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Abstract

This study investigated the hot workability of an experimental, non-toxic, low-cost Ti-3.4Fe alloy using flow stress analysis,
constitutive modelling, processing maps and microstructural examination. Hot compression tests were performed on Ti-
3.4Fe alloy samples at different deformation temperatures (750, 800, 850 and 900 °C), strain rates (0.05, 0.1, 1 and 10 s7h
and a total strain of 0.6. The compression tests were performed using a Gleeble® 3500 thermomechanical simulator. The
isothermally compressed samples were analysed using a scanning electron microscope to assess the microstructure. An
Arrhenius-based model was used to derive the constitutive constants. From the results, the stress exponent and activation
energy were 4.91 and 611 kJ.mol~! under the steady-state stress condition and 5.32 and 675 kJ.mol ™! at peak stress. The stress
exponents suggested a dislocation climb and glide mechanism controlling deformation. The processing map showed that the
optimum conditions to deform Ti-3.4Fe were 850 °C at a strain rate of 0.1 s™! for both steady-state and peak stresses. The
microstructure revealed kinked, rotated and bent lamella at the safe region (850 °C at 0.05 s_l), confirming the dominance
of dynamic recovery as the softening mechanism. Instabilities manifested as cracks and inhomogeneity at 750 °C and 1 s~
and at 850 °C and 10s™".

Keywords Processing maps - Hot deformation - Constitutive analysis - Microstructural evolution - Dynamic recovery

1 Introduction

Titanium and its alloys have excellent mechanical properties,
biocompatibility, and corrosion resistance. These proper-
ties make them desirable in many applications, including
aerospace, automotive and biomedical industries [1]. Like
other metallic materials, the properties of titanium alloys are
mainly influenced by their microstructure [2]. This makes
it important to control the microstructure of titanium alloys
during processing through heat treatment or thermomechani-
cal means. Titanium alloys can be classified based on the
dominant phase constituents in their microstructure. The
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near « and the near p alloys are additional subclasses of the
three main groups of titanium alloys (o, o+ f3, and f phases)
[3, 4].

The biomedical industry has considered every type of
titanium alloy; however, commercially pure titanium and
Ti-6Al-4 V, an o+ type alloy, have been used the most
[5]. Due to complications caused by Al and V in Ti-6Al-4 V
when inserted into the body as an implant, the use of non-
toxic alloying components like Zr, Nb, Ta, and Mo has been
investigated. Complications associated with the Ti-6Al-4 V
include a build-up of osteointegration leading to peri-
implantitis, and the alloying element Al has been associated
with neurotoxicity and senile dementia [6, 7]. Dorner et al.
[8] reported a case of inflammatory arthritis observed after
receiving a Ti-6Al-4 V implant [8]. Despite these interven-
tions, Ti-6Al-4 V still dominates in the bioimplant industry
because it is slightly cheaper than many biomedical grade
B-Ti alloys. The beta titanium alloys offer lower elastic mod-
ulus than other Ti alloys, but the alloying elements like Ta,
Mo and Nb are highly priced.

To address the high cost and toxicity challenge, Fe, the
cheapest beta-stabilising element and a eutectoid former [9],
was considered the sole alloying element in developing a
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biomedical grade Ti-3.4Fe alloy in this study. Leshetla et al.
[10] demonstrated that Ti-3.4Fe’s corrosion rate was far lower
than 0.50 mm/yr in simulated body fluids. The corrosion rate
of this alloy was also lower than the recommended maximum
corrosion rate of 0.13 mm/yr for the design of biomedical
alloys [11]. To the best of the authors’ knowledge, this alloy’s
hot deformation behaviour has not been explored previously.
Furthermore, it is envisaged that this alloy will not be used
in the as-cast condition; rather, it will be formed into differ-
ent shapes and sizes depending on the type of biomedical
components to be manufactured. The hot working of alloys
influences the evolution of new microstructure and processing
parameters, like temperature, strain, and strain rate, affecting
their deformation behaviour [12]. This study aimed to establish
the most advantageous processing conditions for forming Ti-
3.4Fe alloy into different shapes. These optimum processing
conditions would help save processing time and cost during
large-scale industrial production. In addition, reproducible
microstructure and dominant deformation mechanisms were
established using flow stress analysis, constitutive modelling,
and processing maps with microstructural validation.

Constitutive analysis predicts the flow stress, and process-
ing maps are useful in determining the optimum deformation
conditions and dominant softening mechanisms of deformed
alloys. For Ti alloys, the flow stress is sensitive to small
changes in the deformation parameters, including deformation
temperature, strain rate, and strain [13]. Also, compositional
variation and initial microstructure influence the response of
Ti alloys to imposed deformation parameters. Thus, Ti alloys
reportedly have a narrow processing window compared to steel
and aluminium [13, 14]. Researchers have taken advantage
of this knowledge to tailor the deformation of Ti alloys and
investigate the link between hot working parameters, micro-
structural evolution, and mechanical properties [15].

Hot deformation exhibits several softening mechanisms,
such as dynamic recovery, dynamic recrystallisation, dynamic
globularisation, superplasticity and flow localisation [15, 16].
Amongst these, dynamic recovery, dynamic recrystallisation,
dynamic globularisation, and superplasticity are desirable,
while flow localisation, wedge cracking, incipient melting,
and adiabatic shear banding are considered unsafe [15, 16].
In this study, the hot deformation behaviour of the as-cast
experimental Ti-3.4Fe alloy was evaluated. The alloys were
produced using a vacuum induction melting furnace — details
are presented elsewhere [10]. It is envisaged that the findings
from this work would provide additional information on low-
cost experimental titanium alloys that are potentially designed
for biomedical applications.

2 Materials and methods
2.1 CastingTi-3.4Fe alloy

Commercially pure titanium and iron rods with 99.99%
purity were melted using a vacuum induction melting
furnace after weighing. The total charge was approxi-
mately 4 kg and melting was carried out in an yttria
crucible. The molten alloy was poured into a steel mould
and allowed to solidify. Thereafter, the alloy was fet-
tled and sectioned for chemical analysis using optical
emission and energy-dispersive x-ray spectroscopy.
The alloy’s average chemical composition obtained
from both techniques is presented in Table 1. The iron
content obtained from both types of spectroscopy was
similar, but the energy-dispersive x-ray did not pick up
oxygen and nitrogen. Traces of yttrium were picked in
both techniques.

2.2 Isothermal compression testing

Ti-3.4Fe alloy samples were isothermally compressed
on the Gleeble® 3500 thermomechanical simulator. The
initial microstructure of the Ti-3.4Fe alloy (Fig. 1) shows
a thick lamellar microstructure. There are also some
yttrium impurities in the alloy from casting, observed
as bright white spots. The samples were machined into
12 mm length and 8 mm diameter spherical samples.
Before deformation, the samples were heated directly to
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Fig. 1 Initial microstructure with fully lamellar structure

Table 1 Ti-3.4Fe alloy’s
average chemical composition

Element Titanium

Iron Oxygen

Nitrogen Yttrium

Weight (%)  96.33 +0.06000

3.40+0.02000

0.21+£0.00020  0.009+0.00300  0.05+0.00001
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between 750 and 900 °C and soaked for 180 s to homog-
enise. The deformation was carried out at different strain
rates of 0.05, 0.1, 1, and 10 s~ ! at every deformation
temperature to a total strain of 0.6. The deformation
parameters selected in this work are consistent with
those explored in other studies [15-20], and as such, the
results obtained from this work can be compared with
those reported previously on the hot working of titanium
alloys [17, 18]. Additionally, the parameters selected in
this work fall within the range of parameters used for
forging, rolling, extrusion and sheet metal forming in a
typical metal processing plant [19, 20]. The stress—strain
data collected from the Gleeble® software were then
used for constitutive analysis and building processing
maps following the test. These are discussed in the sub-
sequent sections.

2.3 Constitutive modelling

The peak flow stress and stress at final strain (taken as the
steady-state stress) obtained from isothermal compres-
sion testing were used to find the constitutive constants. A
hyperbolic sine equation (Eq. (1)) that is derived using the
Arrhenius equation modified with the incorporation of the
Zener-Hollomon parameter (Z) was used to calculate the
apparent activation energy and stress exponents [21-23].
The equations are described as follows:

é = A[sinh(aa)]”exp<—R—QT>f0ralla ¢))

7= cenp(-2) @

A, m, n, a, and f are constants, and R, T, Q, and ¢ are
the universal gas constant, absolute temperature, activation
energy, and strain rate, respectively. The equation predicts
flow stress and suggests possible softening mechanisms that
control deformation using Q and n. Predicted stress can be
calculated using Eq. (3). The predictability of the model can
be determined using the root-mean-square error (RMSE)
and average absolute relative error (AARE) calculated using
Egs. (4) and (5) [3].

a=§{(§)5+[(§)’%+11%} 3)
RMSE = le ﬁ: % ; b €

i=1

AARE = )

2.4 Processing map development

Using the Prasad and Seshacharyulu [24] technique, the
processing maps were created by superimposing the insta-
bility map with the power dissipation efficiency map. The
power dissipation efficiency map values were determined
using Eq. (5), where m is the strain rate sensitivity parameter
described by Eq. (6).

_ 2m
T=m+D ©
= dlnc
o )
dlne

The values for the instability map were determined using
Eq. (7), which describes Murty’s instability criterion. It is
similar to that of Prasad and Seshacharyulu, such that it
shows unstable flow at high strains; however, it exhibits a
narrower unstable region compared to Prasad and Seshacha-
ryulu’s instability criterion [25]. Murty’s criterion (Eq. (8))
assumes that m is a variable, and it is used to predict more
accurate instability regions compared to Prasad’s because of
its strict calculations and inferences [25].

e = m _ 1<0 8)
n

The instability map predicts the unstable deformation
regions of different metallic alloys [26]. The instability map
was developed at both the peak stress and the steady-state
flow stress. The peak flow stress varies with temperature and
strain rate as described by the Zener-Hollomon parameter,
and the steady-state flow stress is used to make the Zener-
Hollomon parameter independent of strain [27, 28].

2.5 Microstructural examination

The deformed samples were sectioned in half parallel to the
compression axis. The sectioned samples were mounted,
polished, ground, and etched using Kroll’s Reagent. The
samples were then examined under a scanning electron
microscope. The images of the microstructures of the
deformed Ti-3.4Fe alloy samples obtained were compared
with the initial microstructure to establish the microstruc-
tural evolution and dominant deformation mechanisms.
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3 Results and discussion
3.1 Flow stress analysis

Figure 2 shows the stress—strain graphs constructed from
the hot compression of the Ti-3.4Fe alloy. The flow curves
show that flow stress increased with increasing strain rates
and decreased with increasing temperature. Increasing the
strain rate increased the mobile dislocation speed and flow
stress [21]. Longer energy accumulation and greater dynamic
softening brought on by a high temperature aid in remov-
ing dislocation entanglement [2, 29]. The flow stress rapidly
increased until the maximum peak stress was reached at a very
low strain (0 to 0.05). This is due to work hardening [2]. For
most of these curves, steady-state stress was reached after peak
stress due to the counterbalancing of work hardening and flow
softening. However, in cases where the flow stress dropped
continuously after attaining the maximum stress, flow soften-
ing exceeded work hardening [30, 31]. For all curves at all
strain rates, work hardening was observed at very low strain;
some reached peak stress and continued at nearly steady-state
stress, such as all the 900 °C curves for all strain rates. After
peak stress was reached for 850 °C at 0.05 s~! and 800 °C at
1 57!, the flow stress decreased gradually until steady-state
flow stress was obtained. The shape of the curves suggests a
possible softening mechanism that controls the deformation of

metallic alloys [2]. The flow stress curves in Fig. 2 show work
hardening at low strain. The flow stress curves conformed to
the conventional dynamic recovery characteristics for the vast
majority of the curves, except 850 °C at 0.05 s~! and 800 °C at
157!, The flow curves can only suggest a softening mechanism
controlling deformation in the hot working of the alloy; further
analysis is needed to validate these suggestive mechanisms.

3.2 Constitutive modelling
3.2.1 Material constants

The apparent activation energy and stress exponent can be
used to propose the mechanism controlling deformation [3,
26]. Figures 3 and 4 show fitting lines for the constitutive con-
stants. The average of the slopes from the plot of Iné vs ¢ and
Iné vs Ino for the different deformation temperatures was used
to determine the values for § and 7. Then, a was calculated
using p/n. The fitting line for Iné vs In[sinh(ao)] was used to
find n while the In[sinh(ao)] vs 1000/T fitting line determined
K. From these values, the activation energy was calculated
using Eq. (9).
QO = RinK 9)

where R is equal to 8.314 J/mol.K. Equation (10) was used
to find A. The InZ vs nln[sinh(ao)] fitting line was used to
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optimise Z, as can be seen in Figs. 3 and 4, where InA was
found using Eq. (1).

InZ = InA + nin[sinh(ac)] (10)

The constants change with changing strain due to micro-
structural evolution during hot deformation [3]. When
the steady-state stress values were used, the activation
energy for hot working decreased to 611 kJ.mol~' from
its initial value of 675 kJ.mol~! when it was determined
using the peak stress. The stress exponents were 5.32 and
4.91 for peak stress and steady-state stress, respectively
(Table 2). The glide and climb of dislocations are what

control deformation at high temperatures, and the stress
exponent is typically calculated as being ~ 5 [32, 33]. From
this work, the stress exponents at peak stress and steady-
state stress were both near 5, suggesting that dislocation
climb and glide is the main mechanism controlling hot
deformation. Dislocation climb and glide is typically
observed for dynamic recovery, which occurs when the
flow stress reaches a stable condition after the peak stress
has been attained [2]. This agrees with the trends observed
in Fig. 2, where most of the flow curves showed typi-
cal dynamic recovery behaviour. The apparent activation
energies, 675 kJ.mol~! and 611 kJ.mol™", are significantly
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Table 2 Constitutive constants 5 i A (MPa™") n K 0 (kJ.mol™) AT
at peak stress and steady-state
stress for hot working Ti-3.4Fe Peak stress 011 793 00142 532 1526 67541 8.52%10%
experimental allo;
P Y Steady-state stress 0.11 7.38 0.0149 491 14.98 611.90 9.27x10%

higher than the self-diffusion activation energy of o + -Ti
(156 kJ.mol™"), a-Ti (150 kJ.mol!) and -Ti (153 kJ.mol ™)
[34, 35] but are within the values reported by previous
authors on hot worked titanium alloys [21, 22]. Dynamic
recovery requires the self-diffusion activation to be equal
to or nearly equal to the apparent activation energy [27].
High activation energies, typically 300 to 700 kJ.mol ™!,
are usually associated with dynamic recrystallisation as
the predominant softening mechanism [2, 28]. However,

@ Springer

because the apparent activation energy for the hot working
of this alloy was determined using an Arrhenius phenom-
enological model, the activation energy has no physical
meaning and, as such, cannot be used to make conclusive
remarks on the dominant softening mechanisms during
deformation [36]. Processing maps and microstructural
evolution can establish the various softening mechanisms
during the deformation of Ti-3.4Fe. This is presented in
Sect. 3.3.
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3.2.2 Predictability of the constitutive models

The predictability of the constitutive model was deter-
mined using the correlation coefficient (R?), RMSE, and
AARE. For Ti-3.4Fe, the R?>, RMSE and AARE were
95%, 11.2%, and 10.7% at peak stress, and 92%, 13.6%,
and 15.5% at steady-state stress (0.6 strain) (Fig. 5). The
AARE and RMSE are relatively low for both peak and
steady-state stress constitutive modelling; they fall within
the range reported in previous studies of titanium alloys
[21, 22]. The model developed using the peak stress values
had a higher correlation coefficient and lower RMSE and
AARE than the model derived from steady-state stress.
This allows for a more accurate estimate of flow stress
using the peak stress values for this alloy [27]. The cor-
relation coefficient, RMSE, and AARE can be further
enhanced using an artificial neural network or generalised
reduced gradient approach, as reported by previous authors
[21, 22, 37].

3.3 Processing map and microstructural evolution
3.3.1 Processing map developed using the peak stress

The power dissipation and instability maps (Fig. 6) show
the mechanism controlling deformation at different hot
working conditions, helping to identify which regions
to avoid when carrying out hot working [38]. The region
of instability should be avoided during hot working. The
power dissipation efficiency ranged from 12 to 68% with
the largest region having a power dissipation efficiency of
less than 30% (Fig. 6a). When # <30, dynamic recovery is
the dominant softening mechanism controlling deformation
[39]. Dynamic recovery occurs through cross-slip for high
stacking fault energy (SFE) metals and occurs by climb in
low stacking fault metals [40]. Pure titanium is typically
softened by dynamic recovery due to it being a high stack-
ing fault energy metal [41]. The SFE (ygz5) of pure titanium
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has been reported to be in the range of 0.3 to 0.35 J/m?, but
aluminium has been reported to characteristically decrease
the SFE in titanium alloys containing different concen-
trations of Al (Ny,;) following the relation ygp;=0.00093/
[0.003exp(0.133N,4)] [42]. The Ti-3.4Fe alloy considered
in this study does not contain Al, so it is expected that the
SFE will fall within the range of 0.30 to 0.35 J/m2, which
will favour softening by dynamic recovery. The power dis-
sipation map (Fig. 6(a)) shows that the alloy is primarily sof-
tened by dynamic recovery. However, a high-power dissipa-
tion efficiency of 68% was obtained at the optimum region,
indicating the occurrence of superplasticity. Although Fe
has been reported to promote superplasticity in titanium due
to its fast diffusion in titanium [43], this behaviour was not
confirmed experimentally in this study; it will be considered
in a future work. An instability region was found between
1 and 10 s~! at temperatures between 810 and 885 °C and

5 19—
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Fig.7 Processing map of Ti-3.4Fe alloy at peak stress; the shaded
area shows the instability region, and the region marked with X
shows the optimum region to deform
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ity map at steady-state stress
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750 and 780 °C (Fig. 6(b)). Hot working at this region would
produce defects such as cracking in the microstructure.

The processing map shows that the optimum region of
Ti-3.4Fe is at 850 °C and 0.1 s~!, which is marked X in the
area displayed in Fig. 7. This region has the highest power
dissipation of 68%, indicating a dominant softening mecha-
nism of superplasticity. Microstructural evidence at the peak
stress and corresponding strain will be required to affirm the
softening mechanism. The processing map shows a wide
processing window for the conditions tested. The largest
region of the processing map has a power dissipation of less
than 30 (n <30), which can be attributed to dynamic recov-
ery, agreeing with the flow curves and constitutive model-
ling that suggested that dynamic recovery is the dominant
softening mechanism. The processing map was not validated
at peak stress because the total strain of 0.6 was used.

3.3.2 Processing map developed using the steady-state
stress

At steady-state stress, the instability region was determined
to be between 1 and 10 s™! at temperatures between 800 and
900 °C (Fig. 8). As in the peak stress, this region at the
steady-state stress should be avoided when hot working. The
power dissipation efficiency ranges from 10 to 90% with
the largest region having a power dissipation of less than
30 (7 <30). This further supports the conclusion that the
dominant mechanism controlling deformation is dynamic
recovery, as seen in the peak stress processing map.

The processing map also shows a broad processing win-
dow within the tested deformation temperature and strain
rates at a strain of 0.6 (Fig. 9). The optimum conditions to
deform the alloy was determined to be at 0.1 s~! and 850 °C.
This region has the highest power dissipation efficiency of
90%. When 1> 60%, the suggested mechanism controlling
hot deformation is superplasticity [44]; however, this was not
confirmed experimentally in this study. Superplasticity ordi-
narily occurs at low strain rates (~ 10~°) and microstructural

In strain rate

0.65.
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T T T T T
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Fig.9 Processing map of Ti-3.4Fe alloy at steady-state stress; the
shaded area shows the instability region, and the region marked with
X shows the optimum region to deform

images would show distinct grain boundaries that promote
grain boundary sliding [44, 45]. These characteristics were
not observed in the deformed microstructures of this alloy.
However, since Fe has been reported to reduce the tempera-
ture of superplastic forming in other titanium alloys [43,
46, 47], the Fe content in the alloy may influence the micro-
structures, deformation temperatures and strain rates under
which superplasticity may occur in this alloy. Hence, this is
currently being investigated in our group.

The dynamic recovery observed in the steady-state stress
processing map agrees with the observation that dynamic
recovery is the dominant softening mechanism controlling
hot deformation in the constitutive modelling and flow stress
curves. Microstructural evidence of cracking was found in
the unstable region predicted by the processing map. This
is expanded on in Sect. 3.3.3. Further work would consider
confirming superplasticity using hot tensile testing based on
the parameters indicated on the processing map.

3.3.3 Microstructural validation

The microstructures of the samples at the stable and unstable
regions were analysed using scanning electron microscopy.
During hot deformation, energy is stored as dislocations, and
this energy is released by dynamic recovery and recrystal-
lisation, grain refinement, or grain growth [48]. The micro-
structures presented in Fig. 10 were taken at a total strain
of 0.6 once deformation was completed. The images are
of safe and unsafe regions of deformation of the Ti-3.4Fe
alloy. Deformation at 850 °C and a strain rate of 0.05 s™!
and 0.1 s~! were observed to be safe. This corroborates the
observations made from the processing maps (Figs. 7 and 9).

Figure 10(a) shows a microstructure of the safe deformation
region at conditions of 850 °C and 0.05 s~ the microstruc-
ture reveals observable rotated, kinked, and bent lamellar
due to deformation under these parameters. These features
are signatures that are attributed to dynamic recovery. For
microstructure softened by dynamic recrystallisation, fea-
tures like equiaxed or spheroidised grains are prominent
[30]. These were not seen in the samples deformed under
these conditions. This rules out the occurrence of dynamic
recrystallisation as a possible deformation mechanism for
this alloy under the tested conditions. One noticeable feature
in Fig. 10(a) and (b) is the thinning of the lamellar, sug-
gesting significant refinement of the lamellar structure in
the deformed alloys compared to the as-cast microstructure
(Fig. 1). This must have contributed to the higher power
dissipation efficiency exhibited by the alloy at the opti-
mum deformation conditions [49]. At regions of instability
(shaded region in Fig. 9), 750 °C and 1 s~! and 850 °C and
105! (Fig. 10(c) and (e)), cracks and inhomogeneity can be
observed. The cracks can be viewed properly at higher mag-
nification (Fig. 10(d)). These features validated the unsafe
deformation region in Ti-3.4Fe alloy.

4 Conclusion

The hot deformation behaviour of the experimental Ti-
3.4Fe alloy was analysed using constitutive modelling,
processing mapping and the evolution of microstructures
at the optimum deformation parameters and at the instabil-
ity region after the deformation of the samples using the
thermomechanical simulator, Gleeble® 3500. The constitu-
tive constants, processing maps, flow stress curves, and the
deformed microstructure led to the following conclusions:

a) The flow stress increased with increasing strain rate and
decreasing temperature.

b) Ti-3.4Fe had an activation energy of 675 kJ.mol™! at
peak stress and 611 kJ.mol ™! at steady-state stress, with
a stress exponent of 5.32 for peak stress and 4.91 for
steady-state stress, suggesting a softening mechanism
of dislocation climb and glide.

c¢) The Ti-3.4Fe processing maps had broad safe and
smaller unsafe deformation regions. The optimum defor-
mation parameters were found to be 850 °C at 0.1 s~ for
both peak stress and steady-state stress, and the unsafe
deformation regions were found to be between 750 and
780 °C, and 810 and 890 °C at strain rates between 1
and 10 s for peak stress and between 800 and 900 °C at
strain rates between 1 and 10 s~! for steady-state stress.

d) Microstructural characterisation showed kinked, rotated
and bent lamellar at the safe region (850 °C at 0.05 s7h
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controlled by dynamic recovery, as well as significant
refinement of the lamellar structure.

e) The microstructure shows unsafe deformation in the
form of cracks and inhomogeneity at 750 °C and 1 s,
and 850 °C and 10 s™".
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