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An important concern in hot working of metals is whether the desired deformation can be accomplished
without fracture of the material. This paper builds a fracture prediction model to predict fracture initiation
in hot compression of a burn-resistant beta-stabilized titanium alloy Ti-35V-15Cr-0.3Si-0.1C using a
combined approach of upsetting experiments, theoretical failure criteria and finite element (FE) simulation
techniques. A series of isothermal compression experiments on cylindrical specimens were conducted in
temperature range of 900-1150 �C, strain rate of 0.01-10 s21 first to obtain fracture samples and primary
reduction data. Based on that, a comparison of eight commonly used theoretical failure criteria was made
and Oh criterion was selected and coded into a subroutine. FE simulation of upsetting experiments on
cylindrical specimens was then performed to determine the fracture threshold values of Oh criterion. By
building a correlation between threshold values and the deforming parameters (temperature and strain
rate, or Zener-Hollomon parameter), a new fracture prediction model based on Oh criterion was estab-
lished. The new model shows an exponential decay relationship between threshold values and Zener-
Hollomon parameter (Z), and the relative error of the model is less than 15%. This model was then applied
successfully in the cogging of Ti-35V-15Cr-0.3Si-0.1C billet.
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1. Introduction

Because traditional titanium and titanium alloys have a fatal
weakness of their combustion sensitivity (Ref 1–4), burn-
resistant titanium alloys have been developed to meet the
special requirements of high-performance gas turbines that
need not only excellent mechanical properties but also good
burn resistance for some key parts. (Ref 5–7) In the early
1990s, Pratt and Whitney developed a commercial burn-
resistant titanium alloy Ti-35V-15Cr, designated alloy C. (Ref
5) UK has developed a low-cost, burn-resistant beta alloy with
a composition of Ti-25V-15Cr-2Al-0.2C in the late of 1990s
(Ref 6). In the present study, Ti-35V-15Cr-0.3Si-0.1C is a new
developed Ti-V-Cr series burn-resistant alloy based on the
commercially-used alloy C. In order to achieve good burn-
resistant properties, these alloys generally have very high
content of alloy additions. As a result, a common feature of
these alloys is their poor workability (Ref 8, 9). In our study,
the cogging of Ti-35V-15Cr-0.3Si-0.1C is very difficult to
perform duo to frequent fracture issues.

It is well known that metal materials may undergo ductile
fracture, which results from the progressive degradation of
material stiffness, once plastic deformation reaches a certain
limit. Ductile fracture is an irreversible process affecting the

workability (formability) of engineering materials. In industrial
practice, the traditional trial-and-error methods may lead
enormous costs when serious fracture occurs, and it is also
quite time-consuming and very dependent on the engineers�
experience. Therefore, the accurate prediction of a material�s
ductile fracture is of great practical importance in the design
and optimization of processes and products.

There are a number of fracture models or criteria that have
been developed to predict the initiation of fracture. These
criteria may be classified into three categories as follows. The
first are the empirical ones. The empirical criteria can either be
strain-based or stress-based, in which fracture is presumed to
occur when a strain or stress index reach a threshold. Typical
empirical ones are Kuhn criterion (Ref 10) and Vujovic-
Shabaik criterion (Ref 11). The second are semi-empirical
criteria or cumulative plastic energy models, which consider the
deforming process an energy accumulation, and fracture is
presumed to occur when the accumulated energy reaches a
certain value. In 1950, Freudenthal (Ref 12) proposed at the
earliest in the view of energy that ‘‘Fracture will occur when the
total plastic work per unit volume reaches some characteristic
critical value.’’ Cockcroft and Latham (Ref 13) built their
model in 1968 based on the understanding that fracture in metal
working process is dependent on maximum principal stress.
Brozzo et al. (Ref 14) modified the Cockcroft-Latham criterion
according to their own experimental results, considering the
combine effect of maximum principal stress and hydrostatic
pressure stress. Oh and Kobayashi (Ref 15) took the ratio of
maximum principal stress to equivalent stress as the integral
term and modified the Cockcroft-Latham criterion. The third
category are micro/meso-scale damage models based on the
observation of void initiation and growth followed by coales-
cence to form a crack. This is a completely different approach
to formulate a fracture criterion. A mechanical analysis on
void evolution in ductile metals started with Mcclintock�s
pioneering work (Ref 16). Hereafter, Rice and Tracey (Ref 17),
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Oyane (Ref 18) and Ayada et al. (Ref 19) developed various
criteria adhering to this concept. It is worth mentioning that the
porous plasticity model developed by Gurson (Ref 20) and the
further modification by Tvergaard and Needleman (Ref 21, 22)
is a great advance in the study of ductile fracture.

The advent of powerful numerical methods such as the
technique of finite element method (FEM) to handle large
deformation plasticity has made it possible to analyze the
metalworking processes accurately. Thus, an integrated ap-
proach involving the workability experiments, theoretical
failure criteria, and FEM technique emerged as a promising
technique for accurate workability analysis. Kobayashi et al.
(Ref 23) were one of the earliest to analyze ductile fracture in
metal extrusion by combining McClintock and Cockcroft-
Latham criteria with FEM technique. Since then, many
researchers studied various aspects of the application of the
computer-based numerical techniques to predict ductile fracture
in a wide range of metalworking processes. Wifi et al. (Ref 24,
25) used the finite-element method extensively to evaluate
various workability criteria in bulk forming processes. By
designing various experiments and coding the criteria into FE
model, Li et al. (Ref 26) studied the predicting reliability of
several fracture criteria in diverse stress and strain states and
fracture modes. Zhu et al. (Ref 27) adopt a new high-speed
photography methodology to investigate the hot deformation
process of Ti40 alloy and developed a fracture model using
FEM technique. In the present study, in accordance with this
strategy, hot compression experiments are conducted to deter-
mine the fracture threshold (critical fracture strain) in various
conditions. A hot deformation fracture model which considers
the effect of deforming temperature and strain rate is estab-
lished to forecast the fracture initiation of Ti-35V-15Cr-0.3Si-
0.1C alloy using a combined approach of theoretical failure
criteria and FEM technique based on DEFORM-3D software
and FORTRAN secondary development platform.

2. Material and Experimental Procedure

The nominal chemical composition of the alloy in the
present investigation is Ti-35V-15Cr -0.3Si-0.1C (wt.%). It was
provided by Western Superconducting Technologies Co., Ltd.
(WST) in a partially processed ingot form. Ti-35V-15Cr -0.3Si-
0.1C is a highly stabilized b titanium alloy since it has the
highest molybdenum equivalency (47.5 wt.%) of all commer-
cial b titanium alloys according to the �moly equivalent�
equation in Ref 28, which is used to indicate the beta stability
of an alloy. The as-received microstructure of the material, as
shown in Fig. 1, consists of coarse b grains and precipitates of
titanium carbide (TiCx, black dendrite in the OM).

In order to study the fracture behavior of Ti-35V-15Cr-
0.3Si-0.1C in hot deformation, a series of isothermal compres-
sion tests were conducted on a computer-controlled Gleeble-
1500 thermal simulator in the deformation temperature range
from 900 to 1150�C with 50�C intervals, strain rate of 0.01, 0.1,
1, and 10 s�1. The testing specimens from the billet were
cylinders with 10 mm in diameter and 15 mm in height
according to the standard method for hot compression test. A
special high-temperature lubricant was coated on both ends of
specimen, and tantalum foil with thickness of 0.1 mm was
placed between die surface and specimen to prevent cementa-
tion. Samples were heated to the corresponding testing

temperatures with the rate of 10 �C/s and kept for 4 min
before hot compression so as to obtain a uniform deformation
temperature. Following the hot compression tests, each sample
was air cooled, cleaned, measured, and visually inspected to
determine the critical fracture reduction on the free surface. It is
worth mentioning that bisection method was adopted in this
study to determine the critical fracture reduction. The details of
bisection method are seen in section 3.2.

By using the commercial finite element software DEFORM-
3D, FEM simulations were conducted for each compression test
to obtain data of the local stress-strain history and various
damage parameters. In simulations, the material database was
rebuilt, in which flow stress data were obtained from the
isothermal compression tests to ensure the accuracy, and the
thermo-physical parameters of this alloy were measured.

3. Experimental Results and Discussion

3.1 Fracture Behavior of Ti-35V-15Cr-0.3Si-0.1C

Understanding the fracture behavior is helpful to find out
why the fracture occurs, which is an important basis of
selecting and building the fracture model. Figure 2 is the
photography of specimen deformed at 900-1150 �C/0.01-
10 s�1/70%. It is observed in the figure that cracks occur in
18 of all the 24 samples (below the red line), which reveals a
poor workability of the present alloy. In addition, the tendency
to cracking of this alloy increases with increasing strain rate and
decreasing temperature. The effect of strain rate on cracking
seems to be more significant. As for the fracture type of Ti-35V-
15Cr-0.3Si-0.1C, there are generally three types that were
observed. At low temperature and high strain rate such as
900 �C/10 s�1, specimen exhibits 45� shear cracking cutting
throughout the whole specimen, as shown in Fig. 3(a).
Metallographic examination of this sample reveals that the
45� shear cracking is associated with the intense flow
instabilities caused by adiabatic shear bands (Fig. 3b). whereas
at high temperature and high strain rate, the cracks always
result from severe flow localization (Fig. 4, deformed at
1050 �C/10 s�1). At low or moderate strain rate, the alloy
displays the �Z�-like cracking (Fig. 5a), which is attributed to

Fig. 1 Initial microstructure of the material in the as-received con-
dition
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the secondary tensile stresses caused by bulging of the
cylindrical specimen during upsetting. Further SEM observa-
tion shows that the �Z�-like free-surface cracking is a typical
intergranular fracture (Fig. 5b). It seems that strain rate plays a
most significant role in cracking and deformation non-unifor-
mity. With the increase of strain rate, deformation non-
uniformity increases. When samples are deformed at strain
rate above 1 s�1, flow localization occurs and deformation is
localized in the middle area of samples. In cases of low
temperature or large reduction, severe localized deformation
would lead to cracking on the surface.

However, in spite of various fracture mechanisms observed,
the macro-factors that affect crack initiation are the deforming
conditions, i.e., temperature and strain rate. And close obser-

vation of the crack samples shows that cracking varies regularly
with these two parameters if quantitative analyzed (see the next
section), which provides a convenient way to model the
fracture initiation without concerning too much about the detail
mechanisms.

3.2 Determination of the Critical Fracture Reduction

To describe the cracking initiation quantitatively, Zeng (Ref
29), Zhu (Ref 27) used a term �critical fracture strain� or �critical
fracture reduction,� namely, the maximum strain or height
reduction that could be reached without the occurrence of
cracks, to evaluate the hot workability of a certain alloy. Critical
fracture reductions are basic experimental threshold data that
can affect the accuracy of the final model. So it is significant to
determine the critical fracture reduction accurately. There are
several easy methods which can be employed to determine the
critical fracture reduction such as acoustic emission (Ref 30,
31), infrared thermography (Ref 32), and high-speed photog-
raphy (Ref 28), yet dichotomy or the bisection method
(Ref 33), as a traditional method, is still the most reliable one
though it needs to perform more experiments than the other
methods. Therefore, dichotomy is adopted in the present

Fig. 2 The photography of specimen deformed at 900-1150 �C/0.01-10�1

Fig. 3 A fracture sample at 900 �C/10�1: (a) a 45� shear cracking
cut throughout the whole specimen; (b) the proof of intense flow
instabilities

Fig. 4 A fracture sample deformed at 1050 �C/10�1 shows severe
flow localization
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investigation to determine the critical fracture reduction. As is
known, the critical fracture reduction under certain condition
cannot be precisely predicted before compression test is
conducted. However, by several experimental trials, we can
get a reduction interval, in which the initial fracture occurs. The
interval can then be narrowed by bisection method to a required
accuracy, so the critical fracture reduction can thus be obtained.
For instance, in one compression test, the specimen of 30%
reduction does not crack, while the one of 50% cracks, then the
reduction interval is 30-50%. According to the principal of
bisection method, 40% reduction test will be added. If the
specimen of 40% cracks, 35% test will be added further. By that
analogy, testing continues until the desirable accuracy of critical
fracture reduction (maximum = 5%) is reached.

Based on the above method, the critical fracture reduction in
every deformation condition is obtained. The value of critical
fracture reduction is plotted as a function of deformation
temperature and strain rate in Fig. 6. It is seen from Fig. 6 that
the critical fracture surface divides the 3-D deformation space
into two zones, which are fracture zone above critical surface
and safe zone below it, respectively. As expected, the critical
fracture reduction has an increasing trend with the increasing of
deformation temperature and decreasing of strain rate in the
whole range of the experiment. In addition, the strain rate has a
significant effect on the critical reduction. When samples are
deformed at strain rate of 0.01 s�1, the values of critical
reduction at all testing temperatures are greater than 50%.
While the strain rate rises to 10 s�1, the critical reductions are
all decreased below 35%. In fact, the workability of this alloy is
so poor that cogging process is difficult to perform. The effect
of strain rate and reduction on microstructure is limited by free
surface fracture, which decreases the driving force of recrys-
tallization (Ref 34). The poor workability can be attributed to
the extremely high alloying effect and the coarse microstructure
(very large beta grains and long brittle carbides). In practice,
slow reduction speed is helpful for cogging but it reduces
forging efficiency as well. Canned forging is thus recom-
mended in order to increase efficiency and reduce cracking.

4. Modeling the Hot Deformation Fracture
Criterion of Ti-35V-15Cr-0.3Si-0.1C

In the introduction section, various ductile fracture criteria
are reviewed in categories and it is found that the existing

criteria are developed on the basis of physical observation and
micromechanical analysis of cold deformation. However, this
work investigates the cracking during hot deformation process.
One of the most important features that distinguish hot

Fig. 5 A fracture sample reveals features of intergranular fracture

Fig. 6 Critical fracture reduction (Cf) plotted as a function of
deformation temperature and strain rate

Table 1 Eight commonly used theoretical failure criteria
and the corresponding formulas

Criteria Formulas

Freudenthal C ¼
R�ef
0 �rde

Crockroft & Latham C ¼
R�ef
0 r�de

Oh C ¼
R�ef
0

r�
�r de

Brozzo C ¼
R�ef
0

2r1
3 r1�rmð Þde

Ayada C ¼
R�ef
0

rm
�r de

Oyane C ¼
R�ef
0 1þ a rm

�r

� �
de

Rice & Tracy C ¼
R�ef
0 exp a rm

�r

� �
de

Le Roy C ¼
R�ef
0 ðr1 � rmÞde
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Fig. 7 Damage distribution based on eight criteria for specimen deformed at 1050 �C/1 s�1: (a) Freudenthal criterion; (b) Le Roy criterion; (c)
C&L criterion; (d) Oyane criterion; (e) R&T criterion; (f) Oh criterion; (g) Brozzo criterion; (h) Ayada criterion
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deformation from cold one is that two parameters (deformation
temperature and strain rate) play a key role in the thermally
activated and restoration processes. And the analysis in
section 3.2 section also reveals that critical fracture reduction
is dependent on the deformation temperature and strain rate.
Beyond that, whatever hot or cold deformation, one common
element is that the initiation of ductile fracture depends strongly
on the stress and strain-histories in metals, which is why many
fracture criteria have the form that fracture occurs when the
value of a damage parameter, given as integral form of stress
and strain, reaches a threshold value. So for the sake of
simplicity, our modeling strategy is as follows: first select a
criterion from the commonly used criteria for cold deformation
process; next is establishing fracture criterion for hot deforma-
tion by introducing the two parameters (temperature and strain
rate) into the model.

To start with, the commonly used theoretical failure criteria
for metalworking were chosen from the published literature as
shown in Table 1. These criteria are in the form of damage
accumulation formulated with an integral form of stress and
strain in terms of certain macroscopic variables such as the
equivalent stress, maximum principal stress and hydrostatic
stress, that are most relevant to fracture initiation. The
theoretical failure criteria listed in Table 1 were incorporated
into FEM-based software Deform-3D by writing subroutines.
Numerical experiments were then performed to simulate the
physical laboratory compression tests on cylindrical specimens
of Ti-35V-15Cr-0.3Si-0.1C alloy at 1050 �C/1 s�1. Figure 7
shows the output damage distribution of specimen calculated
by each criterion at the critical fracture reduction. The curves in
Fig. 7 represent the variation of maximum damage values. As
shown in Fig. 7, damage parameter calculated by Freudenthal
and Le Roy criteria reaches its maximum value at the center
and the corner of 45� direction of specimen. For Rice & Tracy
criterion, the calculated maximum damage value is at the center
of specimen. The maximum value by Ayada criterion is at the
difficult deformation zone of specimen. Because upsetting
deformation is characterized by compressive stress, the hydro-
static stress is negative value. And Ayada criterion is in an
integral form of hydrostatic stress and strain. Therefore,
damage value calculated by Ayada criterion is negative. The
rest four criteria show a similar output: the maximum damage
value is at the equator on free surface bulge of cylindrical

specimen. According to the definition of fracture criteria,
damage value calculated by a criterion is expected to get its
maximum at the fracture location and the maximum value is
thus called threshold value or critical damage value. In
section 3.1, the observation of crack specimens show that the
fracture location is at the equator on free surface bulge, so the
four criteria, i.e., Freudenthal criterion, Le Roy criterion, Rice
& Tracy criterion and Ayada criterion, are regarded as
inappropriate for modeling the hot deformation fracture crite-
rion of Ti-35V-15Cr-0.3Si-0.1C.

In order to further select one criterion from the rest four
(Crockroft & Latham, Oh, Brozzo, Oyane), more numerical
experiments in various deforming conditions were conducted
and the threshold values attained by each of the four criteria
were extracted and analyzed. Figure 8 shows the variation of

Fig. 8 The variation of critical damage value calculated by Oh cri-
terion with different deforming conditions

Fig. 9 The established relationship between critical damage and
Zener-Hollomon parameter by exponential decay model

Loop on number of steps

Start

Convergence judgment

Calculate user defined varables

Calculate damage values C, critical damage values Cf, and (C-Cf)

Next step

Deformation calculation(Rigid plastic FEM)

Stop

Fig. 10 The flow chart of FE program including user subroutine
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Fig. 11 Test and verification of the new prediction model
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threshold values calculated by Oh criterion with deformation
temperatures and strain rates. As can be seen in the figure, the
threshold values rise with the increase of deformation temper-
ature and the decrease of strain rate. This is consistent with the
result of laboratory compression tests. Because the workability
is better at higher temperature and lower strain rate, threshold
values can reach a relatively high level before fracture occurs.
So Oh criterion is suitable for modeling the hot deformation
fracture criterion of Ti-35V-15Cr-0.3Si-0.1C.

Since there is a correlation between threshold values and the
deforming parameters (temperature and strain rate), the new
fracture model based on Oh criterion might be written in the
following form:
Z �ef

0

r�

�r
de ¼ Cf ¼ f ðT ; _eÞ ðEq 1Þ

In equation (1), �ef is the effective strain when initial fracture
occurs; r� is the maximum principal stress; �r is the effective
stress; Cf is the threshold value of Oh criterion; T is the
deformation temperature and _e is the strain rate. The strain rate
and deformation temperature are often incorporated into a
single parameter: the Zener-Hollomon parameter (Z), which is

defined as Z ¼ _e exp Q
RT

� �
, where _e is the strain rate, Q is the

activation energy, R is the ideal gas constant, and T is the
absolute temperature. Since Z parameter represents a combined
effect of strain rate and temperature, it is appropriate to
introduce Z parameter to replace the two parameters (temper-
ature and strain rate).

Figure 9 shows the relationship between Zener-Hollomon
parameter (lnZ) and the thresholdvalue (Cf) ofOhcriterion.As can
be seen, Cf decays exponentially with lnZ increasing. The
correlation coefficient (R) is 0.95, demonstrating that the built
relationship is valid. Meanwhile, the correlation of lnZ and Cf

suggests that the ductile fracture is not only dependent on the stress
and strain, but also on the combined effect of temperature and
strain rate in hot forming. Thus, the ductile fracture model of hot
deformation in the basis ofOhcriterionwas established as follows:
Z �ef

0

r�

�r
de> 78:073 exp � lnZ

2:949

� �

þ 0:0635 ðEq 2Þ

If the state of a location in metals meets the above
relationship during hot deformation, it can be assumed that
fracture will occur at this location.

The new fracture model based on Oh criterion (Eq 2) was
then coded into a subroutine using FORTRAN language, and
inserted the subroutine in the sequence of FE calculating
operations. The flow chart of FE program including user
subroutine is shown in Fig. 10. Cracking is supposed to occur
when C�Cf> 0. By doing this, the prediction of initial
fracture location and critical fracture strain can be achieved. For
the purpose of testing and verifying the new model, the
comparison of initial fracture location and critical fracture
reduction between the experimental and predicted values for the
upsetting of Ti-35V-15Cr-0.3Si-0.1C has been conducted. As
can be seen in Fig. 11, the predicted maximum damage value is
at the equator on free surface bulge, which is consistent with
experimental results. Point P1 is picked at the equator. The
damage value of P1 attained by Oh criterion and new fracture
model at 35% reduction is 0.104 (Fig. 11a) and �0.015
(Fig. 11c), respectively. Figure 11(b) shows the threshold value
in this condition is 0.119, which is the difference between 0.104
and �0.015, demonstrating that FE subroutine is running cor-

rectly in the main program loop. In addition, because the
damage value of P1 predicted by new fracture model is
negative (�0.015), no crack is supposed to occur at point P1 at
this reduction (35%) theoretically. The damage value of P1
turns positive (0.009) when reduction rises to 37%, which
means that the critical fracture reduction predicted by new
criterion is 35-37%. Considering the experimental critical
fracture reduction is 35%, the relative error is less than 5.7%.
Simulation results in other deforming conditions (Fig. 12) show
that the maximum and minimum relative errors of new criterion
are 11.47 and �14.56%, respectively. Therefore, the fracture
prediction model using a combined approach of theoretical
failure criteria and FEM technique is reliable.

5. Application of the fracture prediction model in
the cogging of Ti-35V-15Cr-0.3Si-0.1C billet

As mentioned previously, the cogging process of Ti-35V-
15Cr-0.3Si-0.1C is different to control due to the poor
workability of the material. The traditional trial-and-error
method not only increases cost but also prolongs production
time. In order to precisely predict the possible cracking during
deformation, a new fracture model has been built in section 4 to
predict the fracture initiation. In the present section, the
prediction model is going to be applied in the cogging process
of Ti-35V-15Cr-0.3Si-0.1C billet so as to optimize processing
parameters as well as to further test the prediction model.

In industrial application, the billet (2109 2509 780 mm)
will be forged into a thick plate that will be used to make
engine cases, in which the process of drawing out is of central
importance. Therefore, simulation on drawing out is conducted
to predict the possible cracking during the process. Simulation
results on different reductions (20-50%, 1050 �C, 10 mm/s),
loading speeds (5-35 mm/s, 1050 �C, 40%), deforming tem-
peratures (900-1100 �C, 10 mm/s, 40%) are shown in Fig. 13,
14, and 15, respectively. As indicated in the color bar on the
right of the figures, blue color in the billet represents area in
which the damage value C-Cf £ 0, namely, the safe area. Other
colors are the predicted unsafe area (C-Cf ‡ 0), where surface
cracking might take place. As shown in Fig. 13, the effect of

Fig. 12 Relative error of the initial fracture reduction by new mod-
el prediction
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reduction on the distribution of damage value is significant. The
unsafe area increases with the reduction increasing, as well as
the maximum damage value does. This implies that cracking
gets severer at larger reductions. It is noted that no obvious
cracking occurs when the reduction is no more than 30%
(Fig. 13b). In addition, the location of possible cracking is
more likely to be the following two sites: the first is at the round
corner of contact area between die and billet, and the next is on
free surface bulge of the billet. Figure 14 is the distribution of
damage value predicted by fracture criterion at different loading
speeds. As expected, the degree of cracking is higher at higher
loading speed. In this speed range, the average strain rate is

about 0.02-0.3 s�1. The effect of loading speed on cracking is
the same as that of strain rate when compared with the previous
compression test. Moreover, it is seen in Fig. 14 that cracking
occurs in all the four conditions, which means that the
reduction of 40% is too large for the process. Deforming
temperature shows an opposite effect on cracking, as shown in
Fig. 15, i.e., cracking decreases with increasing temperature. In
order to avoid cracking and increase the efficiency of drawing
out, processing parameters should be in the range of 1050-
1100 �C, 10 mm/s, 30% at one reduction according to the
simulation results. As a validation test, a thick plate has been
successfully forged using the optimized parameters (see in

Fig. 13 The damage value distribution predicted by fracture criterion at different reductions: (a) 20%; (b) 30%; (c) 40%; (d) 50%

Fig. 14 The damage value distribution predicted by fracture criterion at different starting temperatures: (a) 900 �C; (b) 1000 �C; (c) 1050 �C;
(d) 1100 �C

Journal of Materials Engineering and Performance Volume 24(11) November 2015—4385



Fig. 16), which further proves the validity of the fracture
prediction model established in section 4 (Eq 2).

6. Conclusions

Based on the upsetting experiments, theoretical failure criteria,
finite element (FE) simulation and secondary development
techniques, a fracture prediction model which considers the effect
of stress state, strain history, hot deformation parameters (strain
rate and temperature) on fracture in hot compression of Ti-35V-
15Cr-0.3Si-0.1C alloy has been established successfully in this
study. Themain conclusions of the present research are as follows:

(1) Compression experiments on cylindrical specimens show
a very poor workability of Ti-35V-15Cr-0.3Si-0.1C alloy.
Frequent cracks are found during deformation and the
analysis of crack samples reveals that shearing fracture,
severe flow localization, and intergranular fracture are
three mechanisms responsible for macro-failure.

(2) Critical fracture reduction is dependent on the deforming
temperature and strain rate. Critical fracture reduction
increases with the increasing of deformation temperature

and decreasing of strain rate in the whole range of the
experiment.

(3) The new model shows an exponential decay relationship
between threshold values and Zener-Hollomon parame-
ter (Z). This model can effectively forecast the fracture
initiation over a wide range of deforming temperature
and strain rate during the compression of Ti-35V-15Cr-
0.3Si-0.1C alloy. This model has been successfully ap-
plied in the cogging process.
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