relationship with strain rate 
since the stress increased with increasing strain rate. However, inverse 
relationship exists between flow stress and deformation temperature as 
flow stress decreased as deformation temperature rose. An increase in 
strain rate will cause an increase in the speed of mobile dislocations, as 
well as an increase in flow stress. These relationships have been 
explained [43] in Equations (8) and (9): 

_ε ¼ ρbAσm (8)  

v¼Aσm (9)  

where _ε is strain rate, v is average dislocation velocity, b is Burgers 
vector, ρ is dislocation density, A is a constant, σ is flow stress and m is 
strain rate sensitivity parameter [44]. 

At low strains <0.05 there was a rapid increase in flow stress (Fig. 5). 
This was due to generation and multiplication of dislocations which 
work hardened the material [45]. As the strain increase beyond 0.05, the 
flow stress dropped continuously or assumed a near steady-state due to 
flow softening. Balasubrahmanyam and Prasad [46] and Zhang et al. 
[47] reported similar trends in hot worked titanium alloys. Continuous 
flow softening occurs when the work hardening rate is exceeded by rate 
of softening, while steady-state flow stress is observed when the rate of 
work hardening is at equilibrium with flow softening rate [48]. 

The distinct trends observed on the flow curves in Fig. 5 include 
continuous flow softening at temperatures below 950 �C for all strain 
rates. However, at 950 �C and all strain rates, the flow stress attained a 
near steady-state after the peak stress was reached. Broad peaks were 
observed for all temperatures at a strain rate of 10 s-1 which became 
narrower at lower strain rates. 

At all deformation temperatures, the flow curves of samples 
deformed at 1 s-1 showed slight oscillations, while the samples deformed 
at 0.01 and 0.001s-1 showed discontinuous yielding. This behaviour was 
quite apparent at 0.01 s-1 strain rate, with a rapid increase in flow stress 
until a sharp distinct peak at a very low strain, followed by a second peak 
prior to flow softening. Discontinuous yielding has not been reported in 
pure titanium or commercial Ti–6Al–4V hot-worked in the beta phase 
region, but has been found in beta titanium alloys [46,49]. The 
magnitude of discontinuous yielding has been attributed to the con
centration and type of the beta stabilising elements [24,50]. 

However, in this work, the discontinuous yielding was not caused by 
microstructural phenomena, but was due to a change in strain rate at a 
low strain of ~0.02 as presented in Fig. 6. The high strain rates at the 
start of deformation, 0.06 s-1 as compared to 0.01 s-1, led to the sharp 
initial peaks observed on the flow curves. This change in strain rate was 
noticeable when all the alloys were compression tested at � 0.01 s-1. 
Although the overall strain rate was not affected, the misleading initial 
peaks were not a consequence of microstructural responses to the 
imposed parameters but were likely due to variations in the hydraulic 
motion regulating the compression jaws. 

The shape of the flow curves was used to suggest the different 

Fig. 2. Microstructural features of low-cost alloy (a) optical image showing prior beta grains (blue arrow) and (b)SEM-BSE image showing α laths (dark) and retained 
interplatelet β (light). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. XRD patterns of Ti–6Al-xV-yFe and wrought Ti–6Al–4V alloys.  

Table 4 
Crystallographic data of phases present in the as-cast and annealed alloys.  

Phase Space group no. a (Å) b (Å) c (Å) Cell vol. (106 p.m.3) Reference No. 

α-Ti (hcp) P63/mmc (194) 2.9505 2.9505 4.6826 35.30 044–1294 
β-Ti (bcc) Im-3m (229) 3.3065 3.3065 3.3065 36.15 044–1288 
TiO2 (orthorhombic) Pbnm (62) 4.9010 9.4530 2.9580 137.04 049–1433 
FeO3Ti (Rhombohedral) R-3 (148) 5.0884 5.0884 14.093 316.01 029–0733 
V2O5 (Tetragonal) P E 14.2590 14.2590 12.576 2556.94 045–1074  
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softening mechanisms that dominate the deformation of metals and al
loys [51,52]. The flow curves in Fig. 5 show strain hardening by 
increasing stress at low strains. Broad peaks were also observed at a high 
strain rate of 10 s-1, attributable to dynamic recrystallisation or glob
ularisation of either one or both constituent phases. The steady-state 
stress at the highest temperature of deformation could be due to dy
namic recovery or superplasticity, while continuous flow softening at 
lower temperatures could be due to dynamic globularisation. or mani
festation of flow instabilities, such as cracking, void formation or adia
batic shear bands. Continuous softening indicates dynamic 
globularisation of titanium alloys with either a fully lamellar or an 
acicular pre-form microstructure [53,54]. The oscillations at 1 s-1 could 
be due to dynamic recrystallisation or cracking in the material [55]. 
Since the flow curve is not able to provide a more definite mechanism 
controlling the softening during the entire deformation process, further 
analyses would be needed to substantiate the dominant softening 
mechanism(s) of the alloys during hot working. 

3.2.2. Constitutive constants and processing map 
Constitutive constants and processing maps can provide further in

sights into the mechanisms controlling the deformation process. The 
processing map can help to predict the region of stable and unstable 
deformation. However, to obtain a more accurate prediction from this 
map, the flow stress obtained from the experiments has to be corrected 
for adiabatic heating and frictional effects. The barrelling coefficients of 
the deformed samples were calculated and were used as an acceptance 
criterion to validate the experiment. All accepted compression tests had 

barrelling coefficients that were less than the maximum permissible 
limit of 1.1 [27]. Friction correction was therefore not performed, as the 
nickel paste and graphite foil applied between the samples and the ISO-T 
tungsten carbide anvils offered adequate lubrication to reduce friction 
during deformation. Adiabatic heating occurred at strain rates 1 and 10 
s-1 and at test temperatures below 900 �C. The correction of flow stress 
was done in accordance with previous work [56,57] and the corrected 
stresses were used for the constitutive constants and processing map. 

The constitutive constants derived at the peak stress values only are 
listed in Table 5. The plots showing how the different constitutive values 
were obtained are presented in the supplementary material. The acti
vation energy and the stress exponent values have been used to suggest 
flow softening mechanisms during deformation. The activation energy 
obtained in this study is within the typical range for hot working of αþβ 
titanium [58,59]. However, since it is an apparent value, it is impossible 
to ascribe any physical meaning to the activation energy [60,61]. The 
stress exponent is usually taken to be 5, should the deformation process 
be controlled by dislocation climb and glide i.e. dynamic recovery [62, 
63]. From Table 5, the stress exponent value was less than 5, implying 
that mechanisms other than dynamic recovery contributed to flow 
softening during hot working of the Ti–6Al–1V–3Fe [63]. This supports 
the trends observed on the flow curves where dynamic recrystallisation 
was identified as a probable softening mechanism. 

Fig. 7 shows the processing map for Ti–6Al–1V–3Fe constructed at a 
strain of 0.6. The map shows a large processing window within the 
tested strain rate and deformation temperature conditions. However, a 
small region of instability was found at 770–780 �C/1.5–10 s-1 on the 
map. This region should be avoided while the alloy is being worked. The 
power dissipation values on the processing map range from 10 to 50% 
with the largest region of the map having a dissipation efficiency of at 
least 30%. This means that the primary mechanism governing the 
deformation process is dynamic recrystallisation. The optimum set of 
conditions for hot working as predicted by the processing map was 
found at approximately 900 �C and 0.1 s-1 where the highest dissipation 
efficiency of 50% was found. This region is marked “A” on the map. 

The microstructures of samples deformed under conditions creating 
unstable and stable regions were analysed for validating the prediction 
of the processing map. Fig. 8 displays the optical and SEM image rep
resentations of the samples. The yellow dotted lines in Fig. 8a indicate 
equiaxed prior beta grains while the red solid rings in Fig. 8b and 
d indicate voids and cracks. Equiaxed prior beta grains is seen in Fig. 8a 
while crack is seen in the vicinity of deformation bands in Fig. 8b. The 
equiaxed prior beta grains are signs of dynamic recrystallisation while 
the cracks confirmed unstable deformation as predicted by the pro
cessing map. The SEM image taken at a higher magnification than the 
optical micrographs did not capture the equiaxed prior beta grains 
(Fig. 8c) but did clearly show defects -voids and cracks (Fig. 8d). 

Fig. 4. Vickers microhardness of Ti–6Al–4V and Ti–6Al-xV-yFe alloys.  

Fig. 5. Flow stress curves obtained by rectangular axial compression testing of Ti–6Al–1V–3Fe in the temperature range of 750–950 �C and at strain rates of (a) 10 
s� 1 and (b) 0.01 s� 1. 
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3.3. Evolution of microstructures in hot-worked Ti–6Al–1V–3Fe 

The microstructures of selected deformed samples tested at different 
strain rates and deformation temperatures were examined to understand 

their effects on the evolved microstructures. 
Fig. 9 shows the selected SEM-BSE images of Ti–6Al–1V–3Fe alloy 

deformed at different strain rates and deformation temperatures. The 
microstructures of samples deformed at 750 �C/10 and 1 s-1 (Fig. 9a and 
c) exhibited severe bending and rotation of α laths (black arrow), with 
defects such as voids and cracks very conspicuous at 10 s-1. These 
microstructural features are diagnostic of poor workability under warm 
working (700�Ϲ) and high strain rates. Secharchayulu et al. [64] made 
similar observation during hot working of Ti–6Al–4V with an initial 
lamellar microstructure. Prominent cracks were found at the prior beta 
grain boundaries and they explained that the localised cracking was 
promoted by stress concentration at the prior beta grain boundaries due 
to sliding of the soft beta phase. 

As the deformation temperature increased above 800 �C (Fig. 9b and 
c), the bending and rotation of the lamellar structures decreased, and 
defects were not detected at these temperatures. The reduction in the 
degree of lath rotation and bending with increasing temperature was 
attributed to the increased mobility of dislocations with increasing 
temperature [65]. 

The power dissipation efficiency values obtained from the processing 
map (Fig. 7) at temperatures between 800 �C and 950 �C corresponded 
with dynamic recovery. At temperatures below 800 �C, the movement of 
dislocations generated at high strain rates was restricted, as found by 
Fan et al. [65]. This may have caused shearing which bent and rotated 
the laths. At the highest deformation temperature of 950 �C (Fig. 9c), 
traces of fractured lamellae were seen which indicated that dynamic 
globularisation could have started. However, dynamic globularisation 
was limited by the high strain rate of 10 s-1. Therefore, the dominant 
softening process in this region would be dynamic recovery, which was 
seen at 950 �C/10 s-1 (Fig. 9c). The microstructural features concur with 
the prediction of the processing map, which showed a power dissipation 
efficiency of ~30% and also with the near steady-state flow stress shown 
in Fig. 5a. 

According to the processing map, the optimum processing condition 
for deforming Ti–6Al–1V–3Fe to a total strain of 0.6 was at 0.1 s-1 and 
900 �C. Therefore, it became imperative to assess the microstructural 
evolution at this strain rate. Bending and rotation of laths was evident at 

Fig. 6. Strain versus time profile for Ti–6Al–1V–3Fe deformed at 850 �C and 0.01 s-1 showing the increase in strain rates at low strain (~0.02).  

Table 5 
Constitutive constants for hot working of Ti–6Al–1V–3Fe.  

В �n α (MPa-1) n S Q (kJmol-1) A (s-1) 

0.03 5.595 0.006 3.808 15.389 487 1.50 � 1021  

Fig. 7. Processing map for Ti–6Al–1V–3Fe at a total strain of 0.6. The red re
gion is region of unsafe deformation; A is the safe region with the highest 
dissipation efficiency. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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750 �C, but this decreased as the deformation temperature increased. 
This was due to increased mobility of dislocations at higher deformation 
temperatures [65]. As shown in Fig. 8a, dynamic recrystallisation of the 
prior beta grains was found as the softening mechanism at the optimum 
processing condition. This explains why dynamic globularisation of α 
lamellae was hardly observed when there was a decrease in strain rate 
from 10 to 0.1s-1. The reduction in both defects and the severity of lath 
rotation with decreasing strain rate indicated that workability of the 
alloy was improved at low strain rates. Prasad and Seshacharyulu [66], 
Polleti et al. [67] and Balasundar et al. [68] reported that hot working of 
titanium at lower strain rates and higher deformation temperatures 
improved the intrinsic workability of titanium alloys. This is confirmed 
in Fig. 9e for Ti–6Al–1V–3Fe deformed at 950 �C and 0.1s-1 where the 
alpha globules are signs of dynamic globularisation. The degree of dy
namic globularisation was higher at 0.1 s-1 strain rate in comparison 
with 10 s-1 strain rate. 

Using the additional SEM-BSE images of deformed Ti–6Al–1V–3Fe 
samples provided in the supplementary data, the influence of changing 
strain rate and constant temperature of 900�Ϲ on the microstructural 
evolution of deformed Ti–6Al–1V–3Fe was assessed. It was observed 
that the lamellae were serrated at a strain rate of 10 s-1, while bending 
and rotation of laths were evident at 1 s-1. Serrated, bent and kinked 
laths are all precursors to dynamic globularisation [69,70]. Perumal 
et al. [71] reported that lath rotation and bending in Ti–6Al–4V with an 
acicular initial microstructure was largely influenced by strain, and was 
independent of the initial lath thickness. In this work, the total strain 
was kept constant for all the deformed samples, but the strain rate effect 
on lath rotation and bending was visible. At the strain rate of 0.1 s-1, a 
minute amount of lath bending was seen in Ti–6Al–1V–3Fe and there 
were no signs of dynamic globularisation. However, there was signifi
cant dynamic globularisation at lower strain rates typically 0.01 s-1 and 
0.001 s-1. This was confirmed by the fragmentation of α lamellae into 
globules as shown in Fig. 9e. 

4. Discussion 

The efforts of researchers to reduce the cost of producing titanium 
alloys have evolved from the basic considerations of manipulating alloy 
chemistry and optimising hot working and machining to robust process 
modification as evident in the FAST forge process [14] and Fray, 
Farthing and Chen process [16] where final components are produced 
directly from titanium powder in very few steps. While these processes 
are very promising, their full commercialised production may take some 
time. Additionally, there may be limitations on the size and geometry of 
profiles that can be produced through these processes. 

Consequently, this work has adopted two basic concepts in 
answering two important questions:  

o How does the partially substituted vanadium with iron affect 
microstructure and hardness of the low-cost alloys?  

o What are the optimum processing conditions and how do they differ 
from established conditions for commercial Ti–6Al–4V and other 
αþβ titanium alloys? 

The presented results show that partial replacement of V with Fe did 
not cause TiFe formation in the 1 wt% V - 3 wt% Fe alloy. This inter
metallic is a major concern when Fe is added to Ti. Rather, only alpha 
and beta phases were detected in the alloy, with minor amounts of ox
ides. Thermo-Calc simulations predicted that the formation of TiFe is 
unlikely in the Ti–6Al-xV-yFe alloys. Instead, the beta phase proportion 
would increase since iron is notably a strong beta stabiliser. The mi
crostructures and XRD results show that there was no TiFe phase in the 
alloys. Although the phase proportions in the alloys were not quantified, 
the relative height of the main beta peak increased with increasing Fe 
addition. This suggests that the amount of beta phase increased with Fe 
addition, as predicted by the Thermo-Calc simulation. Nochovnaya et al. 
[19] reported that to produce iron-containing titanium alloys that are 
free of TiFe or Ti2Fe, the Fe content must not exceed 2 wt%. Conversely, 
Ebestan et al. [17] showed that it was possible to produce TiFe or Ti2Fe 
free titanium alloys via powder metallurgy. The results obtained in this 

Fig. 8. Final microstructure of Ti–6Al–1V–3Fe deformed samples. Stable deformation: 900 �C and 0.1 s-1: a) optical c) SEM-BSE, Unstable deformation: 750 �C and10 
s-1: b) optical and d) SEM-BSE. 
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study have shown that use of the combination of V and Fe may prevent 
the formation of intermetallics even with conventional casting methods. 

The higher hardness of the experimental alloys over wrought 
Ti–6Al–4V could be explained in terms of microstructure and iron con
tent. The experimental alloys have a Widmanst€atten structure, but the 
wrought Ti–6Al–4V, shown elsewhere [64], had near-equiaxed alpha 
and elongated alpha grains, with intergranular beta. The basket-weave 
microstructure of the experimental alloys would pose more resistance 
to dislocation movement, resulting in the higher hardness [42]. Addi
tionally, Fe offers a higher solid solution strengthening effect than V 
since there is larger difference in the atomic radii of Fe and Ti compared 
to V and Ti [22]. In this work interstitial contents were not analysed, so 
it is insufficient to conclude that iron alone was responsible for the 
higher hardness observed in the experimental alloys. It is 
well-documented that oxygen, nitrogen and carbon raise the working 
temperatures and the hardness of both alpha and beta titanium alloys 
[72,73]. 

The results obtained from the hot working studies showed that the 
most advantageous parameters for working the alloy were ~900 �C 
working temperature and 0.1 s-1 strain rate. The large processing win
dow seen on the processing map indicated the easy working of the 
Ti–6Al–1V–3Fe alloy. The agreement between flow curves analysis, 
stress exponent and processing map showed that more than one soft
ening mechanism influenced the deformation of Ti–6Al–1V–3Fe. Addi
tionally, similar mechanisms that are responsible for softening in most 

titanium alloys are also found in the Ti–6Al–1V–3Fe alloy. Bodunrin 
et al. [57], Guo et al. [74,75] and Ding et al. [76] showed that typical 
softening mechanisms are dynamic recovery, dynamic recrystallisation 
and dynamic transformation especially in the safe working zone. The 
processing map specifically showed that dynamic recovery and dynamic 
recrystallisation are the dominant mechanisms in the safe region while 
cracking and void formation were shown in region of unstable defor
mation. Cracking and void formation have been established as typical 
failure mechanisms in titanium alloys with a fully lamellar initial 
microstructure [32,77]. Dynamic phase transformation has often been 
reported as one of the mechanisms influencing softening of dual phase 
titanium alloys. However, this was not given much consideration in this 
study, since Guo et al. [74,75] explained that dynamic phase trans
formation of alpha to beta phase is less likely in a fully lamellar initial 
microstructure than in a fully equiaxed initial microstructure. 

Detailed microstructural analysis also showed that dynamic glob
ularisation, otherwise known as geometric dynamic recrystallisation, 
occurred at low strain rates and high deformation temperatures. This 
mechanism is well established in commercial Ti–6Al–4V and other ti
tanium alloys with fully lamellar microstructure [32,77]. The classical 
dynamic globularisation process was explained using two models, the 
beta penetration model and the lath shear model [53,78,79], with an 
increasingly wider acceptance of the lath shear model. In this model the 
occurrence of dynamic globularisation follows four basic steps which 
include “laths shearing, dislocation generation in the line of shear, 

Fig. 9. Selected SEM images at different strain rates and deformation temperatures (a) 750�С and 10 s-1 (b) 900�С and 10 s-1 (c) 950�С and 10 s-1 (d) 750�С and 0.1 s- 

1 (e) 950�С and 0.1 s-1 and (f) 900�С and 0.01 s-1. Black arrows show lath bending and red arrows show globular α; (a) analysed in SE mode while (b–e) were analysed 
in BSE mode. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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nucleation of dislocation interfaces and migration of interface”. These 
steps are fully described in previous works [79,80]. 

Some of the observations noted in this study were also reported 
elsewhere [81] for hot worked Ti-4.5Al–1V–3Fe, another αþβ alloy that 
was investigated by the authors. However, the slight difference in the 
aluminium content (1.5 wt%) between the two alloys resulted in some 
variations in the response of the alloys to imposed hot working param
eters. One of the notable differences is that Ti–6Al–1V–3Fe showed 
higher resistance to deformation when compared with Ti-4.5Al–1V–3Fe 
alloy because the peak flow stress, stress exponent and activation energy 
were higher under all deformation conditions. The power dissipation 
efficiency at the optimum working condition was lower in 
Ti–6Al–1V–3Fe alloy (50%) in comparison with Ti-4.5Al–1V–3Fe alloy 
(68%). This corroborates higher deformation resistance exhibited by the 
Ti–6Al–1V–3Fe alloy. Another difference is that the alloys displayed 
different softening mechanisms at their respective optimum hot working 
conditions. Dynamic recrystallisation of the prior beta grains was the 
dominant softening mechanism at ~900�Ϲ  and 0.1 s� 1 in 
Ti–6Al–1V–3Fe, while dynamic globularisation of the alpha phase was 
the main softening mechanism at 890 – 905 �Ϲ and 0.003–0.01 s-1 in the 
Ti-4.5Al–1V–3Fe alloy. Although Ti–6Al–1V–3Fe alloy also showed the 
occurrence of dynamic globularisation of the alpha phase, it only 
became conspicuous in this alloy at strain rates lower than 0.1 s-1. When 
the processing maps of both alloys were compared, the unstable defor
mation region differs for both alloys, 770 – 780 �Ϲ and 1.5 – 10 s-1 in this 
current work, but 875 – 930 �Ϲ and 0.15 – 0.4 s-1 in the Ti-4.5Al–1V–3Fe 
alloy. The marked differences in the behaviour of these similar alloys 
clearly indicate that even for the same titanium alloy type, hot work
ability in titanium alloys is sensitive to slight changes in alloy compo
sitions and this has to be put into consideration during large scale 
manufacturing of titanium-based components. 

5. Conclusions 

Lower cost titanium alloys for typical land-based applications were 
designed using the composition of Ti–6Al–4V as the base. Vanadium was 
partially and fully substituted by iron in Ti–6Al-xV-yFe (where y ¼ 4 – x, 
and x ¼ 0–4). The effect of this on microstructure and the hot working 
behaviour of alloys containing partially substituted vanadium was 
evaluated. The following conclusions were reached. 

TiFe and Ti2Fe intermetallic compounds, which have deleterious 
effects on the ductility and toughness titanium alloys, were not found in 
the experimental alloys. The Thermo-Calc predictions were consistent 
with observations from XRD and microstructural analysis. 

The Ti–6Al–1V–3Fe alloy showed similar hot working characteristics 
to other titanium (αþβ) alloys with a fully lamellar structure but had a 
larger processing window. The most advantageous processing parame
ters for hot working Ti–6Al–1V–3Fe were ~900 �C and 0.1 s-1. The 
dominant softening mechanism in this region is dynamic recrystallisa
tion of prior beta grains. Dynamic globularisation of the alpha laths was 
also seen at temperatures above 850 �C and strain rates below 0.1 s-1. 
The unsafe region (750 – 780 �C and 1.5 – 10 s-1), where cracking 
provided the softening mechanism, should be avoided during processing 
of the alloy. In comparison with Ti-4.5Al–1V–3Fe, a similar low-cost 
alloy, the Ti–6Al–1V–3Fe had higher deformation resistance due to 
the slight difference in aluminium content. 

Since Ti–6Al–1V–3Fe showed promise in terms of cost reduction via 
a change in alloy chemistry, and in terms of hot working, future work 
will consider comparing room temperature mechanical properties with 
commercial Ti–6Al–4V. 
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