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Abstract

Hot working remains a key approach for refining microstructures and enhancing the mechanical performance of y-TiAl-
based alloys. This study examines the hot deformation behavior of a Si-doped y-TiAl intermetallic alloy with a nominal
composition of Ti-48Al-2Nb-0.7Cr-0.3Si (at%). Uniaxial compression tests were conducted using a Gleeble 1500DTM
thermomechanical simulator, over a temperature range of 1050-1200 °C and strain rates of 0.001-0.1 s~*. The alloy was
produced from cold-compacted precursor powders and consolidated through vacuum arc re-melting to ensure composi-
tional uniformity. Prior to testing, the machined specimens were homogenized and polished to remove surface imperfec-
tions. The results indicated that the deformation response was predominantly characterized by the formation of macro-
cracks associated with 45° shear localization across the specimen mid-section. Despite this a stable hot working window
was identified between 1050 and 1080 °C and strain rates of 0.0087-0.071s~ . The activation energy for hot deformation
was calculated as 401 kJ/mol, and a constitutive equation was established to describe the flow stress behavior. Hot work-
ing within the optimal conditions resulted in refined grains with a mean grain size of 4 um, as measured by EBSD, which

exhibited improved elastic properties.

Keywords Hot deformation - Grain refinement - Constitutive equation - Intermetallic - y-TiAl alloy

1 Introduction

The deformation of engineering materials especially metals
can be done either at room temperature (cold-working) or
at elevated temperatures (hot-working). However, extensive
research has shown that a sound cold or warm deformation of
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v-TiAl-based alloys is almost impossible as the alloys majorly
consist of two ordered phases viz. a, (Ti;Al) and y (TiAl)
[1]. The ordering in these phases decreases the capability of
plastic deformation in the sense that only a few deformation
modes are activated [2, 3] and the twinning and ¢ + a slip
are rarely observed. Moreover, cross-slip is also inhibited as
a result the stresses due to the dislocation density in the slip
bands usually initiate cracking [2]. Although modifications
can be made to the y-TiAl-based alloys to increase their room
temperature plasticity by alloying with elements such as Nb,
Cr, and V [4, 5], , it has been proven that these adjustments
are still insufficient to promote efficient workability even at
temperatures as high as 900 °C. For instance, Kim et al., [6]
reported that the hot-deformation of an alloy with a chemical
composition of Ti-46Al1-1.9Cr-3.0Nb-0.18 W-0.16B-0.13 C
(at%) was accompanied by surface and intergranular cracking
as well as flow localisations at temperatures lower than 900
°C. Even though the addition of these alloying elements stabi-
lises the disordered body-centred cubic -phase and promotes
hot-workability [7, 8], the disordered B-phase transforms into
the ordered B-phase as the temperature drops to 1175 °C [9].
The latter further ebbs the room-temperature plasticity [7, 8].
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Therefore, the only possible window for efficient working
with y-TiAl-based alloys appears to be at elevated tempera-
tures, usually above 900 °C.

However, the precise parameters in terms of strain rates
and temperatures that define regions that allow the crack-free
working of these alloys are majorly influenced by micro-
structure and alloy composition, especially the Al content
[3]. The higher the Al concentration, the wider the crack-
free working condition ranges [3]. Several hot-workability
maps have been obtained from various y-TiAl alloy systems
fabricated through processes such as powder metallurgy
(P/M) and ingot metallurgy (/M) [6, 10—18]. Zhang et al.,
[10] investigated the hot-working behavior of a Ti-47Al
-2Cr- 0.2Mo (at%) alloy produced by a plasma rotating elec-
trode process (PREP) from an alloy powder. The researchers
found that the dynamic recrystallization (DRX) of the alloy
took place at a temperature and a strain rate of around 1000
°Cand 1073 s~ ! respectively when the sample was deformed
at a strain of 0.7. In another study done by Huang et al. [11],
the hot compression behavior of a steel-canned Ti-45Al-
7Nb-0.15B-0.4 W (mole fraction %) alloy was investigated
using a Gleeble 1500 hot simulator. The experiments were
conducted within the temperature range of 1050-1230 °C,
and at a strain rate of 0.01s™ !. They found that the hot com-
pression of the alloy was safe between 1050 and 1230 °C,
and the optimum temperature was found to be 1180 °C.
Concerning the hot deformation of the second generation of
v-TiAl-based alloys, the so-called 48-2-2, Chen et al. [18]
studied the DRX and established the hot-processing map of
the alloy. In their study, the alloy produced by vacuum arc
remelting (VAR) was compressed isothermally at tempera-
tures of 1000, 1050, 1100, 1150 and 1200 °C, and strain rates
0f 0.001, 0.01, 0.05 and 0.1 with 60% height reduction. The
researchers reported that the optimum thermo-mechanical
treatment could be carried out on the alloy at either 1100 °C
with a strain rate of 0.001s™ ! or at 1200 °C with a strain rate
of 0.01s~ . Recently, Hu et al., [19] studied the deformation
and DRX nucleation mechanisms as well as the relationship
between microscopic mechanism and efficiency of power
dissipation in a Ti-48Al-2Nb-2Cr alloy with a near gamma
microstructure fabricated by PREP from the pre-alloy pow-
der. The researchers reported that the temperature and strain
rate ranges suitable for highly efficient hot working for the
alloy were 1180—1210 °C and 0.001-0.01 s~ ! respectively.
Furthermore, they elucidated that the softening mechanism
for the alloy was primarily through DRX which was closely
related to the disordered transformation of a,—a. In addi-
tion, they observed that elevated temperatures and reduced
strain rates promoted the occurrence of DRX in the lamellar
structure.

However, in most of these hot compression studies, the
TiAl alloy specimens were hot isostatically pressed (HIPed).
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This could lead to complex processes that could require spe-
cial equipment, thus rendering the fabrication process less
cost-effective [20]. In addition, these previous investiga-
tions, as noticed by Chen et al. [18], focused mainly on the
hot-working behavior of the novel p-solidification and high
Nb-containing TiAl alloys whose corresponding results
may not be suitable for the modified peritectic TiAl alloy
systems viz. Ti-48Al-2Nb-0.7Cr-0.3Si [21, 22]. Therefore,
the hot-working behavior of an as-cast Si-doped modified
second generation y-TiAl intermetallic alloy of nominal
composition Ti-48AI-2Nb-0.7Cr-0.3Si (at%) was investi-
gated by hot isothermal uniaxial compression tests in this
study. It is noteworthy that this alloy was found to possess
good oxidation properties in the air [23, 24]. However, its
hot-working behavior is not yet known. To obtain the alloy’s
optimum hot-working parameters, the power dissipation
map approach was adopted [14, 25, 26].

2 Experimental work
2.1 Hot-compression testing

A 38 x 38 x 13 mm? button ingot of nominal composition
Ti-48 Al-2Nb-0.7Cr-0.3Si (at%) fabricated by vacuum arc
remelting (VAR) from cold-pressed precursor powders [21,
27,28] was cut by electric-discharge machining as shown in
Fig. 1a to produce hot compression cylindrical specimens of
10 mm length and 6 mm diameter. To minimise micro-seg-
regation owing to the non-equilibrium solidification condi-
tions [29], the samples were homogenised at 1250 °C for 2
h with subsequent furnace cooling. The specimens’ surfaces
were then polished to get rid of surface irregularities prior to
the testing. A Gleeble 1500D™ thermomechanical process-
ing simulator was employed to conduct single pass hot iso-
thermal uniaxial compression tests at temperatures of 1050,
1100 and 1200 °C, and at strain rates of 0.001, 0.01, and 0.1
s !. A schematic diagram of the experimental setup before
deformation in the Gleeble simulator is illustrated in Fig.
1b. During the tests, the specimens were heated at the rate
of 10 °C/s to the required temperature in the argon protected
atmosphere, followed by soaking for 2 min with subsequent
compression to a true strain of 0.5. After compression, the
samples were immediately quenched by helium gas to retain
the as-deformed microstructures. The optimum hot-working
parameters of the alloy were determined using the power
dissipation map approach [30-32]. Optimal condition was
defined as a region exhibiting a high proportion of energy
dissipated through beneficial metallurgical mechanisms,
particularly DRX. This region, characterized by elevated
power dissipation efficiency, was validated through micros-
copy, which revealed fine and more equiaxed grains.
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Fig. 1 (a) Electric-discharge
machined button-ingot (b) Sche-
matic representation of experi-
mental setup before deformation

(a)

2.2 Microstructure characterization

The microstructures of the homogenized samples as well
as the samples that successfully deformed without macro-
cracks were characterized by a JEOL JSM-6510 scanning
electron microscope (SEM) in a backscattered electron
(BSE) mode and an Olympus BX51M reflected light micro-
scope (LM). The specimens for the SEM and LM analysis
were prepared by sectioning longitudinally with subsequent
grinding and polishing mechanically to a mirror-like fin-
ish followed by etching in 24 ml H,O + 50 ml glycerol +
24 ml HNO; + 2 ml HF solution [27, 33]. To identify the
structural phases in the alloy, the X-ray diffraction (XRD)
technique was employed. The parameters for XRD exami-
nation included: A = 1.54062 A and 20 from 20° to 90° with
a scan step size of 0.02° [34]. Additionally, SEM-EBSD was
employed to characterize the grain sizes, texture intensities,
misorientation angle distributions, elastic properties and
dislocation densities of the samples that deformed without
cracks. The samples were mechanically polished up to col-
loidal silica and subsequently electro-polished in a solution
of 600 ml methanol, 360 ml butoxyethanol and 60 ml per-
chloric acid prior to the EBSD data acquisition. During the
SEM-EBSD characterization, the acceleration voltage of
20 kV, the scanning interval of 0.4 um, and the specimen
tilted angle of 70° were used. The processing of the acquired
EBSD data was carried out by AZtecCrystal software.

3 Results and discussion
3.1 Macro-analysis of the as-deformed specimens
The hot-deformation behavior of the alloy was macro-ana-

lyzed after the compression tests by visually inspecting the
as-deformed samples. As can be seen in Fig. 2, the alloy’s

Thermocouple: S-type

Specimen

Movable jaw  Ta foil Fixed jaw

(b)

deformability was greatly influenced by the temperature
and strain rate. At 1050 °C/0.1 s™ !, 1100 °C/0.001 s~ !, 1100
°C/0.01 s~ !, 1100 °C/0.1 s™ !, and 1200 °C/0.001 s~ ', the
deformation was characterized by a 45° shearing of the mid
portion of the specimen to form macro-cracks. This indicates
that the alloy’s hot workability was poor at these temperatures
and strain rates. Frobel and Stark [35] elucidated that dur-
ing hot-working, shear bands and textures are formed owing
to the plastic anisotropy of the y-TiAl-based alloys. As the
deformation strains are applied, the movement of dislocations
responsible for the occurrence of deformation is low and the
material tends to deform only in shear zones which are the
local and narrow confined regions. Consequently, large vol-
umes of the material remain nearly undeformed, and cracks
nucleate and propagate within the shear bands [35]. A differ-
ent scenario was observed at the temperature and strain rate of
1050 °C and 0.001 s~ ! respectively, in which the sample wall
bulged instead of shearing to form macro-cracks. Further-
more, at 1200 °C/ 0.01 s~ !, the specimen experienced both
the bulging and shearing effects which led to the formation
of cracks on the bulging surfaces. Moreover, while a large
volume of the sample fully deformed, the bottom portion
remained undeformed. However, the alloy exhibited good hot
workability at the temperatures of 1050 °C when the strain
rate was set to 0.01 s~ ! as well as at the temperature and strain
rate of 1200 °C and 0.1 s~ !, respectively. This was evidenced
by the full bulging of the specimens’ walls without the forma-
tion of cracks on their surfaces. Therefore, it could be inferred
that the safe thermo-mechanical processing windows for the
alloy are at 1050 °C with an intermediate deformation speed
and at 1200 °C when the deformation speed is relatively high.

3.2 Deformation flow curves

Figure 3 exhibits the stress-strain curves obtained at differ-
ent deformation temperatures and strain rates. In general,
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Fig. 2 Macroscopic morphologies
of Gleeble compression simu-
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the flow curves display that the flow stress decreased sig-
nificantly as the temperature increased and the strain rate
decreased. The alloy which shows such flow behavior is
classified as a low stacking-fault-energy (SFE) material [3,
36]. This material is characterized mainly by the decreased
mobility of dislocations during a deformation process. Fur-
thermore, as observed in Fig. 3, all the curves exhibited a
dramatic increase in flow stress at the commencement of
the compression tests until enough dislocations had piled
up in the material. During this stage, the dislocation den-
sity increased in the alloy and subsequently, dislocation
cells and subgrain boundaries were formed [37]. This was
accompanied by the gradual hardening of the material
which was observed to be sensitive to the magnitude of
strain rate. At lower strain rates (i.e. 0.001 and 0.01 s~ ),
the hardening occurred within a narrow range of strain at all
the deformation temperatures whereas, at higher strain rates
(i.e. 0.1 s~ 1), it took place within a wide range of strain. In
any case, the flow stress increased with increasing strain to
reach the peak stress. The values of the peak stresses at dif-
ferent deformation temperatures and strain rates are shown
in Table 1, and they demonstrate that the higher the defor-
mation speeds, the higher the flow peak stresses (Fig. 4).
After attaining the peak stress, a significant flow softening
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was initiated after dynamic recovery (DRV) had taken
place as evidenced by the gradual decrease of flow stress
with increasing strain at all temperatures. At this stage, the
subgrains grew, and when the driving force reached a criti-
cal value, DRX occurred which led to the obliteration of
dislocations and refinement of microstructure in the mate-
rial [38]. Moreover, the progression of the flow softening
process was also observed to depend on the speed of defor-
mation. At strain rates of 0.01 and 0.1 s~ !, the softening
in the samples continued until the set strain was attained
while at 0.001 s~ !, the decreasing flow stress finally reached
a steady-state value (o) at all tested temperatures when
the equilibrium of work softening and work hardening was
obtained [38] at a strain of about 0.4. This could suggest that
DRX was maximized at this strain rate, which is beneficial
for microstructure homogeneity.

3.3 Application of constitutive equations

Zener and Hollomon [38] proposed a temperature-compen-
sated strain rate parameter, Z which is widely used to model
the hot deformation behavior of a wide range of metals and
alloys including y-TiAl-based alloys under steady-state
deformation conditions [39]. The parameter considers the
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Fig. 3 Flow stress-strain curves 700 - Temperature: 1050 °C 500 - Temperature: 1100 °C
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Table 1 Peak flow stress values as a function of temperature and strain Strain rate (s'1)
rate at a true strain of 0.5 600 A A 01
Temperature (T) Strain rate (€) Peak flow stress (op) e 0.01
O (O] (MPa) = 0001
1050 0.001 263.89 5007
0.01 404.06
0.1 584.40 T 400
1100 0.001 226.89 =
0.01 317.28 o
0.1 442.53 300
1200 0.001 150.05
0.01 195.00 200
0.1 286.47 1
deformation flow behavior of materials as a thermally acti- 100 : . : . : :
vated process and relates the strain rate and the temperature 1050 1100 1150 1200
as shown in Eq. (1). T(°C)

Z = éexp <RQT) (D

where éis the strain rate in s !, @ is the hot deformation’s
apparent activation energy in J.mol ', Ris the universal gas
constant which equates to 8.314 J.mol *.K !, and T'is the
temperature of deformation in K. It is noteworthy that Eq.
(1) does not explicitly include the influence of flow stress
which is one of the important variables in modelling the hot
deformation behavior of a material. Therefore, Sellars and

Fig.4 Peak stress as a function of temperature and strain rate

McTegart [40] proposed a correlation for hot deformation
data whose form is expressed in Eq. (2).

éexp (RQT> = A(sinhao)"” )

where A, and n are the material’s constants indepen-
dent of temperature: « is a parameter regulating the stress
in MPa™ !, n is a stress exponent, and o is the flow stress
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in MPa. Equation (2) is known as the hyperbolic sinusoi-
dal Arrhenius-type equation and is applicable for analys-
ing hot deformation behavior across the entire stress range
[41]. However, at low stresses (i.e. ao < 0.8) [42], Eq. (2)
reduces to a power Arrhenius-type equation expressed in

Eq. (3).

€exp (RQT> = Ajo™ 3)

where A; and n; are material’s constants: n; is a stress
exponent. Furthermore, at high stresses (i.e. ac > 1.2)
[42], Eq. (2) reduces to an exponential Arrhenius-type equa-
tion expressed in Eq. (4).

éexp (é) = Asexpfo 4)

Where A and [ are material’s constants. To determine
the constants for the Arrhenius-type behavior of the alloy
studied here, the data obtained from compression tests were
employed. As observed from the flow curves exhibited
in Fig. 3, the true stress values changed as the true strain
increased, therefore, the correlation between the true stress
and the material’s constants was analysed at different values
of the true stress. To obtain the value of a for the alloy in
Eq. (2) for the entire stress range, the existing relationship
between the material’s constants at low and high stresses,
and across the entire stress range shown in Eq. (5) was used.

B

a=—
ni

)

Rearranging Eqgs. (3) and (4), and taking the natural loga-
rithms of both sides of the equations, Eqs. (6) and (7) for
low and high stresses respectively, were obtained.

Iné =1InA; + nilno — % (6)

Iné = InAs + Bo — % (7N

Using the strain rates and the peak stress data at different
deformation temperatures, Iné — Ino, and Iné — o, plots
shown in Fig. 5 were obtained. As one could notice, the
slope of Iné — Ino,, plot in Fig. 5a represents the value
of n; in Eq. (6) at each temperature whereas, the slope
of Iné — o, plot in Fig. 5b is equivalent to the value of
B in Eq. (7) at each deformation temperature. Moreover,
as can be seen in Fig. 5a, the slope variation between the
deformation temperatures of 1200 and 1100 °C was almost
negligible. Conversely, the variation of slope between the
temperatures of 1100 and 1050 °C was more significant.
Furthermore, in Fig. 5b, the slope decreased with decreas-
ing deformation temperature. The average values of n; and
[ obtained from the linear fits to the data at 1050, 1100 and
1200 °C as well as the calculated value of o are shown in
Table 2.

For the entire stress range, Eq. (2) was rearranged, and
natural logarithms were taken at both sides of the equation
to obtain Eq. (8).

Q

Iné = InA + nln [sinh (ao)] — BT (8)

Rearranging Eq. (8), Eq. (9) was yielded.

nfinh ()] = -+ = o)

Now, taking partial derivatives of Eq. (9), the following
Eq. (10) was derived for the activation energy.

Fig. 5 Relationships between (a) -1 1 _
Iné and Inop, (b) Iné and o, as a : 1?28 c . 1?{5’8 c
function of temperature 29 & 1200 29 4 1200
F'!,’ -34 1”, s
£ 8
5 -4 5 41
.E A AE A L) L)
% -5 % 5
£ £
-6 64
74 4 <7 A
50 52 54 56 58 60 62 64 66 100 200 300 400 500 600

In 5, (MPa)

(@)
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Table 2 Material’s constants at temperatures of 1050, 1100 and
1200 °C, and strain rates of 0.001, 0.01, and 0.1 s~ !

Material’s constant Value

ni 6.5709

B 0.0227

a 0.0035 MPa™!

n 4.3205

A 3.0528 x10'3s71

Olné

B Oln [sinh (o))
©= R{ Oln [sinh (o))

9 (1/T)

(10)

f }

The hot deformation data at different temperatures and
strain rates were used to obtain the Iné — In [sinh («o,)] and
In [sinh («wop)] — 1/T plots as depicted in Fig. 6. According
to Egs. (8) and (9), the value for n was the average value of
the slopes of Iné — In [sinh (ao)] plots (Fig. 6a) at different
temperatures expressed in Egs. (11),

- Olné 1"

~ Oln [sinh (ao)] (1
whereas, the value for Q/nR in Eq. (9) was the average
value of the slopes of In [sinh («wo)] — 1/T plots (Fig. 6b)
at different strain rates expressed in Eq. (12).

Q  Oln[sinh (ao)]

WR- 0T (12)

One could note that the right-hand side (RHS) terms in
Egs. (11) and (12) are similar to the multiplicand and mul-
tiplier at the RHS of Eq. (10). Therefore, the value for the
activation energy (Q) for the alloy was calculated using
the mean values of the slopes of Iné — In [sinh (aop)] and
In [sinh (awop)] — 1/T plots. The mean value of n obtained
from the linear fits to the data at 1050, 1100 and 1200 °C
(Fig. 6a) is indicated in Table 2. Furthermore, the mean
value of % obtained from plots shown in Fig. 6b at strain
rates of 0.001, 0.01 and 0.1 s™! was 11.2269 K. The calcu-
lated value of Q was 401 kJ.mol™!. Since the Zener-Hollo-
mon parameter (Z) can also be related to the flow stress as
expressed in Egs. (13),

Z = A(sinhao)" (13)

the value for the material’s constant, A indicated in Table 2
was obtained by using the intercept of InZ — In [sinh (aoy,)]
linear fit plot shown in Fig. 6c¢.

The alloy’s apparent activation energy for hot-working
estimated in this study was compared with the ones for
other y-TiAl-based alloy systems found in the literature

Fig.6 Relationships between

1.5
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as illustrated in Table 3. So far, the lowest and highest
published values of ) for y-TiAl alloys are 267 and 600
kJ/mol, respectively. In general, the alloy with a lower
value of () ensures easier mobility of dislocation during
hot-working, leading to better deformability [19]. Despite
the determined Q value in the present alloy is moderate, it
is still significantly higher than the activation energies of
Ti-Al inter-diffusion, Ti and Al self-diffusions in single-
phase y-TiAl intermetallic alloys whose values are 295,
260 and 360 kJ/mol [43, 44] respectively. This implies
that the deformation processes that are assisted by diffu-
sion were hindered in the alloy. Furthermore, the incor-
poration of Si into the y-TiAl-based alloy promoted the
formation of stable silicide precipitates (TisSis), which
impeded dislocation motion and grain boundary sliding
[45], thereby increasing the alloy’s hot deformation acti-
vation energy.

401000
RT

¢ = 3.0528 x 10"[sinh (0.00350 )] ***?exp (

) a9

The accuracy of this model is shown in Fig. 7 by good
linear correlation. The coefficient of determination was 0.98,
indicating a 98% prediction of the relationship between flow
stress, strain rate and temperature.

3.4 High-temperature power dissipation map

Characterization of the hot working behavior of alloys
can be conducted by several models viz. atomistic, kinetic
and dynamic materials models [25]. However, out of these
models, and for multi-phase alloys, the dynamic materials
model (DMM) produces extensively used processing maps
for guiding the hot-working process. To generate the power
dissipation map in this study, the sample being deformed
was regarded as a power dissipator. The sum of power (P)
instantaneously dissipated in the form of thermal and crystal
defects distortion energies is expressed in Eq. (15) [25].

P:/adé+/ édo =G+ J
0 0

where o is the flow stress, € is the strain rate, GG is the con-
tent representing deformation heat and .J is the co-content
representing microstructural dissipation. In an ideal situa-
tion, the power dissipated by the deformed material through
microstructural changes, J reaches a maximum value and is
expressed as:

(15)

1
50¢ (16)

Jmaa: =

Table 3 Apparent activation

v-TiAl alloy
energies (Q) for hot-working of

(at%)

Processing route  Temperature range (°C) @ (kJ/mol) Reference

v-TiAl-based alloys prepared by

. Ti-48Al-2Nb-2Cr
several processing routes

Ti-48Al-2Nb-2Cr
-0.2 W-0.1B
Ti-48 AI-2Nb-2Cr
Ti-46Al1-4Nb-2Cr
-2Mn

Ti-45A1-8Nb-2Cr
-2Mn-0.2Y

Ti-45A1-8Nb
Ti-44A1-4Nb-1.0Mo-0.1B-0.01Y
Ti-43Al1-3.59Nb-1Mo-0.16B
Ti-42Al-6Nb-3Nb-0.1B
Ti-45A1-5.4 V-3.6Nb-0.3Y
Ti-47A1-2Cr-0.251
Ti-48A1-2Nb-2Cr
Ti-46A1-8.5Nb-0.2 W
Ti-45A1-7Nb-0.4 W
Ti-43.9A1-4.3Nb-0.9Mo-0.1B-0.4Si
Ti-43Al-4Nb-1.4 W-0.6B

VLM Vacuum levitation melting,
ISM Induction skull melting
Consequently, by substituting
the measured @ value and the

determined values of all the Ti-43A1-9 V
material’s constants in Eq. (2), Ti-43A1-9 V-0.3Y
the constitutive equation for Ti-45A1-5Nb

hot deformation of the alloy in

a cast + homogenised condition
expressed by hyperbolic sinusoi-
dal function could be written as:

Ti-45A1-5Nb-0.3Y
Ti-43A1-4.1Nb-1.01Mo-0.11B
Ti-48A1-2Nb-0.7Cr-0.3Si

PREP + HIP 1100-1250 371 [20]
P/M + HIP 950-1250 315 [46]
Sintering + HIP  750-1250 387 [47]
HIP of elemental ~ 850-1050 387 [12]
powder

Cast + VLM 1000-1200 463 [43]
As-cast 1000-1200 554 [16]
Cast + HIP 1120-1240 525 [15]
VAR + HIP 850-1050 267 [38]
VAR + Forging ~ 850-1100 424 [18]
ISM + HIP 1100-1200 402 [48]
Cast + HIP 1000-1100 260 [49]
P/M + HIP 1010-1260 385 [50]
As-cast 900-1100 353 [51]
Reaction sintering 1000-1200 420 [52]
VLM -+ HIP 1100-1250 540 [53]
As-cast 1050-1200 580 [54]
Cast + HIP 1100-1200 577 [55]
Cast + HIP 1100-1200 451 [55]
Cast + HIP 1100-1200 449 [55]
Cast + HIP 1100-1200 400 [55]
VAR + HIP 1150-1300 600 [17]
As-cast 1050-1200 401 This study
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However, in practice, the value of .J varies nonlinearly as
the deformation conditions are varied. Therefore, the effi-
ciency (1) of J-power dissipation is defined as [20]:

J 2 U'd 17
= =— | édo
Jmaw 0'6 0 ( )

To define a constitutive relation for hot plastic deforma-
tion of the alloy, the widely used power law expressed in
Eq. (18) is employed for constant strain and temperature.

o = k™ (18)

where k is a constant, and m is the strain rate sensitivity
index. The nonlinear value of mcan be expressed as:

7d7J7édiJNdlogJ 19
"TUG T vdé T dloge (19)

Therefore, combining Egs. (17), (18) and (19),  can be
expressed as [20]:

14 m (20)

The values of m at different deformation temperatures and
strain rates were determined using Eq. (19), and the power
dissipation efficiencies were subsequently calculated using
Eq. (20). The power dissipation efficiencies were then fitted
with cubic splines to obtain an interpolated data array which
was used to plot a power dissipation map.

Figure 8 displays the resulting power dissipation map.
The map’s contours depict iso-efficiency lines of power dis-
sipation, which are directly proportional to the relative rate

of entropy production in the system due to microstructure
evolution. As illustrated in Fig. 8, the dissipation efficiency
decreases with decreasing strain rate over the experimen-
tally employed temperature range in the lower strain rate
regime. On the other hand, the highest efficiency of about
32% can be achieved at approximately 1050 °C/0.024
s~!, which may correlate with the optimum parameters
for the hot working of this material. It is important to note
that these optimum conditions are very close to one of the
sets of parameters which was employed in this study (i.e.
1050 °C/0.01 s~1). In general, two ‘safe’ regimes labelled
‘S’ were identified based on the values of n and crack-free
deformation. As demonstrated in Fig. 8, one safe domain
is located at the temperature range of 1050-1088°C and
strain rate range of 0.0087-0.071s~! whereas the other is
located at higher temperatures and strain rates although not
well defined. These results concur with the macro-analysis
results of the deformed samples discussed in subsection 3.1
in which a satisfactory hot-workability for the alloy was
observed to occur in samples deformed at temperatures
of 1050 and 1200°C and strain rates of 0.01 and 0.1s7!,
respectively.

The optimum parameters for safe hot-working of y-TiAl-
based alloys are compared in Table 4. Although microstruc-
tural optimization in HIPed elemental powder can occur at
the lowest deformation temperature of 950 °C, the defor-
mation speed of 0.0001s ! is rather low and therefore, it is
difficult to achieve using conventional deformation equip-
ment. Conversely, the alloy in this study exhibits the best
combination of optimum parameters for hot working using
conventional methods.

3.5 Analysis of microstructures

The microstructures of the as-homogenized and deformed
samples are displayed in Fig. 9a-c. It is important to note
that only the microstructures of the samples that were hot-
compressed without the formation of cracks were analyzed.
In both conditions (before and after deformation), the struc-
tures represented the characteristics of duplex microstruc-
tures consisting of y grains (light grey contrast), and o,/y
lamellar colonies (dark grey contrast). Furthermore, as
exhibited by the X-ray diffraction pattern in Fig. 9d, the tita-
nium silicate (TisSi;) precipitates were also formed owing
to the addition of Si [59]. Before deformation, the micro-
structure comprised large grains (Fig. 9a) of the magnitude
of about 400 pm. However, a significant grain refinement
was induced in the microstructures during hot deformation.
As can be observed in Fig. 9b, compressing the alloy at 1050
°C/0.01 s~! resulted in the attainment of more equiaxed
grains. Moreover, the sizes of the grains were reduced to the
range of 3—15 pm. When the alloy was deformed at 1200
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Fig. 8 Power dissipation map at
a strain of 0.5. The efficiency of
power dissipation in percentage
is represented by the numbers
along the contours

In (strain rate)

1050 1075

Table 4 Optimum parameters for safe hot-working of y-TiAl-based
alloys at various true strains

v-TiAl alloy Process-  Strain Optimum Ref.
(at%) ing route temperature
(°C)/strain
rate (s~ 1)
Ti-48Al1-2Nb-2Cr Sintering 0.3 1100/0.001  [48]
+ HIP
Ti-45A1-7Nb-0.15B-0.4 W Cast + 0.3 1180/0.01 [11]
HIP
Ti-46A1-4Nb-2Cr HIPof 0.5 950/0.0001  [12]
-2Mn elemental
powder
Ti-45A1-8Nb-2Cr-0.2B As-cast 0.4 1100/0.005  [56]
Ti-42A1-6Nb-3Nb-0.1B Cast + 0.2, 1100/0.001 [17]
Forging 04,
0.6
Ti-43A1-4.1Nb-1.01Mo- Cast + 0.2 1250/0.05 [57]
0.11B HIP
Ti-48A1-2Nb-2Cr Cast + 0.92 1100/0.001  [58]
HIP and
1200/0.01
Ti-48A1-2Nb-0.7Cr-0.3Si  As-cast 0.5 1050/0.0143 This
study

°C/0.1 s~! (Fig. 9¢), an obvious grain refinement occurred.
Nevertheless, the grains appeared to elongate perpendicular

@ Springer
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Temperature (°C)

to the direction of the applied compressive load, which is
consistent with the findings of Chen et al. [58] during the
hot deformation of the 48-2-2 alloy.

The mechanism for grain refinement during thermo-
mechanical processing of y-TiAl-based alloys has been
studied by several researchers [19, 20, 48]. All of them attest
to the fact that the alloys undergo significant changes during
hot deformation, and DRX is a crucial factor in this process.
DRX mechanisms in high n regions are often categorised
into discontinuous (DDRX) and continuous (CDRX) [19].
During hot deformation, the grain boundaries bulge and
migrate, and with the accumulation of dislocations, DDRX
grains nucleate along the grain boundaries to decrease the
large dislocation gradient and high stored strain energy [60].
Furthermore, the lamellae colonies are kinked as shown in
Fig. 10 and experience severe localised strain. This leads to
the decomposition of the lamellar laths and nucleation of
secondary DDRX grains [61]. It is noteworthy that since
DDRX is not accompanied by the local lattice rotation in a
single grain, the preferred orientation and the strong crystal
texture are generally not achieved by the mechanism. On the
other hand, CDRX usually occurs in the grain interior. As
the strain increases, the dislocations continue to pile up, and
due to dislocation climbing and rearrangement, sub-grain
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Fig. 9 (a) Initial microstructure of the alloy (b) microstructure of the sample deformed at 1050 °C/0.01s™' (¢) microstructure of the sample

deformed at 1200 °C/0.1s™! (d) XRD pattern of the alloy
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Fig. 10 SEM-BSE micrograph of the deformed alloy

boundaries form inside the deformed grains. With a fur-
ther increase in strain, the sub-grain boundaries continue

to absorb dislocations, leading to an increase in sub-grain
misorientation and rotation [60]. Subsequently, the sub-
grains become separate refined grains owing to the gradual
transformation of low-angle grain boundaries (LAGBs) into
high-angle grain boundaries (HAGBs). Unlike the DDRX
mechanism, the CDRX ultimately changes the grain orien-
tation and results in the emergency of orientation gradients
in the microstructure.

As observed in Fig. 10, the deformed microstructure con-
sisted of kinked remnant lamellae in addition to the DRX vy
grains and DRX a,/y lamellar colonies. This concurs with
the results of a previous study [56] which demonstrated
that the thermo-mechanical processing at high tempera-
tures does not completely break down the initial lamellar
microstructures. It is speculated that the uneven dynamic
recrystallization that occurs during hot deformation is due
to the anisotropic plastic characteristics of lamellar colonies
[56]. Apart from the microstructural constituents, elongated
TisSi; precipitates were also observed in the microstructure.
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The majority of the precipitates aligned themselves in a
chain-like structure as illustrated in Fig. 10. Sun and Froes
[62] reported that the TisSi; precipitates prefer to nucleate

on the extended nodes or dislocation networks of [10 I]
superdislocations, where stacking faults exist.

SEM-EBSD maps are displayed in Fig. 11 in which (a)
and (b) are phase maps, (¢) and (d) orientation maps indi-
cating inverse pole figures (IPF) in the x-axis for speci-
mens deformed at 1050 °C/0.01 s~! and 1200 °C/0.1 s~ 1,
respectively. The results demonstrate that the microstruc-
tures of both samples were dominated by the y-TiAl phase
with phase fractions of 90.5% for the former and 90.6% for
the later specimens as indicated in Table 5. Apart from the
v-TiAl phase, the os-Ti;Al phase and traces of TisSi; pre-
cipitates with phase fractions of 5.82% and 3.49%, respec-
tively, for sample deformed at 1050 °C/0.01 s~! and 5.09%
and 2.97% for sample deformed at 1200 °C/0.1 s~ were
also detected. The results concur with the ones obtained by
SEM-BSE and XRD techniques elucidated earlier in this
subsection. Furthermore, as can be observed in Fig. 11(a,

b), the a2 and TisSi; phases were distributed almost evenly
in the matrices of both samples.

Figure 12 exhibits the SEM-EBSD analysis of grain sizes
for the specimens deformed at 1050 °C/0.01 s~! (Fig. 12a,
b) and 1200 °C/0.1 s~! (Fig. 12¢, d), in which (a) and (c)
are all Euler color maps whereas (b) and (d) are histograms
of the equivalent circle diameter grain size distribution.
As can be seen, the grain sizes of the sample deformed at
1050 °C/0.01 s—! predominantly ranged from 3.5 to 5.5 um
with an average of 4 um. On the other hand, the substan-
tial grain size range of 2.5-12.5 um with a mean of 8 um
was exhibited by the sample deformed at 1200 °C/0.1 s~ 1.
It is evident that a finer and more equiaxed microstructure
was obtained at the optimum hot-working parameters of
1050 °C/0.01 s~1. The results further confirm the observa-
tion made in Fig. 9.

The textural intensities of the microstructural constitu-
ents are presented in Fig. 13 in terms of < 111 > inverse
pole figures (IPF) for the specimens deformed at 1050
°C/0.01 s~ (Fig. 13a, c,e) and 1200 °C/0.1 s—* (Fig. 13b,

" Ti3Alalpha2 |
») TiS Si3
0001 -12-10

01-10

Fig. 11 EBSD maps: (a) and (b) phase maps, (¢) and (d) orientation maps indicating inverse pole figure (IPF) in the x-axis of the samples deformed

at 1050 °C/0.01 s~* and 1200 °C/0.1 s~ 1, respectively
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Table 5 Phase fraction (%) acquisition

Phase name Sample deformed at Sample
1050 °C/0.01 s+ deformed at
1200 °C/0.1
o1
Gamma (y-TiAl) 90.5 90.6
Alpha 2 (0,-Ti;Al) 5.82 5.09
TisSi, 3.49 2.97

d,f). One could note that much weak orientation intensity
was obtained in the sample deformed at 1050 °C/0.01 s~*
with maximum values of 1.99, 5.59 and 1.98 times stron-
ger than a random distribution for y-TiAl, xo-Ti;Al and
TisSi; phases, respectively. Conversely, high maximum val-
ues of 5.18, 8.51 and 3.05 for y-TiAl, x>-Ti;Al and TisSi;,
respectively, were obtained for the sample deformed at 1200
°C/0.1 s~1. The weak textural intensity in the former sam-
ple was attributed to the high rate of DRX as evidenced by
the highest efficiency of power dissipation at the deformed
parameters (Fig. 8). This in turn, hindered the growth of

the recrystallized grains into a preferred orientation. These
results compare perfectly with the findings of Lavasani et
al., [63]. The researchers obtained weak overall maximum
textural intensities of 1.778 and 1.833 times stronger than
a random distribution for the cast + homogenised Ti-48Al-
2Cr samples compressed at 1000 °C/0.01 s~ and 1000
°C/0.001 s~ !, respectively. However, the maximum inten-
sity increased to 3.057 when the speed of compression was
increased to 0.1 s~ 1.

The boundary misorientation distribution profiles of
the main phases (i.e. y-TiAl and «»-Ti;Al) in the sam-
ples deformed at 1050 °C/0.01 s—* and 1200 °C/0.1 s—!
are depicted in Fig. 14. It is apparent that for both sets of
deformation parameters, boundaries with misorientations
greater than 15° were predominant for both y (Fig. 14a, b)
and oy (Fig. 14c, d) phases. However, the distributions for
&2 phase indicate the presence of a significant number of
boundaries with misorientations less than 15°. In general,
the results demonstrate that the sample deformed at 1050

Mean =4 um

4 5 6 7 8 9 10
Grain size, d .q (pm)

Mean =8 pm

5 10 15 20 25 30 35
Grain size, d ., (1m)

Fig. 12 Grain size analysis by EBSD. (a) and (c) all Euler colour maps, (b) and (d) histograms of equivalent circle diameter grain size distribution
of the samples deformed at 1050 °C/0.01 s~ and 1200 °C/0.1 s~ 1, respectively
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Fig. 13 71117 inverse pole figures for (a), (b) y-TiAl (c¢), (d)x2-Ti;Al, and (e), (f) TisSi;

°C/0.01 s~! consisted of about 91.4% high-angle grain
boundaries (HAGBs) and 8.64% low-angle grain boundar-
ies (LAGBSs). Nevertheless, when the material was deformed
at 1200 °C/0.1 s~ 1, the HAGBs reduced to 82.5% whereas
the LAGBs increased to 17.5%. According to the findings
of Wu et al., [64] on the influence of grain boundaries on
the mechanical properties of materials, it may imply that
the sample deformed at 1050 °C/0.01 s~ possessed bet-
ter mechanical properties at room temperature than the one
deformed at 1200 °C/0.1 s~ 1.

Figure 15 displays the EBSD analysis of elastic proper-
ties (i.e. Young’s modulus (E) and Shear modulus (G)) for
specimens deformed at 1050 °C/0.01 s—! (Fig. 15a) and
1200 °C/0.1 s~! (Fig. 15b). The elastic property value for
each main phase in each sample is exhibited in Fig. 15c as
an average. As can be seen, the maximum value of the elas-
tic properties in both samples was 222.65 GPa. However,
the mean value of E for y phase in the sample deformed at
1050 °C/0.01 s~ was 190.61 GPa while for ay phase was
154.78 GPa. On the other hand, for the specimen deformed

@ Springer

at 1200 °C/0.1 s~ 1, the values for E were 181.97 and 159.02
GPa for y and a, phases, respectively. In terms of values for
G, y phase in the sample deformed 1050 °C/0.01 s~! pos-
sessed 74.05 GPa whereas ay phase possessed 62.65 GPa.
Conversely, in the sample deformed at 1200 °C/0.1 s~1, the
values for G were 71.16 and 61.66 GPa for y and o, phases,
respectively. Therefore, one could deduce that the sample
deformed at 1050 °C/0.01 s—! possessed improved elastic
properties compared to the one deformed at 1200 °C/0.1
s~ L. Table 6 shows a comparison of the elastic properties of
the alloy deformed at 1050 °C/0.01 s—! studied in this work
with the previously published results. It is evident that the
alloy investigated here possesses superior properties.

The geometrically necessary dislocation (GND) density
analysis results for the samples deformed at 1050 °C/0.01
s~ and 1200 °C/0.1 s~ ! are presented in Fig. 16. The results
were obtained using an approach referred to as the “Weighted
Burgers Vector” (WBV) technique in AZtecCrystal view-
ing mode [69]. It can be observed that the sample deformed
at 1050 °C/0.01 s~! had a negligible level of dislocation
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Fig. 14 Misorientation angle dis-
tribution of (a) and (b) y (TiAl),
(c) and (d) a, (Ti;Al) for the sam-
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density as evidenced by the vast area with a WBV magnitude
of 0.00 um~! in the map (Fig. 16a). This may be attributed
to the fact that the deformation parameters fall within the
domain of high efficiency of power dissipation whereby the
accumulation of dislocations during the hot compression had
a maximum influence on DRX. On the contrary, the map for
the sample deformed at 1200 °C/0.1 s~! (Fig. 16b) exhibits
large areas with a WBV magnitude range of about 0.02—0.06
wm~ ! which signifies that the sample contained a significant
level of dislocation density after hot compression.

4 Conclusion

The hot workability of a Si-doped modified second genera-
tion y-TiAl alloy with a nominal composition of Ti-48Al-
2Nb-0.7Cr-0.3Si  (at%) fabricated from cold-pressed
precursor powders through VAR and homogenization

Misorientation angle (°)

(d)

processes was investigated by the uniaxial thermal simula-
tion compression tests in this work. The principal aims of
the study were to characterize the alloy’s response to hot
deformation loading, to obtain the optimum hot-working
windows and to analyze the as-deformed microstructures
of the alloy deformed within the optimum hot-working
domains. From the gathered results, the main conclusions
drawn were as follows:

e The hot deformation of the alloy was chiefly character-
ized by a 45° shearing of the mid portion of the speci-
mens to form macro-cracks which indicated a poor hot
workability of the alloy at most of the deformation tem-
peratures and strain rates.

e The flow curves showed that the flow stress decreased
significantly with increasing temperature and decreas-
ing strain rate. This signified that the alloy was a low

stacking-fault-energy (SFE) material characterized
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Fig. 15 (a) and (b) EBSD elastic
property maps for samples
deformed at 1050 °C/0.01 s~ "
and 1200 °C/0.1 s™1, respec-
tively, (c) elastic properties of y
(TiAl) and a, (Ti;Al) phases

Table 6 FElastic properties of y-TiAl-based alloys

Il:] E (1050 °C) ZZZ G (1050°c) [ E (1200 °c) [ G (1200 °C)

200

180
= 160
o

© 140+

(7]
9 1204

pert
g

Elastic pro|
5§ 3 8

20 +

v-TiAl alloy Processing route  Young’s Shear Ref.
(at%) modu- mod-
lus ulus
(GPa)  (GPa)
Ti-42A1-8.5Nb PM + HIP + 152 - [65]
Heat treatment
(HT)
Ti-46.5A1-3Nb-2Cr-0.2  ISM + forging 164 - [66]
w +HT
Ti-46Al1-2.5Nb Centrifugal 154 - [67]
-3.2Cr casting
Ti-46.5A1-4(Cr, VAR 140 - [68]
Nb, Ta, B)
Ti-48Al-2Nb-0.7Cr-0.3Si VAR + 187 73 This
hot-compression study

mainly by the decreased mobility of dislocations during

hot deformation.

e The activation energy for the alloy was 401 kJ/mol and

the constitutive equation could be expressed as:

@ Springer

Alpha 2 Gamma
Phase
(c)
401
¢ = 3.0528 x 10" [sinh (0.00350p)]" > exp (_ OR(;OO)

which exhibited a good linear correlation among flow
stress, strain rate and temperature.

An optimum hot working window for the alloy was
identified to be within the temperature and strain rate
ranges of about 1050-1080 °C and 0.0087-0.071s71,
respectively.

Although lamellae kinking was observed, DRX was
the predominant softening mechanism during hot
working at the optimum deformation conditions
which resulted in nucleation of refined grains with
a mean grain size of about 4 um. Furthermore, the
microstructure of the alloy at the optimum deforma-
tion parameters consisted of a high percentage of
HAGBs, weak textural intensity and improved elastic
properties with a negligible accumulation of remnant
dislocations.
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Fig. 16 EBSD dislocation
density analysis maps of samples
deformed at (a) 1050 °C/0.01
s~1, and (b) 1200 °C/0.1 s~ 1
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