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ABSTRACT

A new biomaterial Ti—14Cr alloy was designed for biomedical applications. The
manufacturing process of Ti alloys through hot deformation is crucial for controlling the
grain structure and the mechanical performance of the alloy. In the present study, several
compression tests at elevated temperatures (1123—1273 K) and strain rate ranges of 0.01
—10 s~ were conducted using a Gleeble-3800 thermomechanical simulator. A processing
map of the studied alloy was constructed using the principles of the dynamic material
model to evaluate the hot workability and deformation mechanisms at different ranges of
temperature and strain rate. The resulting grain structure was correlated with the pro-
cessing map.

The processing map showed that adiabatic shear bands are expected to form at low
temperatures (1123—1223 K) and moderate to high strain rates (1-10 s~ %), whereas the
nucleation of wedge cracks is likely to develop at the grain boundary at high temperatures
and low strain rates (1248—1273/0.01 s %). Consequently, a deterministic domain in the

temperature and strain rate ranges of 1148—1273 K and 0.01-0.1 s~*

, respectively, was
identified as the domain of dynamic recrystallization with a peak efficiency of the order of
~70% at 1173 K/0.01 s7%, and these were considered to be the optimum parameters for hot
deformation. The constitutive flow behavior was modeled based on the hyperbolic
—sinusoidal Arrhenius-type equations, and a mathematical relation was used to eluci-
date the influence of true strain on material constants.

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

People worldwide wish for a good lifestyle and better health-
care. Inevitably, people struggle to maintain the quality of
healthcare with an increasing age owing to age-related health
issues. Moreover, the aging population has been increasing
considerably. In 2019, as reported by the United Nations,
approximately 16.67% of the world population will be over the
age of 65 by 2050, a significant increase from 9% in 2019 [1]. As
a result, new biomaterials are needed to replace, restore, or
regenerate bone, and this has caused a major concern for
clinical necessity in dental, spinal fixation, orthopedic, cra-
nial, and maxillofacial surgery [2].

Titanium and its alloys have been used in several
biomedical applications owing to their acceptable mechanical
properties, excellent resistance to corrosive environments,
and high biocompatibility [3,4]. For instance, the most exten-
sively used Ti alloy in many biomedical applications is Ti64
(Ti—6Al—4V), which has a typical two-phase structure (o+p-
type) and a high Young's modulus (~110 GPa), approximately
half that of SUS 316L stainless steel (~200 GPa) [5—7]. However,
owing to the toxicity of vanadium and higher Young's
modulus than that of bone (~10—30 GPa), this alloy is not
suitable for bio-implants [4]. Another example of a titanium
alloy used in different biomedical applications is the
Ti—15Mo—5Zr—3Al alloy, which has a B-type phase structure.
This alloy has high strength (<1400 MPa) with an acceptable
level of ductility [8] and low elastic modulus (~44 GPa) [9].
However, Al ion release has potential neurological impacts
that cause Alzheimer's disease [10]. Therefore, scientists need
to produce Ti alloys free of Al and V [11,12]. Ti-2448 alloy (i.e.,
Ti—24Nb—4Zr—7.95n) is one interesting variant of Ti alloy for
potential biomedical application that consists of non-toxic
alloying elements (Nb, Zr, Sn). Although this alloy exhibit
high strength level together with low elastic modulus. But
previous studies shown a peculiar nonlinear elastic behavior
of these alloys due to complex combination of various defor-
mation mechanisms [13]. Modern o+f dual-phase Ti-xNb-
yTa-2Zr alloy design approach drew significant research
interest because of superior combination of lower modulus
and higher plasticity. However, a series of investigation still
needed to optimize the concentration level of Nb, Ta and Zr for
better property [14].

Recently, Ti—Cr binary alloys have attracted considerable
research attention owing to their high wear resistance,
excellent strength at elevated temperatures, better oxidation
resistance, and biocompatibility [15,16]. Zhao et al. [3] studied
the biocompatibility and mechanical properties of a binary
Ti—Cr system and found that the addition of Cr up to 14 wt.%
imparts high strength and high biocompatibility compared
with SUS 316L. In addition, they showed that the tensile
strengths of all the studied alloys exposed to solution treat-
ment were higher than 700 MPa [17]. Cr has the ability to
manipulate the anodic activity of the alloy and raise the ten-
dency of Ti to passivate [18], and this passive film formation
on Ti alloys, sequentially, increases resistance to corrosion
[19—21]. Hanada and Izum [22] investigated the cold deform-
ability of binary Ti—Cr alloys. They showed that slip occurs

through the deformation of alloys containing a high chro-
mium fraction and twins in alloys with lower B-phase stability
[22]. Ho et al. [23] elucidated that Ti—20Cr is the most suitable
alloy for applications in prosthetic dentistry because it in-
troduces other dental casting properties.

Hot deformation is a vital and significant step in the
manufacturing of metallic materials, and several studies have
been conducted on this subject. For the majority of metallic
alloys, the glide and slip of dislocations are vital plastic
working modes, such as in titanium alloys [1—4], steel alloys
[2—31], and high-entropy alloys [32—34]. In addition to the
dislocation motion, other essential deformation modes, such
as twinning, dynamic recrystallization (DRX), and phase
transformation, have been observed in several metals. Among
metallic alloys, B-Ti alloys have specific importance for many
applications, such as aerospace structural applications and
biomedical and chemical industries, because of their high
strength-to-density ratio and outstanding corrosion resis-
tance [35,36].

Thermomechanical processing is considered a basis for
controlling the mechanical properties of titanium alloys
[37,38]. In thermomechanical processing, hot deformation
plays a significant role, which is related to microstructure
control [39]. For B-Ti alloys, the microstructure is sensitive to
the factors of the hot forming process, and frequent
attentiveness is required to comprehend the impacts of the
processing parameters on the deformed microstructure
characteristics of B-Ti alloys, specifically monitoring the
processing parameters and achieving an ideal microstructure
and optimal mechanical properties. Physical thermal simu-
lations and processing maps are beneficial techniques for
characterizing the behavior of materials through hot defor-
mation [40—42].

For B-Ti alloys, in the B-phase region, dynamic recovery
(DRV) is the prime controlling deformation mechanism for
microstructure evaluation through hot forming. However, in
previous studies, DRX of the beta phase has been proven in
several alloys [43—45]. Although this is important from both
industrial and scientific viewpoints, no robust proof is avail-
able for the trace of deformation variables on DRX as a
deformation mechanism in different B-Ti alloys [46]. Matsu-
moto et al. [47] studied the hot forming behavior of the
Ti—5Al-5V—-5Mo—3Cr alloy in the single B-phase region and
built its processing map at forming temperatures in the range
of 1123—1273 K. They concluded that the DRV-dominated
softening mechanism was changed to DRX -dominated
deformation when the deformation temperature was higher
than 1123 K and flow instability occurred at a high strain of
over 0.05 s™'. Furthermore, in our previous study, the
microstructure investigation of the Ti—14Mn alloy revealed
that DRV was more active than DRX throughout the defor-
mation temperature range [24]. Liu et al. [48] studied the hot
formability of near-f Ti—5Al-5Mo—5V—1Cr—1Fe alloy. They
deduced that DRV was the controlling deformation
mechanism within a single B-phase region. However, a
continuous dynamic recrystallization (CDRX) mechanism has
not been proven to be responsible for comprehensive grain
refining and excellent workability in B-Ti alloys [49]. Although
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the idea of CDRX in B-Ti alloys has been suggested by some
researchers [50], other researchers have considered conven-
tional discontinuous DRX (DDRX) [46]. Recently, Li et al. [51]
investigated the hot-forming mechanism of the
Ti—6Cr—5Mo—5V—4Al alloy in the single-phase region. DDRX
mainly occurred in the high-temperature and low strain-rate
domains, whereas the CDRX deformation mechanism
occurred in the elevated strain-rate domain. Thus, additional
studies are required to solve the debates regarding the dy-
namic softening mechanism in B-Ti alloys.

Our present study investigates the hot-deformation
behavior and the corresponding deformation mechanisms
during hot compression of a p Ti—14Cr alloy for biomedical
applications. A series of isothermal compression tests at
high temperatures were conducted using a Gleeble-3800
thermomechanical simulator. The study reveals the hot-
forming behavior of the Ti—14Cr alloy is elucidated, which
facilitates optimizing the manufacture of this alloy, and
therefore its microstructure and mechanical properties. This
goal is achieved by constructing a processing map to recog-
nize the active deformation mechanisms. This study would
enable the manufacture of low-cost Ti—14Cr alloys via opti-
mized processing routes at high temperatures and various
strain rates.

2. Experimental methods

The Ti—14 wt.% Cr alloy used in this study was designed ac-
cording to the molybdenum equivalent (Mo,g) of the Cr addi-
tion. The B-bcc phase stability in Ti-based alloys is significantly
related to the Mo.q [52—54] of the alloying element additions.
With an increasing Mo, the stability of the B-bcc phase in-
creases. Ti—14Cr was prepared by melting high-purity Ti and
Cr in an electric arc furnace (Model: ACM-08-1000S, Tokyo,
Japan) under an argon atmosphere. The melt was subse-
quently cast as 200 g ingots. Subsequently, the alloy ingots
were homogenized at 1373 K for 21.6 ks under a protective
argon atmosphere. The alloy was hot-rolled at 1173 K using a
laboratory hot-rolling mill at Tohoku University, Japan, to

Temperature

Ti-14Cr

Quenching

produce rods 10 mm in diameter. The rods were encapsulated
in a quartz tube filled with argon gas and then solution heat-
treated at 1173 K for 1.8 ks in a muffle furnace, followed by
quenching in ice water to induce a full B-phase structure at
room temperature, see Fig. 1.

Specimens of dimensions ~¢ 8 mm x 12 mm with an aspect
ratio of 1.5 were extracted from the solution-treated material
rods using the machining process.

High-temperature compression tests were conducted
using a Gleeble 3800° thermomechanical simulator (Dy-
namic Systems Inc., Poestenkill, NY, USA). The applied hot-
deformation cycle is shown in Fig. 1. The tests were
performed in the temperature range of 1123—1273 K in steps
of 50 K, and the strain range was varied in the range of
0.01-10 s™%. After the compression tests, the specimens were
cooled in compressed air. A graphite foil was employed be-
tween the cylindrical specimen and the compression anvils
to minimize friction. In addition, a tantalum foil was used to
prevent sticking to the anvils. The hot compression data
were evaluated using the MATLAB® 2020a program, and true
stress—strain plots were constructed using the Origin® 2017
software.

The microstructures of the specimens were examined
using an electron back-scattered diffraction (EBSD) facility
equipped with a Zeiss Sigma field-emission scanning elec-
tron microscope. The deformed specimens were sectioned at
the midplane parallel to the compression axis and polished
using a standard metallographic procedure. The samples
were first rough-polished using abrasive SiC papers, followed
by a colloidal silica suspension (0.04 pm) as the final step for
polishing. The EBSD measurements of selected specimens
were further processed using the CHANNEL 5 data package.
Grain boundaries (GBs) were categorized as high-angle
(HAGBs) and low-angle grain boundaries (LAGBs), corre-
sponding to misorientation angle (¢) ranges of >15° and
2°<p<15°, respectively, to determine the microstructure
characteristics. The crystallographic structures of the hot-
rolled samples were examined by X-ray diffraction (XRD)
using a Rigaku SmartLab XRD diffractometer operated on a
Co—K,, radiation source.

Gleeble simulator
strain 0.6

1123-1273 K
0.01-10 s

10 K/s

Y

Time

Fig. 1 — Schematic diagram showing the heating and deformation parameters during the thermo-mechanical processing of
the Ti—14Cr alloy (HG: homogenization; ST: solution treatment; HR: hot-rolling).
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3. Results and discussion
3.1. Initial microstructure

The typical microstructure of the solution-treated Ti—14Cr
alloy at 1173 K was examined using EBSD, and the data were
acquired in the plane normal to the rolling direction (i.e.,
parallel to the compression axis of the test samples). The
microstructure, as shown in Fig. 2, comprised equiaxed grains
with an average grain size of ~150 pm. Fig. 2(a) shows the
image quality (IQ) map of the microstructure of the studied
Ti—14Cr alloy. Coarse grains of the B-bcc matrix were observed
without the precipitation of a secondary phase, such as Laves
phase (TiCr,) which exists in the Ti—Cr phase diagram [55].
This indicates that 14 wt.% Cr stabilizes the B-phase at room
temperature. The orientation map of the initial grain struc-
ture, that is, the inverse pole figure (IPF), exhibits a random
crystallographic orientation for the grains because different
colors of the grain orientations are displayed, as shown in
Fig. 2(b). The XRD pattern was analyzed to identify the phases
present in the solution-treated microstructure. The peaks in
the XRD pattern of the Ti—14Cr alloy were indexed to the B-bcc
structure, as shown in Fig. 2(c).

3.2. Flow stress behavior

Fig. 3(a—d) show typical true stress—strain curves of the
Ti—14Cr alloy plotted from the hot compression data in the

temperature and strain rate ranges of 1123-1273 K and
0.01-10 s}, respectively. Fig. 3 depicts a change in flow stress
behavior with respect to strain rate and/or deformation tem-
perature. Irrespective of the strain rate, at initial strains, the
flow stress increased with increasing true strain under all test
conditions due to work hardening. Application of initial
strains leads to the enhancement of dislocation density with
subgrain formation. In general, the work hardening rate and
peak stress expectedly increased with a decrease in temper-
ature and increase in strain rate, i.e., with an increasing
Zener—Hollomon parameter (Z) [56].

A characteristic peak stress behavior is observed in the
flow stress at all test temperatures and low strain rates of
0.01 and 0.1 s7*, followed by flow softening upon further
straining. The continuous flow softening can be recognized
as DRX due to microstructural reconstitution or localized/
unstable plastic flow. The DRX phenomenon is generally
observed during the high-temperature compression of FCC-
based alloys with low or intermediate stacking fault en-
ergies (SFE) [57-59]. Mainly at higher temperatures
(1223-1273 K) and lower strain rates (0.01-0.1 s~%), typical
peak stress and flow softening behavior followed by steady-
state was achieved in the flow stress curves, suggesting
that the DRX process was complete, and grain growth
occurred. At a low strain rate (0.01 s~%) and low temperatures,
mainly at 1123 K, features typical for softening may be
attributed to flow localization [60]. However, with a further
increase in the strain rate, the flow localization gradually
disappeared as the flow stress behavior attained steadiness,

600 C)
500
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Intensity

100+

40 60

B(211)

80 100 120

20, deg.

Fig. 2 — EBSD maps of the microstructure of the Ti—14Cr solution treated at 1173 K for 1.8 ks. (a) IQ map, (b) EBSD orientation
map, and (c) XRD pattern of the corresponding microstructure in (a).
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which is typical for dynamic recovery (DRV). The operating
softening mechanism during the hot deformation of the
concerned alloy was determined by the observation of
microstructure using the EBSD, shown in Section 3.6.

It should be noted that at 1 s, the flow curves are almost
approaching a steady state. The steady-state flow is reminis-
cent of a dynamic balance between strain hardening and flow
softening due to dynamic recovery. However, at 10 s * the
flow softening behavior is observed which may be due to the
adiabatic heating. In agreement, Hamada et al. [61] reported
that at a high strain rate of 10 s7%, an adiabatic temperature
rise is promoted during the hot deformation process. Conse-
quently, the flow stress curves decrease at the high strain rate
of 10 s7%, especially at low temperatures.

3.3.  Arrhenius-type constitutive equation

A hyperbolic sinusoidal Arrhenius-type equation incorpo-
rating the activation energy of deformation (Qqys) was used to
define the constitutive relationship between the strain rate,
flow stress, and deformation temperature [62]. The
Zener—Holloman parameter (Z), often referred to as the

temperature-compensated strain rate, is typically used for the
simultaneous analysis of the strain rate and temperature
dependence of plastic deformation. The corresponding set of
equations is especially applicable for hot deformation because
the high-temperature flow behavior of the deforming alloy is
controlled by thermal activation [63]. Therefore, the consti-
tutive equation is expressed as [64,65]:

Z=A-[sinh(a0)|" = é~exp(Qdef / RT) (1)

The Eq. (1) can be rewritten as:

é=A-[sinh(ao)]"-exp ( — Quef /RT) 2

where A, «, and n are material constants independent of
temperature, T is the temperature in Kelvin, R is the universal
gas constant (8.314 J/(mol-K)), Qqs is the activation energy of
deformation (J/mol), ¢ is the flow stress (MPa), and ¢ is the
strain rate (s~!). Equation (2) can be expressed in three
different forms based on the stress ranges [24].

é=A;- 0" exp ( — ngf/RT) a5 <0.8 (forlow stresses) (3)
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e=A, - exp(Bo)-exp ( —Quer / (RT)) ac>1.2 (forhighstresses)
(4)

é=A - [sinh(ao)]"-exp ( — Ques / (RT)) forallas. (forallstresses)
(%)

The material constants n’ and g are evaluated using Egs. (3)
and (4), respectively: Accordingly, n’ and 8 were estimated
as the mean values of the slopes obtained from the linear fits
of Inévslne and Inévse plots, respectively, calculated at
different test temperatures, and consequently, enabled the
estimation of a(a=g/n). Referring to Eq. (5), the stress
exponent (n) is the mean value of the slopes of the linear fits
of Inéusln[sinh(ao)| plots at different test temperatures. The
corresponding linear fits for the slopes of n, 8, and n at
different temperatures are shown in Fig. 4(a—c), respectively,
enabling derivation of their mean values. The Qg can be

expressed using Eq. (6) as follows:

(6)

olné aln[sinh(aa)]]
o =10,000-R- : ‘
Qs | .|

dln[sinh(ao)] 9(10,000/T)

The term, §H5eredl in Eq. (6) at a given strain rate is given by

the slope of the linear fit of In[sinh(as)] vs. 10,000/T, as shown
in Fig. 4(d). The value of the constant InA in Eq. (5) can then be
evaluated using the intercept on the y-axis of the linear fit of
In(Z) vs. In[sinh(as)] as shown in Fig. 5. Equation (1) can be
expressed as Eq. (7) by taking the natural logarithm of both
sides, thereby describing the relationship between ¢ and Z as

InZ=1nA + n-In[sinh(ao)] (7)

Using the material constants («, n, A) and Qqs in Egs. (3)—(5)
and considering Egs. (1) and (7), the flow stress ¢ can be
expressed as a function of Z as follows:

il (G @) ) ®

The stress exponent n varies as a function of the strain rate
and temperature. To determine the value of Qg ate = 0.6,
the value of n was considered as the mean of the slopes, as
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Fig. 5 — Plot of InZvslIn[sinh(ao)] to evaluate A.

shown in Fig. 4(c), at different temperatures. Accordingly, n
was estimated as 2.9. From Fig. 4(d), the value of the slope was
determined to be 0.77. Thus, by substituting these values into
Eq. (6), the value of Qg4 at 0.6 true strain was estimated to be
approximately 182.232 kJ mol .

A comparative analysis of the Qg values with the data
available in the literature for this type of titanium alloy, i.e.,
binary Ti-based alloys, is illustrated in Table 1.

By substituting the material constants in Eq. (8), the
respective constitutive equation at ¢ = 0.6 is expressed as

follows:
1/2
} ©)

(10)

1 2
1 Zos \*° Zos \*°
706 =5.0084 l”{(mon) * {(7-1on> +1

Where the Z at ¢ = 0.6 is expressed as:

7 oxp[182:232
06 = € €XP TRT
Additionally, by substituting the material constants «, n, A,
and Qq in into Eq. (5), the constitutive relationship between ¢,
T, and ¢ at ¢ = 0.6 can be expressed as

£=7-10" - [sinh(0.0084-006)]*°-exp (— 182,232 /RT) (12)

To define the flow stress behavior of Ti alloys at different
strains over a wide strain range, the material constants «, n,
Quf, and A should be calculated through regression analysis

Table 1 — Activation energy of hot deformation Qq., for
some binary Ti-based alloys.

Ti alloy Ti—14Cr Ti—10Mn Ti—17Mo  Ti—21Nb
present [24] [53] [66]
work
Qges KJ/ 182 243 283 230
mol

considering the flow stress data at different ¢ values in the
range of 0.1-0.6, at a step size of 0.05 strain. The relationships
between the strains and the material constants were fitted
using sixth-order polynomials, as shown in Fig. 6. Thus, the
regression in the equations of the respective material con-
stants o, n, A, and Qqes as a function of strain can be reasonably
described by Egs. (12—15), respectively:

«=0.0078 — 0.0228-¢ + 0.3043-¢% — 1.6097-¢* + 4, 3158 ¢*
— 5.6366-¢° +2.8393¢° (12)

n=3,553 — 8.9991 ¢ + 67.344-¢* — 262-¢° +493.87 -¢*
—422.94-¢° 4 123.69-¢° (13)

Quef =245.99 — 1557 - + 14785-¢? — 65795-¢> + 149377 - ¢*
—169242-¢° + 76136+ ¢° (14)

InA =23.058 — 160.94-¢ + 1489.9-¢? — 6526.1-¢> + 14608-¢*
—16329-£° +7254-¢° (15)

3.4. Validation of the hyperbolic—sinusoidal Arrhenius-
type model

To check the validity of the Arrhenius-type model, the pre-
dicted vs. experimental flow stress data over a broad tem-
perature, strain, and strain rate ranges as presented in Fig. 7.
The predicted flow stress values are based on Eq. (8) and Egs.
(12—15) for all strains in the range of 0.1-0.6. Fig. 7 shows that
the agreement between the predicted and experimental flow
stress data was satisfactory for a majority of the tests. How-
ever, the average fitting of the material constants showed
significant deviations in the flow-stress data at high strain
rates and low temperatures. This is because Egs. (3) and (4)
apply to low and high stress levels, respectively, and the
approach used is to obtain the values of n and 8 using the
respective equations. Therefore, these small deviations can
occur depending on the accuracy of the least-squares fits and
the differences in the slopes at different temperatures [67].
Such deviations ultimately affect the values of the material
constants.

To assess the degree of difference between the predicted
and experimental values, a standard statistical method, such
as the correlation coefficient (R) and the average absolute
relative error (AARE), was used as detailed in previous work
[68,69]. The cumulative AARE was 9.66%, suggesting a
reasonably good fit with the experimental data. The R for the
least-squares fit through the experimental data was 0.9835,
revealing a good relationship between the predicted flow
stress and the experimental data. Fig. 8 shows the predicted
flow stress curves (dashed lines) plotted in comparison with
the experimental true stress—strain curves (full lines).

3.5. Construction of processing maps based on dynamic
materials model (DMM)

The principles of dynamic material model DMM [70,71] were
applied to produce a processing map to evaluate the hot-
workability characteristics of Ti alloys. Accordingly, the im-
mediate dissipation of total power (P) at any instant is majorly
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through a rise in temperature (G content) and a small fraction
through changes in the microstructure (J co-content). The
power dissipation can be expressed as:

P:G.é:G+]:/éda+/adé

0 0

(16)

where ¢ is the flow stress, ¢ is the strain rate, and ¢ is true
strain. In addition, the strain rate sensitivity (m) determines
the power partitioning between the G content and ] co-
content, and is described as follows:

& _édo d(Ino)
dG ™ ode  d(lné);

=m (17)

At a given temperature and strain, ] co—content is defined
as:

]:(G £

;. mlﬂ) (18)

The ] co-content of the workpiece, which is a non-linear
dissipator, is normalised with that of an ideal linear dis-
sipator (m = 1) to obtain a dimensionless parameter known as
the efficiency of the power dissipation (n), expressed as

] 2m

e M1 )

n

Power dissipation efficiency describes the ability of a ma-
terial to dissipate power through certain metallurgical pro-
cesses; therefore, it should not be confused with the efficiency
of the process. At a constant ¢, the variation in n as a function
of T and ¢ is used to establish the power dissipation map
which also represents the constitutive behavior of the mate-
rial [72]. A three-dimensional (3D) power dissipation map
plotted as a function of T and ¢ could have valleys and hills
depending on 7 values. In addition, a two-dimensional (2D)
iso-efficiency contour map can be a better representation of
the power dissipation map, where the centers of deterministic
domains often show peak efficiency values. These determin-
istic domains, identified as hills in 3D power dissipation maps,
are separated by bifurcation regimes (valleys) and can be
construed based on their shapes and peak efficiencies and
correlated with the manifestation of specific microstructural
evolutions.

Prasad et al. [73] developed a continuum criterion based
on the extremum principles of irreversible thermody-
namics, as applied to large plastic flow described by Ziegler
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& ] o 0.01s" temperature (Eq. (19)) for a particular true strain. The calcu-
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Fig. 8 — Comparison between predicted and experimental
flow-stress values.

et al. [74] to identify the regimes of flow instabilities in the
temperature—strain rate space expressed as

oln (1)

m+1

olne

(&)= +m<0 (20)

map was developed using the £(¢) parameter, evaluated as a
function of the strain rate and temperature (Eq. (20)) for a
particular strain:

The 3D power dissipation efficiency maps constructed for
the Ti—14Cr alloy at a true strain of 0.2, 0.4, and 0.6, encom-
passing the strain rate and temperature ranges are shown in
Fig. 9(a, c, e), respectively. Similarly, the 3D plots of the
instability maps of the corresponding conditions are repre-
sented in Fig. 9(b, d, f). Finally, the processing maps are
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constructed by superimposing the instability map on the
power dissipation map and presented in Fig. 10(a,b,c).
Various deterministic domains and low-efficiency regimes
of the processing maps were identified and interpreted in
terms of the efficiencies of the power dissipation and possible
microstructural mechanisms. Similarly, instability regimes
were construed and substantiated regarding the instability
manifestation. On the other hand, the power dissipation ef-
ficiency corresponding to the cracking process is generally
high because the conversion of deformation energy into sur-
face energy can be considered highly efficient. The peak

power dissipation efficiencies of the DRX process are often
nearly similar or closely located over a given strain range in
the temperature—strain rate space, and they are relatively
low-efficiency processes (<50%). In addition, the deformation
at low strain rates and high temperatures exhibits higher
elongation which is called superplastic deformations.
Compared to the DRX process, the superplasticity occurs
normally at lower strain rates that are several orders lower.
The power dissipation efficiency is generally greater than 60%
[60]. At low temperatures and high strain rates, adiabatic
shear bands are likely to form with instabilities manifesting as
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intense bands, often associated with cracks or voids along
these bands [75]. In contrast, at high temperatures and low
strain rates, nucleation of wedge cracks is likely to occur at the
grain boundaries (GBs), particularly at triple point junctions
[76]. Therefore, the hot working in these regions of the pro-
cessing map is ‘unsafe’. In contrast, deterministic domains of
DRX, superplasticity, and DRV are considered ‘safe’ processing
domains. In the case of superplasticity, the larger strains can
cause micropores along the GBs, therefore the processing with
super plasticity is safer at smaller strains [60]. Fig. 10 presents
the processing maps of the Ti—14Cr alloy constructed in the
compression temperature range of 1123—1273 K and a strain
rate range of 0.01-10 s™* at strains of 0.4, 0.5, and 0.6. Each
contour represents a constant efficiency. The red regions
represent the instability regimes.

The processing maps constructed based on DMM corre-
sponding to strains of 0.2, 0.4, and 0.6 show a high value of n at
low strain rates (0.01—0.1 s~?) that decreases as the strain rate
increases. This observation may be correlated to diffusion
control mechanisms (such as DRX and DRV), resulting in
better workability. The processing map for the true strains of

0.2, 0.4, and 0.6 (Fig. 10(a, b, c), respectively) exhibits two do-
mains: (i) in the temperature range of 1148—1273 K and strain
rate range of 0.01-0.1 s~ with a peak efficiency of ~70%
occurring at approximately 1173 K and a strain rate of 0.01s 7,
the high value of n may be attributed to continuous DRX/super
plasticity mechanisms; (ii) another moderate iso-efficiency
zone appeared in the high-temperature region ~1273 K at
moderate/high strain rates (0.5-10 s™%), which exhibited a
peak efficiency of approximately 28% at ~1248 K and 0.5 s %,
and this can be attributed to the dynamic recovery of the BTi
structure.

Furthermore, it was noticed that the instability regimes are
connected with high Z conditions, whereas deterministic do-
mains supporting stable flow had relatively high n values
occurring mostly in low Z conditions, where sufficient time is
available for dislocation motion and deformation heating is
avoided at low strain rates. In contrast, under high-Z condi-
tions, adiabatic heat cannot be conducted in a short period
time for high-strain-rate processes that lead to flow local-
isation [76]. Thus, the Ti—14Cr alloy possesses good intrinsic
workability within the safe workable domains, where it can be
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Fig. 11 — Microstructure of Ti—14Cr alloy deformed to 0.6 strain at 1273 K/0.01 s~ (a, b, ¢) and 10 s * (d, e, f): (a, d) EBSD-
boundary map, (b, €) misorientation map (low-angle boundaries in red color high angle grain boundaries in blue), and (c, f)

related KAM maps.

safely processed with a reasonably high value of n, thus
avoiding the instability regime.

3.6. Microstructural development of the hot compressed
samples

The shape of the flow curves presented in Fig. 3 allows us to
conclude that the DRX process had been initiated. Applica-
tion of a true strain of 0.6 at the temperature of 1273 K with a
strain rate equal to 0.01 s~ allows the microstructure of
nearly completely-recrystallized grains to be uniformly
distributed in the matrix. However, few grains are dynami-
cally recovered without subsequent recrystallization, as
observed in (Fig. 11(a—c)). Low strain rates such as 0.01 s~*
are characterized owing to the material having sufficient
time to initiate dynamic processes, and thus recrystallize the
grains of the tested alloy. Increasing the strain rate of plastic
deformation to 10 s™' at temperature 1273 K reveals that
dynamic recovery is the main mechanism that removes the
effects of strain hardening during plastic deformation
(Fig. 11(d—f)). Under such conditions, the microstructure of
the alloy is composed of dynamically recovered grains
elongated in the direction of plastic flow, with a

recrystallized band of DDRX grains, as indicated by the black
arrows in Fig. 11(d). The corresponding misorientation map,
Fig. 11(e), confirms the new fine DRX grains via their HAGBs.
The corresponding KAM map, Fig. 11(f) shows that the fine
DRX grains have low KAM values (blue color) since, during
recrystallization, the strain energy induced during defor-
mation is consumed and the generated dislocations are
absorbed to convert LAGBs into HAGB [77,78].

The strain rate 10 s~ causes the deformation time to
reduce below 0.1 s, which suggests that there is insufficient
time to react and activate dynamic processes like recrystalli-
zation in the entire area of the deformed material, and thus
the proportion of recrystallized grains is smaller in compari-
son to deformed samples with a lower value of strain rate.
Increasing the strain rate from 0.01 to 10 s~* and lowering the
deformation temperature from 1273 to 1123 K reduced the
participation of dynamically recrystallized grains (Figs.
11-13). For alloys deformed at 1123 K and 1173 K at a strain
rate of 10 s~ (Figs. 12(d) and 13(a)), the proportion of
dynamically recrystallized grains is negligible, indicating that
the main mechanism controlling strain hardening is dynamic
recovery. The grains were elongated perpendicular to the di-
rection of the compressive forces.
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Fig. 12 — Microstructure of Ti—14Cr alloy deformed to 0.6 strain at 1173 K/0.01 s (a, b, ¢) and 10 s~ * (d, e, f): (a, d) EBSD-
boundary map, (b, €) misorientation map (low-angle boundaries in red color high angle grain boundaries in blue), and (c, f)

related KAM maps.

This is consistent with the fact that DRV and CDRX are the
predominant softening mechanisms in many B-Ti alloys.
Hence, these mechanisms are critical for determining the
deformation behavior of B-Ti alloys [40,71,79]. The Kernel
Average Misorientation (KAM) map in Fig. 11(c) shows a uni-
form distribution at a high deformation temperature and a
low strain rate. Low values of KAM existed in the center of the
grain, and the maximum values of KAM were observed near
the prior grain boundaries. Because the KAM map presents a
medium misorientation for a certain point related to each of
its direct neighbors, a high value of KAM concentration near
the grain boundaries indicates a small misorientation toward
the grain boundaries. Consequently, high values of KAM near
the pre-existing grain boundaries and low values of KAM at
the center of the deformed grain would suggest the occur-
rence of dynamic recovery followed by CDRX.

Fig. 12 shows the microstructure of the deformed material
at 1173 K and different strain rates of 0.01 and 10 s~ . It is
observed that at a low strain rate of 0.01 s~*, DRX grains are
promoted near the prior grain boundaries, as marked in
Fig. 12(a). The grain boundary map in Fig. 12(b) shows the
dynamic recovery features. In addition, the uniform distri-
bution of the KAM values, as shown in Fig. 12(c), indicates
dynamic recovery control through this process instead of

DRX. This is possible because of the high stacking fault energy
of Ti—14Cr, which results in extensive and fast dynamic re-
covery. However, at a higher strain rate of 10 s71, no DRX
grains are observed, as shown in Fig. 12(d). The misorientation
map shows mainly LAGB with a low misorientation angle
range of 2—5°, Fig. 12(e). Furthermore, the corresponding KAM
map in Fig. 12(f) displayed high localized misorientation re-
gions surrounding the deformed grain boundaries, i.e., high
KAM values (green and yellow areas) highlighted by red ovals.
This is associated with high residual dislocation density due
to a high degree of strain suggesting the occurrence of DRV
without DRX.

Fig. 13 shows the microstructures of the material tested at
a higher deformation Z, i.e., a lower temperature of 1123 K. Itis
obvious that at a low strain rate of 0.01 s™7, elongated grains
with a large number of low-angle subgrain boundaries of 2—5°
are observed inside the elongated grains, as shown in
Fig. 13(b). Meanwhile, deformation bands (DBs) are promoted
inside the grains as marked in Fig. 13(b). The KAM map
showed a high localized misorientation at these boundaries,
Fig. 13(c). It means that the level of DRV increases with
decreasing the strain rate.

With increasing the strain rate to 10 s%, the microstructure
is highly inhomogeneous, with an obvious flow-localized
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Fig. 13 — Microstructure of Ti—14Cr alloy deformed to 0.6 strain at 1123 K/0.01 s * (a, b, ¢) and 10 s~ * (d, e, f): (a, d) EBSD-
boundary mabp, (b, €) misorientation map (low-angle boundaries in red color high angle grain boundaries in blue), and (c, f)

related KAM maps.

band appearing along the shearing direction, as shown in
Fig. 13(d). A striking feature of the corresponding misorien-
tation map in Fig. 13(e) is the disappearance of subgrain
boundaries of 2—5° in grains A, B, C, and D. This is attributed to
the deformation strain that is accommodated at grain
boundaries and DBs formed during hot deformation in
compression testing. The corresponding KAM map reveals
high localized misorientation, KAM values, at grain bound-
aries and deformation bands, as highlighted in Fig. 13(f).

4, Conclusions

1. The experimental data of the true stress—strain curves
have been collected for a hot-rolled Ti—14Cr alloy through
hot compression isothermal tests using a Gleeble simulator
3800, considering a range of temperatures (1123—1273 K)
and strain rates (0.01-10 s™%) to 0.6 true strain. In each
condition, the flow stress increased with a reduction in the
deformation temperature at a constant strain rate and with
an increasing strain rate at a constant temperature.

2. Theinitial microstructure of Ti—14Cr consisted of equiaxed
grains of the B-phase, indicating that 14 wt.% Cr stabilizes
the pB-phase at room temperature.

. At the initial strains, the flow stress increased with

increasing true strain regardless of the strain rate under all
test conditions owing to work hardening.

. At low strain rates (0.01-0.1 s7?), the flow curves exhibited

peak stress behavior and flow softening followed by a
steady-state, implying the occurrence of DRX.

. An Arrhenius-type constitutive equation was established

for the true strain in the range of 0.1-0.6 which is valid for
temperatures 1123—1273 K and strain rates 0.01-10 s~ .
The effect of the strain on the material constants is rep-
resented by sixth-order polynomial equations.

. The validity of the Arrhenius-type model was checked via a

comparison between the predicted and experimental flow
stress. The average absolute relative error (AARE) and
correlation coefficient (R) values were 9.66% and 0.9835,
respectively, which confirmed that the constitutive model
effectively depicted the hot deformation behavior and
characteristics of Ti—14Cr alloy.

. The processing map showed that adiabatic shear bands are

expected to form at low temperatures and high strain
rates, whereas the nucleation of wedge cracks is likely to
develop at the grain boundary at high temperatures and
low strain rates. Therefore, hot working in these regions of
the processing map is not recommended, suggesting that
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lower strain rates and temperatures are considered proper
processing domains.

8. At lower strain rates, the flow curves show that the peak
stress and flow softening behavior followed by a steady
state were attained in the true flow stress curves, indi-
cating the presence of DRX. The presence of DRX was
confirmed by the microstructural investigation of the
chosen samples.
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