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When alloys are strained to a certain limit under the plastic deformation, ductile fracture occurs. Whether
the required deformation can be put into effect before fracture appears has become a serious concern. A
combination of compression tests, ductile fracture criteria as well as finite element simulation (FEM)
were employed in this study to establish the fracture initiation prediction model of Ti-47A1-2Nb-2Cr alloy.
To obtain the critical fracture strain, a technique was proposed to calculate the data for deformed cylin-
drical samples through isothermal compression tests in the temperature range between 1223 and 1423 K
with strain rates ranging from 0.001 to 1 s~". Five commonly used ductile fracture criteria were compared
by FE simulation of compressing tests. It was found that the Brozzo criterion was found to be suitable and
accordingly a failure criterion, considering temperature and strain ratio was established. Hot working
parameters (critical fracture value and critical strain) in deformation could be obtained through the finite
element simulation, revealing that this newly established failure criterion could accurately predict cracking

initiation in compressing deformation of Ti-47Al-2Nb-2Cr alloy ingot.

Keywords fracture model, Ti-47Al-2Nb-2Cr alloy, Zener—Hol-
lomon parameter

1. Introduction

v-TiAl alloys are considered as a new-generation high-
temperature structural materials with application in the aero-
space industries as a result of a desired combination of
properties like high specific modulus, low density, good creep
as well as excellent mechanical properties at elevated temper-
ature (Ref 1-4). Particularly, y-TiAl alloys present lower density
than Ni-based alloy and can work at higher temperature than Ti-
based alloy (Ref 5). Thus, they are more likely to supersede
conventional superalloy on the aspect of turbine blades and
turbocharger disks in advanced powerful engines. However,
poor processing ability is the main obstacle for extensive
industrial application of y-TiAl alloy (Ref 6), which is easy to
crack even at elevated temperature by conventional hot
processing owing to the narrow hot working window (Ref 7)
and the structure of intermetallic compounds.

Whether the required deformation on the workpiece can be
performed successfully before fracture occurs has become a
serious concern in metalworking field. In current industrial
processes, a number of undamaged metal products were
acquired by trial-and-error method, which is inefficiency, high
cost and mostly depends on the engineers’ experience (Ref 8-
10). Thus, it is quite crucial to investigate the hot mechanical
behavior in order to predict and avoid fracture occurrence,
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which is one of the main characteristics in the processes of y-
TiAl alloy with poor formability. A series of failure models and
criteria have been discussed to predict crack initiation, exten-
sion and fracture previously, which mainly consist of three
types, namely empirical, cumulative plastic energy and
microscale damage models. In empirical models, the fracture
models are derived based on the stress and strain. Both Kuhn
criterion (Ref 11) and Vujovica—Shabaik criterion (Ref 12)
considered that fracture would occur when a strain or stress
value came to a critical value. Besides, the cumulative plastic
energy models are one of the macroscopic models which
introduced a strong coupling between plastic energy collected
during deformation and fracture. Freudenthal (Ref 13) sug-
gested that fracture would not occur until cumulative plastic
deformation energy arrives to certain critical value. Afterward,
Cockceroft (Ref 14) proposed the tensile plastic work criterion
along with Latham by compensation of maximum principal
stress on the fracture in forming processes. Brozzo et al. (Ref
15) and Oh et al. (Ref 16) modified the Cockcroft-Latham
criterion in terms of their experimental results and presented
the Brozzo criterion and the Oh criterion covering parameters
such as hydrostatic stress and equivalent stress. The microscale
damage models are established by Mcclintock et al. (Ref 17)
based on the observation that void initiation and growth
followed by coalescence to form a crack. After that, Rice
(Ref 18), Oyane (Ref 19) and Ayada et al. (Ref 20) modified
different fracture models according to this prototype.

The finite element method (FEM), which can analyze the
metal processing efficiently and accurately, has been exten-
sively applied to solve large plastic deformation prob-
lems. Thus, the workability of a metal can be analyzed and
predicted precisely by an integrated approach consisting of
experiments, fracture criteria and FEM technique. Kobayashi
and Lee et al. (Ref 21) were one of the precursors who used
Cockcroft-Latham criterion and McClintock criterion through
FEM technique to analyze the ductile fracture in metal
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deformation. After that, various applications of computer-based
numerical techniques have been studied by many researchers to
analyze plastic fracture according to different deformation
processes. Wifi et al. (Ref 22, 23) and Fu et al. (Ref 24) studied
the accuracy of different fracture criteria in predicting metal-
work’s fracture problems by combining experiments with FE
model.

A failure model considering parameters such as deformation
temperature and strain rate is developed in this work to predict
the fracture initiation of TiAl alloy, which adopts a combination
of theoretical failure criteria and FEM technique.

2. Materials and Experimental Procedure

The as-received alloy was made from powder metallurgy
technology. The nominal chemical composition is Ti-47Al-
2Nb-2Cr (molar fraction, %). According to the analysis of the
x-ray diffraction (XRD) pattern as well as the back-scattered
electron (BSE) image of starting material as shown in Fig. 1, it
illustrates that the alloys are consist of y-TiAl phase (black
base) and o,-Ti3Al phase (white ribbon). The cylindrical
specimens intended to be used are 6 mm in diameter and 9 mm
in height, which were processed by linear cutting machine. The
hot compression experiments were performed on the Gleeble-
1500D thermomechanical simulator with temperature of 1223,
1273, 1323, 1323, 1423 K and strain rates of 0.001, 0.01, 0.1,
1 s~'. For the aim of eliminating the influence of friction in the
deformation processes, graphite lubricant was used on the
pressure indenter and two head faces of samples. The actual
temperature of sample was controlled by employing a thermo-
couple spot to weld on the center of the cylindrical sample
surface. Obviously, the whole samples heated at a speed of
283 K/s to desired upsetting temperature, were held for 5 min
to obtain the uniform and homogenized temperature. During
the experiment, as a function of strain, strain rate and
temperature, flow stress values could be received continuously
by an automatic data acquisition system in a personal computer.
After experiments, the deformed samples were immediately
water quenched to room temperature so as to preserve the initial
deformed microstructure. Each specimen was visually distin-
guished to make sure the critical fracture reduction on the free
surface. What deserved to be mentioned is that classical
dichotomy theory was employed in the work to find out the
threshold values of fracture strain.

To observe the microstructural evolution and fracture
surface, the samples were sectioned vertical to the compression

axis of samples after tests. Microstructure analysis was
performed on a Quanta 200FEG electron scanning microscope
(SEM) and a JEOL scanning tunnel microscope (STM) after
tested samples were grinded, polished and corroded.

By operating the finite element software DEFORM-3D,
information like stress—strain history and diverse damage
values could be obtained in FEM simulations at each com-
pressing process. In simulations, the useful thermophysical
property database of materials was measured and set up, where
flow stress information was monitored following hot compres-
sion experiments to guarantee the accuracy.

3. Results and Discussion

3.1 Stress—Strain Behavior

The true stress—strain curves corresponding to 1223-1423 K
and 0.001-1.0 s~ ' obtained from thermocompression experi-
ments are revealed in Fig. 2. It demonstrates that peak stress
increases observably with the growing strain rate and decreas-
ing temperature. Before reaching the peak stress, the influence
of work hardening was obvious because of the increased
density of dislocations. With deformation going on, dynamic
recovery occurred, where low angle boundaries and sub-grains
developed, but the sub-boundaries maintained almost equiaxed.
With the continuous deformation, the strain reached a critical
point, moreover, dynamically recrystallized grains presented at
the original grain boundaries (Ref 25). A driving force for DRX
was provided by plastic deformation heat and dislocations,
which activated a growing number of potential nuclei, formed
new recrystallized grains and refined original microstructure
(Ref 26). When dynamic equilibrium between work hardening
and softening was acquired, dislocation density maintained
invariable and the flow stress became steady.

Generally, the true stress—strain curves mainly present DRX
characteristics with obvious peak stresses, which is a matter of
balance between working hardening and dynamic softening.
Such characterization of flow stress curves can also be widely
observed in y-TiAl alloy (Ref 7) and other alloys such as
aluminum alloys (Ref 27, 28). Compared with the flow stress
curves in Fig. 2 under different conditions, the flow stress
grows with increasing strain rate and decreasing metalworking
temperature. An obvious stress decrease after the peaks could
be observed due to DRX softening in Fig. 2 A big difference
between the flow stress at high strain rate (1 s~') and other low
strain rates could be observed. This phenomenon could be
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Fig. 1 The XRD pattern (a) and initial microstructure (b) of Ti-47Al-2Nb-2Cr alloy
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concerned with the dependence of the DRX type on the
deformation parameters.

To calculate the apparent activation energy of deformation,
Arrhenius equation for different temperature and strain rate-
s was selected (Ref 13).

& = Alsinh(a0)]" exp<— 2) (Eq 1)
RT

where ¢ is the strain rate(s '), ¢ is the flow stress (MPa), T is

the absolute deformation temperature (K), R is the gas con-

stant (J mol ! K1), 4 and o are the material constant, n is

the work hardening constant, and Q is the apparent activation

energy of deformation (kJ/mol).
From Eq 1, it can be inferred:

. OIn[sin h(xo)]

Eq 2
dn (Ea2)
Oln[sin h(ao))
=Rn——F—F—F——— Eq3
Assume b = W, and the activation energy Q can be
defined as:
O = Rnb (Eq 4)

The plot of Iné versus In[sin/i(uo,)] and In[sini(ooy)]
versus 1/T can be known in Fig. 3, the slopes of which are n
and b. Respectively, a good linear relationship between In & and
In[sin 2(a,)] can be found, indicating that the hyperbolic sine
Arrhenius constitutive model is suitable for describing the true
stress—strain relationship. The average slopes of two graphs can
be obtained, and the values of n and b are 2.91 and 14.36. The

apparent activation energy of TiAl alloy is determined to be
347.74 kJ mol .

3.2 Fracture Type and Evaluation of Critical Damage Value

In order to find out a suitable fracture criterion for TiAl alloy, it
is necessary to understand fracture types and fracture mechanism.
There are generally two types that were observed. As shown in
Fig. 4, sample appears 45° shear cracking at low temperature
(1223 K) and high strain rate (1 s~ "), which is attributed to the
inhomogeneity of shear stresses, whereas at higher temperature
(> 1223 K) and lower strain rate (< 0.1 s™'), the specimen
displays the longitudinal cracking and small cracks can be
observed in Fig. 4(b), which is the effect of tensile stress caused
by deformation of cylindrical sample under thermal compression
tests (Ref 29). This demonstrates that the fracture mechanism of
Ti-47A1-2Nb-2Cr alloy has a close connection with the hot
deformation condition.

Further SEM and STM observations of surface cracking are
shown in Fig. 5. At 1223 K/1 s~'/60%, many irregular
microvoids and a few big equiaxial dimples emerge in addition
to plane crystal boundaries, which are created by the plastic
deformation after nucleation, growth and aggregation. As
temperature increases and strain rate decreases, the crystal
plane becomes much smoother and microvoids are round in
shape (Fig. 5¢). Besides, a number of equiaxial dimples appear
in Fig. 5(d), which show better plasticity of the material. It
seems that working parameters plays an important role in the
fracture and deformation non-uniformity.

The fracture mode can be obtained according to the BSE
images of TiAl alloy. As shown in Fig. 6(a), microcrack
appears in the boundaries of planer crystal boundaries, which
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45° shear cracking

Fig. 5 Fractographs at various hot deformation conditions: (a, b) 1223 K/1 s~'/60%, (c, d) 1323 K/0.1 s'/60%

illustrates intergranular fracture is the major way of fracture
mode. In the condition of temperature growing and strain rate
falling, cracks appear through some crystalline grains, indicat-
ing the fracture model is mixed with transgranular and
intergranular fracture (Fig. 6b). Bieler (Ref 31) also observed
mixed transgranular and intergranular cracks in the bi-phase
TiAl alloy. This fracture mode is consisted with the conclusion
obtained by other researchers (Ref 32).

The increasing temperature and decreasing strain rate not
only turn the intergranular binding force becomes weak, but
also increase the content of a,-TizAl phase as shown in Fig. 7.
The small increase in second phase contributes to the refining
of y-TiAl phase through absorbing impurity element of alloy
and also reduces the content of Al in y-TiAl phase, which is
considered to be beneficial to the plasticity improvement.
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Besides, the content of the o,-TizAl phase is considered to be
related to the size of dimple formation.

Chen and Kim (Ref 30) considered that the fracture
mechanism of TiAl alloy is the function of temperature, strain
rate and other parameters. Among them, critical fracture strain
is thought to be a basic experimental threshold data which has
significant effect on the accuracy of the fracture model.
Therefore, how to obtain the accurate critical fracture strain
has been an imperative problem that many researchers are still
studying. Although several new methods such as infrared
thermography (Ref 33) and high-speed photography (Ref 34)
have been applied, classical dichotomy research remains as the
most believable and reasonable one among other approaches
without highly sophisticated testing equipment. Consequently,
bisection method is applied in this work to obtain the threshold
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Fig. 6 The microcrack at various hot deformation conditions: (a) 1223 K/1 s~'/60%, (b) 1323 K/0.1 s~'/60%

Fig. 7 Deformed microstructure at various processing conditions: (a) 1223 K/1 s~'/60%, (b)1323 K/0.1 s~'/60%

fracture strain. It is generally known that critical fracture strain
in certain condition cannot be determined before hot com-
pressing experiment, in another word, when the fracture of
sample would occur during tests cannot be predicted precisely
in advance. However, by several experimental trials, the strain
scope between fracture and fracture free of samples can be
obtained. Afterward, the scope can be narrowed by dichotomy
to a required accuracy to determine the threshold damage strain.
For instance, in the hot compression test, assuming that fracture
doesn’t occur in 40% reduction of specimen, while it does in
60%, the diminution scope can be made sure between 40 and
60%. According to the theory of dichotomy, 50% reduction
compressing experiment should be conducted. If the sample
begins to crack at the 50% of deformation rate, 45% test is
going to be carried out. With the experiment going on, the
requested accuracy of critical damage strain can be achieved.
In terms of the above approach, the critical fracture strain at
each working condition can be acquired. Figure 8 shows
impacts of temperature as well as the strain rate on the
threshold fracture strain value. It can be known that 3-D
deformation space was divided into two areas by critical
damage surface, which upper and lower were fracture zone and
safe zone. As expected, threshold damage strain grows with
increasing temperature and decreasing strain rate in most
compressing tests. On the other hand, in the range of high
deformation temperature (= 1373 K) and low strain rate
(= 0.001 s "), threshold damage strain decreased with the
elevated temperature growing, showing a reduced processabil-
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ity at higher temperature range. The weak processability could
be connected with the crude grains. Therefore, the most
appropriate deformation temperature is less than 1373 K. In
addition, there is no doubt that low strain rate is beneficial for
large plastic deformation with the low efficiency.

4. Establishing the Thermal Deformation Failure
Model

Five representative theoretical fracture criteria are reviewed
in Table 1, and it can be known that the establishment of above-
mentioned criteria is based on physical experiments as well as
microstructure analysis of cold deformation. Nevertheless, this
paper investigates the fracture behavior under metal-forming
processes with heating temperature. A significant characteristic
that tells the difference between hot deformation behavior and
cold one is two processing factors (7 and &), which have great
effects on thermally activated processes and dynamic softening.
Particularly, variation of working parameters plays an important
role on the threshold cracking. In addition, one common
feature between hot and cold deformation is that the stress and
strain histories strongly affect the initiation of ductile fracture,
which is the reason that most failure criteria exhibit the
expression that ductile fracture occurs when the damage
parameters provided with integral of stress as well as strain,
comes to a threshold. Therefore, to achieve the purpose of
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Table 1 The typical ductile fracture criteria

Criteria Physical formula Background Ref
Freudenthal Jorade=C Plastic work 13
Cockeroft and Latham f(ff oide=C Empirical model 14
Brozzo f(‘;f ﬁdﬁ =C Cumulative plastic energy models 15
Oh and Kobayashi o Zde=C 16
Oyane o (1+2de=C Microdamage models 19

simplicity, the new modeling procedure is divided into two
steps as follows: first, a suitable criterion is determined among
the universal cold deformation criteria; then, a failure criterion
applied to thermal deformation is established by bringing in 7
and é.

The selected fracture criteria from publication are shown in
Table 1, which are performed by means of damage energy
accumulation through stress and strain. The variables like
equivalent stress (@), hydrostatic stress (oy), as well as
maximum principal stress (¢;) have close associated with
fracture initiation. After establishing a library of Ti-47Al-2Nb-
2Cr alloy and selecting criteria in the finite element simulation
platform, simulation experiments are conducted to calculate
variation of samples during thermal upsetting tests at 1223 K/
0.1 s”'. The curves of Fig. 9 present the change trend of
damage values with the distance from the center of deformed
samples. As illustrated in Fig. 9, the damage parameter calcu-
lated by Freudenthal, Cockcroft and Latham, Brozzo as well as
Oyane criteria comes to its maximum value at the equator of
cylindrical sample. According to Oh and Kobayashi criterion,
the maximum fracture value appears on the top surface and free
surface of sample. The maximum damage by Oh and
Kobayashi criterion appeared suddenly in the random zone of
specimen without gradually change like the other criteria.
Heading deformation processes are usually depicted by com-
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pressive stress, which equivalent stress and maximum principal
stress increased with the deformation processes, nevertheless,
the various ratio of maximum principal stress and equivalent
stress cannot be determined in particular, owing to the ratio of
maximum principal stress and equivalent stress is negative
value. In addition, Oh and Kobayashi criterion considers the
effect ratio between maximum principal pressure and equiva-
lent stress. Consequently, damage value calculated by Oh and
Kobayashi criterion is conflicting. Similar features from the rest
four criteria reveal the curves of damage value rise with the
increasing distance from the center of cylindrical sample. In
terms of the statement of fracture criteria, damage value is
supposed to reach its maximum at the damage position;
therefore, the maximum is referred to as critical damage value.
By observing the crack specimens, it can be found that the
damage position is at the equatorial plane on the bulge; hence,
Oh and Kobayashi criterion is considered improper for
modeling thermal deformation failure criterion of Ti-47Al-
2Nb-2Cr alloy.

For the purpose of further selecting a most suitable criterion
in the remaining parts (Freudenthal, Crockroft and Latham,
Brozzo, Oyane), additional simulation experiments under
different deformation circumstance (1223-1423 K, 0.001-
1 s") were performed and the critical fracture values acquired
from rest of criteria were extracted and analyzed. The
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Fig. 9 Damage value distributions from axis to free surface under hot deformation based on different fracture criteria: (a) Freudenthal, (b)

Cockcroft and Latham, (c) Brozzo, (d) Oyane, (¢) Oh and Kobayashi

relationship between critical fracture values and working
parameters under four criteria can be known in Fig. 10. In
general, it can be well known that threshold damage values
increase continuously with growing of working temperature as
well as reducing of strain rate. Because the metal shows a good
plastic deformation ability under the heated and slow process-
ing state, which critical fracture results are considered to come
to a high level until damage occurs. Obviously, Cockcroft and
Latham and Oyane criterion do not conform to the criterion,
and curves about Freudenthal criterion at high temperature
(> 1373 K) do not go higher with the increase of temperature
illustrating that it is not in line with the criterion, too. Therefore,
compared with the other three criteria, Brozzo criterion is the
most appropriate choice for modeling the thermal working
damage criterion of Ti-47Al1-2Nb-2C alloy.

Since the critical fracture values have high correlation with
the deformation parameters (strain rate and temperature), the
new established damage model based on Brozzo criterion can
be expressed in Eq 5:

5366—Volume 27(10) October 2018

&t 20 1 _ .
/0 3(61_GH)dS—Cf =f(T,¢) (Eq 5)

In Eq 5, 0, is maximum principal stress (MPa); oy is
hydrostatic stress (MPa); Cy is fracture value of Brozzo
criterion; & is equivalent strain when initial fracture occurs; T
is Kelvin temperature (K), and ¢ is strain rate (s™"). Zener—
Hollomon parameter is usually introduced to replace the two
variables (7 and &), which is expressed in Eq 6.

Z = éexp (%)

where & is strain rate (s~'), 7 is absolute temperature (K), O
is activation energy (KJ mol™"), and R is the gas constant
(KJ mol ™" K™'). As Z parameter presents a corporate influ-
ence of temperature and strain rate, using Z parameter to ex-
press those variables (7, &) is applicable.

(Eq 6)
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Figure 11 illustrates that the critical fracture value (Cy) of the
Brozzo criterion has a great linear relationship with the InZ. The
correlation coefficient (R) of the regression curve is 0.961, which
demonstrates the validness of the established relationship. If the
fracture value (C) calculated by the formula (C > Cy) is in the
zone above the critical line, the fracture of metal will occur at the
given condition in the practical experiment. Meanwhile, the
correlation of critical fracture value and InZ indicates that hot
working parameters (7, &) have great influence on metal fracture
during deformation processes in addition to stress and strain.
Therefore, the damage criterion of hot forming based on Brozzo
criterion was established as follows in Eq 7:
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o 20 _
Cy = / —de = —-0.0181InZ + 0.659
o 3(o1 —on)

Y

(Eq 7)
—0.018( Iné + = 0.659
(n8+RT> +

The fracture model based on the Brozzo criterion of Ti-
47A1-2Nb-2Cr alloy under hot deformation conditions in Eq 7
can be also expressed in another way like Eq 8.

1 ! 20'1
CG=—Y ——dz
sz?)(O'] — O'H)

=1

(Eq 8)

where C; is the integral value, C; is the critical fracture value,
which is determined by hot deformation conditions. When
C; < 1, it is considered that no fracture occurred, and when
C;> 1, the sample is thought to crack.

The new fracture model was put into the finite element
method based (FEM) software DEFORM-3D by FORTRAN
language for secondary development. The flow diagram of FE
program covering subprogram of new damage model can be
known in Fig. 12. When the deformation temperature, strain
rate and other parameters were set, the more accurate initial
damage position as well as critical strain value could be
calculated by operations of FE programs.

In order to test and verify the new established criterion, the
contrast experiments between physical experimental and pre-
dictive results about initial cracking position and threshold
damage strain of alloy at 1293 K/0.5 s, 1293 K/0.1 57,
1243 K/0.5 57" and 1243 K/0.1 s~' have been conducted.
From Fig. 13, the predicted maximum damage at 1293 K/
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0.5 s " is located in the equatorial plane on the bulge of
sample, which is in great coherence with experimental evi-
dences. In terms of the maximum damage value obtained from
the new model, the critical strain calculated by the FE
subroutine is 0.4, which is close to the experimental value
(0.375), demonstrating the correctness of the FE subroutine
running in the main program loop. Simulation results in other
deformation conditions (Table 2) match experimental values
well and the relative error do not reach 9.4%. Consequently, the
fracture prediction model adopting a combined method of
ductile fracture criteria theory and FEM technique is reasonable
and has practical reference value.

5. Conclusions

Thermal deformation performance of Ti-47Al1-2Nb-2Cr
alloy was researched according to upsetting experiments within
1223-1423 K as well as 0.001-1 s~'. Combined with process-
ing experiments, theoretical facture criteria and FE simulation,
a damage prediction criterion which describes the relationship
of ductile fracture and hot processing parameters has been
established. The main conclusions are as follows:

1. 45° shear crack appears at the temperature of 1223 K
and strain rate of 1 s~!, which intergranular fracture is
responsible for macrofracture. Longitudinal cracking and
small cracks are found at higher temperature (> 1223 K)
and lower strain rate (< 0.1 s~'), which the failure mod-
el considers both transgranular and intergranular fracture.

2. The peak stress of TiAl alloy can be depicted by hyper-
bolic sine-type equation, and then the thermal activation
energy is  calculated to be  approximately
34774 kI mol~'. Critical damage strain grows with
increasing temperature as well as decreasing strain rate.
The most appropriate deformation temperature is less
than 1373 K.

3. The established relationship about critical fracture value
and Zener—-Hollomon parameter is exponential decrease.
The fracture model for Ti-47A1-2Nb-2Cr alloy under hot
deformation conditions was established as a function of
stress, strain, temperature and strain rate. This model can
accurately predict the cracking position and critical strain
of the alloy within a certain range.

Table 2 Experimental and simulated critical strain after compression at different conditions

Temperature, K Strain rate, s

Experimental critical strain

Simulated critical strain Relative deviation, %

1293 0.5 0.375
1293 0.1 0.475
1243 0.5 0.350
1243 0.1 0.463

0.400 6.7
0.455 4.2
0.320 9.4
0.480 3.7
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