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Abstract: The flow behavior of Ti2041 alloy was studied through hot compressive experiments. The constitutive model of alloy was

established by back propagation (BP) neural network. Results show that the constitutive model has high accuracy, with correlation co-
efficient of 0.996 13 and average relative error of 4.498%, and the data points whose predictive deviation is within 10% are 92.98%.

Based on the experimental data, the strain rate sensitivity, the power dissipation and the instability parameter were investigated. Pro-

cessing maps were established. Through processing map prediction and microstructure observation, the instability zones are mainly
flow localization (650~775 °C/0.056~1 s™) and mechanical instability (825~900 °C/0.056~1 s™), and the deformation mechanism of
the stability zone is mainly dynamic recrystallization. It is found that the optimal deformation parameters are: deformation tempera-
ture of 760~825 °C/825~900 °C and strain rate of 0.001~0.01 s'/0.0032~ 0.056 s™".

Key words: Ti2041 alloy; flow stress; constitutive model; processing maps; optimal processing parameters

p titanium alloy has excellent properties such as low den-
sity, biocompatibility, corrosion resistance and high specific
strength, which is widely used in aerospace, automobile, medi-
cal equipment and other fields"?!. Ti2041 alloy belongs to a
new type £ titanium alloy, which is developed by Sumitomo
Metal Industries of Japan. The alloy has excellent cold work-
ing properties and can obtain high strength and high toughness
after proper aging treatment. At the same time, it can also con-
trol the strength-plasticity matching of the alloy by proper hot
working, and has become a high strength titanium alloy with
great development potential. That is to say, reasonable selec-
tion of deformation process parameters can improve the pro-
cessing performance of materials, control the microstructure
of materials, and effectively avoid hot working defects ..

Inrecent years, some constitutive relationships, such as phe-
nomenological, physical-based and artificial neural network
(ANN) models !, have been widely used. Among these constitu-
tive models, phenomenological constitutive equations and ANN
model are widely used in the calculation of flow stress of alloy at
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high temperatures, because the complex physical metallurgy
mechanisms cannot be considered. Ma et al'@established the con-
stitutive relationship of BT25 titanium alloy based on regression
and ANN methods. The results show that the prediction results of
ANN model are in good agreement with the experimental data. Li
et al7established the constitutive relationship of 28CrMnMoV
steel based on constitutive equation and ANN model. The results
show that the prediction results of ANN model are more efficient
and accurate in predicting the flow behavior of 28CrMnMoV
steel than the constitutive equations. Huang et al Mestablished the
strain-compensation Arrhenius, back propagation ANN and opti-
mized back propagation (BP) neural network models based on ge-
netic algorithm (GA). The results show that the optimized BP-
ANN model can accurately and reliably predict the flow behavior
of 5754 aluminum alloy. Lin et al ™ proposed the strain-compen-
sated Arrhenius, Hensel-Spittel and artificial neural network
models to accurately predict the flow behavior of TC18. The re-
sults show that the prediction accuracy of artificial neural net-
work modelisthe bestamong three constitutive models.
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The dynamic material model and its processing map tech-
nology have been widely used, and provide an important theo-
retical basis for a practical application. 3D processing map can
directly reflect the change rule of each parameter, and it is al-
so gradually used in the research of hot deformation behavior
of metal materials, such as magnesium alloy "”, aluminum al-
loy M, titanium alloy .

At present, the research on constitutive relation and pro-
cessing map of Ti2041 alloy is still very limited. In this study,
the hot deformation behavior of Ti2041 alloy was studied by
hot compression experiments. Based on the measured flow
stress curves, the BP ANN models are constructed to estimate
the flow stresses. The processing map was constructed by the
DMM theory, and the microstructure of the processing map
was verified by microstructures in order to optimize the hot
forming process parameters of the alloy.

1 Experiment

The experimental material was Ti2041 alloy, and its
main chemical composition (wt%) was 20V, 4Al, 1Sn, and
balance Ti. The original microstructure is shown in Fig. la.
Fig. 1b is different deformation areas of the compression
specimen. The isothermal compression experiment of
Ti2041 alloy was conducted on Gleeble-3800 thermome-
chanical simulator at the temperatures of 650, 700, 750,
800, 850 and 900 °C and the strain rates of 0.001, 0.01, 0.1
and 1 s'. The specimen size is @8 mmx12. All specimens
were subjected to 60% height reduction. After hot compres-
sion experiments, the deformed specimens were cut along
the axial cross-section. The metallographic specimens were
ground, polished, dried and then corroded with 10% HEF,
30% HNO, and 60% H,O mixture. The microstructures of
large deformation areas were characterized by the XJP-6A
metallographic microscope.

Fig.l Original microstructure of Ti2041 alloy (a) and deforma-
tion areas (1-difficult deformation area; 2-small deforma-
tion area; 3-large deformation area) of the compression

specimen (b)

2 Flow Behavior of Ti2041 Alloy

Fig.2 is the flow curve of Ti2041 alloy at deformation tem-
perature of 650~900 °C and strain rate of 0.001~1 s™. In the early
stage of deformation, the flow stress increases with the increase
of true strain due to dislocation entanglement and pile up caused
by work hardening. After that, the flow stress reaches the peak
value. Then, the flow stress gradually decreases with the in-
crease of true strain. The reason is that the flow softening rate of
DRX and DRV is higher than the work hardening efficiency. Fi-
nally, it can be seen that with the increase of deformation temper-
ature and the decrease of strain rate, the flow stress tends to a sta-
ble value. The reason is that the work hardening and flow soften-
ing reach the dynamic equilibrium and the change of flow stress
is not obvious with the increase of true strain under the deforma-
tion temperature and strain rate '>'4,

Fig.3 shows the change rule of peak stress with deforma-
tion temperature and strain rate of Ti2041 alloy. The peak
stress increases with the decrease of deformation temperature
and the increase of strain rate. The reason is that when the de-
formation temperature is constant, the increase of strain rate
will shorten the hot deformation time of the material and
make the dynamic recrystallization softening behavior of the
alloy inadequate, resulting in the increase of flow stress.
When the strain rate is constant, with the increase of deforma-
tion temperature, the density of dislocations will decrease due
to the increase of atomic motion and dislocation climbing or
sliding ability, resulting in the decrease of flow stress.
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Fig.2 True stress-true strain curves of Ti2041 alloy: (a)&=0.001 s
and (b) T=750 °C
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Fig.3 Change of peak stress (o) with strain rate and deformation
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3 BP ANN Model

ANN is a kind of information processing technology
based on human nervous system, and is a successful method
to predict non-liner relationships. ANN consists of an input
layer, one or more hidden layers and an output layer. The
transfer functions are used to connect different layers. At
present, there are various ANN models, such as perception
model, linear neural network, radial basis function (RBF)
network. Among the existing ANN models, BP ANN is an
effective method to describe the high temperature deforma-
tion behavior.

The sigmoid function described as Eq.(1) is employed as
the transfer function in the hidden layer, and the output layer
employs the linear function as the transfer function.

F(x)=1/[1+exp(-x)] (D

Here, the inputs are temperature, strain and strain rate,
the output layer is flow stress. According to the method men-
tioned in Ref.[15], the trained BP ANN can accurately predict
the flow stresses of alloys when the architecture of ANN is 3-
5-1, as shown in Fig.4.

In this study, the sample classification of Ti2041 alloy is
shown in Table 1. T is the test data and C is the training data.
At the beginning of training BP ANN, for improving the accu-
racy of BP ANN, the input and output parameters for training
samples need to be normalized through Eq.(2).

N,' - N,

N - N

N, =038 +0.1 ©))
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Input layer
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Fig.4 Structure of BP ANN model

Table 1 Sample classification of Ti2041 alloy

Temperature, 7/°C

éls!
650 700 750 800 850 900
0.001 C T C T C T
0.01 T C T C T C
0.1 C T C T C T
1 T C T C T C

where N,' is experimental data; N, and N, are the minimum

and maximum values of N, respectively. The predicted flow
stresses by the BP ANN model accord well with the experi-
mental ones, as shown in Fig.5.

The correlation coefficient (R) and (E) of each model are
computed through Eq.(3) and Eq. (4) respectively to further

compare the prediction accuracy of the model™.
N

S(c-0)(r-7)

R= — (3

Y]

where C, is the measured stress; 7, is the predicted stress; C
and T are the average values of measured and predicted flow
stresses, respectively.

Generally, if R is closer to 1 and the E is smaller, the pre-
dicted flow stress will be more accurate ', As shown in Fig.6,
the R value of BP neural network model is 0.996 13, and the E
value is 4.498%. The data points whose predicted value is in
the range of 10% reach 92.98%. The BP ANN model has the
best prediction accuracy.

4 Establishment of Processing Map

4.1 Principles of processing map

The processing map combines an instability map with a
power dissipation efficiency map. Based on the dynamic mate-
rial model (DMM), the dissipated power (P) containing two
sections of integrals can be calculated according to Eq.(5).

P:ag':G+J:fodg'+f”g'da (5
0 0

where the G content refers to the power generated by tempera-
ture rise while the J co-content represents the power dissipat-
ed by microstructure evolution ¥,

Flow stresses can be described as:

o= Ke" (6)
where K is constant, m is strain rate sensitivity applied to di-

vide power into G content and J co-content ['*2";

dJ edo d(Ino) da(lgo)
= = D
M= 46 " ode Lame) VL o(gs)
J co-content can be expressed as:
o om .
J—fosda—m+los (8)
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Fig.5 Comparisons between the measured and predicted flow stresses by BP ANN model under different deformation conditions:
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Fig.6  Correlations between the measured and predicted flow stress-
es by BP ANN model

For an ideal linear dissipation process, m=1 andJ , =
o¢l2.
The power dissipation efficiency 7 is introduced to evalu-

ate the power-dissipation capacity of the material, represented
ag 2221,

J 2m

T g mt1

max

)

A model considering the appearance of flow instabilities
can be expressed according to one dimensionless parame-
ter (&) &2

dlg[m/(m+1)]

= + m< 1
¢ d1gé m<0 (10)

The instability map is divided into two parts by &, and the
processing zone where ¢< 0 is distinguished as instability
zone while other part is regarded as safe zone.

The processing map can be obtained by superposing the
power dissipation map and the instability map.

4.2 Strain rate sensitivity

For hot processing maps, the efficiency of power dissipa-
tion (7) is a function of strain rate sensitivity (m), and instabili-
ty criterion is also an expression including m simultaneously,
suggesting that m is one of the crucial factors. The relation-
ship between strain rate sensitivity and temperature at differ-
ent strains is constructed, as shown in Fig.7. With the increase
of strain, the rules of the m values along with temperature
have relatively smaller fluctuations at strain rates of 0.01 and
0.1 s'. But the change of m values along with temperature
have large fluctuations at strain rates of 0.001 and 1 s'. More-

over, it is also seen that the m values reach the maximum val-
ue at the temperature of 800 °C and the strain rate of 0.001 s™.
For most metals or alloys, the microstructure such as the grain
size, always changes during high temperature deformation,
leading to the corresponding change of m values. In general,
the grains coarsening and void generation will lead to the de-
crease of m values, while the grain refinement and the temper-
ature rise caused by deformation heat will lead to the increase
of m values .

4.3 Power dissipation efficiency

The power dissipation efficiency reflects the dynamic
change of the structure. The relationship between power dissi-
pation efficiency and temperature at different strains is con-
structed, as shown in Fig.8. Viewed as a whole, the change of
n value is not obviously regular. Some scholars have also
reached this conclusion®”*!. With the increase of strain, the
rules of the 5 value along with temperature have smaller fluc-
tuations at strain rates of 0.01 and 0.1 s. But the values of 7
along with temperature have large fluctuations at strain rates
of 0.001 and 1 s”'. However, at the temperature of 800 °C and
the strain rate of 0.001 s™, the # values are the highest at differ-
ent strains, indicating that the hot workability of the material
in this zone is better.

Fig.9 displays the three-dimensional distribution diagram
of the power dissipation efficiency changing with deformation
temperatures, strain rates and strains. At the temperature of
750~825 °C/850~900 °C and the strain rate of 0.001~0.01 s/
0.001~0.1 s, the power dissipation efficiency values are high-
er. With the increase of strain, the zones with higher power dis-
sipation efficiency values increase. At the temperature of 650~
775 °C and the strain rate of 0.32~1 s, the power dissipation
efficiency values are low. With the increase of strain, the
zones with low power dissipation efficiency decrease.

4.4 Instability parameter

The instability parameters are the basis for judging the
occurrence of structural defects during hot processing (such as
wedge cracks, adiabatic shear band, flow localization). As
shown in Fig. 10, the relationship between instability parame-
ters ¢ and temperature at different strains is constructed.
Viewed as a whole, with the increase of strain, the rules of
the ¢ values changing with temperature have smaller undula-
tion at strain rates of 0.001, 0.01 and 0.1s'. However, the
change of & values along with temperature has large fluctua-
tions at strain rates of 1 s™. The ¢ values in the group of low
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Fig.7 Influence of hot processing parameters on the value of m at different strains: (a) 0.3, (b) 0.6, and (¢) 0.9
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Fig.9 3D power dissipation efficiency diagram of Ti2041 alloy

strain rates (0.001 and 0.01 s') are higher than that at high
strain rates (1 and 0.1 s™). At the same time, at the strain rate
0f 0.001 and 0.01 s, the ¢ values are positive. At strain rate of
0.1 and 1 s', the ¢ values have negative value. Generally,
when the ¢ values are negative, the microstructure of the

Ti2041 alloy may have defects at high strain rates and should
be avoided during processing.

A three-dimensional distribution diagram of the instabili-
ty parameter changing with deformation temperature, strain
rate and strain is shown in Fig. 11, where three strain sections
are instability maps with strains of 0.3, 0.6, and 0.9. The black
zone represents ‘stability”, while the red zone is “instability”.
The instability zones gradually decrease with the increase of
strain, mainly at high strain rate. The instability zones are
mainly between 650~775 °C/0.056~1 s’ and 850~900 °C/
0.056~1 s'. The stability zones are mainly at low strain rate.
4.5 Processing map analysis

The corresponding material parameters m, nand & are calcu-
lated according Eq.(7), Eq.(9) and Eq. (10), respectively. Isolines
oftemperature and strain rates are plotted on the two-dimensional
plane, which are the power dissipation map and the instability
map. The two processing maps based on Prasad instability cri-
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Fig.10 Influence of hot processing parameters on the value of & at different strains: (a) 0.3, (b) 0.6, and (¢) 0.9
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terion are obtained by superimposing them. As shown in
Fig.12, the shadow zones in the processing map are the insta-
bility zones and the white zones are the safe machining zones.

It can be seen from the Fig.12 that the instability zone of
the processing map changes under different strains. In actual
processing, the material is in a non-uniform deformation. To
avoid the instability of the structure, the instability of the mate-
rial under different strains should be considered to ensure that
the material has qualified performance after processing. Ac-
cording to the processing map, two instability zones can be
recognized: the first instability zone occurs in the temperature
range of 650~775 °C and strain rate range of 0.056~1 s'; the
second instability zone is in the temperature range of 825~
900 °C and strain rate range of 0.056~1 s
corresponding power dissipation coefficient of materials is
comparatively low, and the instability of adiabatic shear bands
or local plastic flow tends to occur during deformation.

The power dissipation efficiency decreases a little with

. In these zones, the

the increase of the strain in the processing map at the tempera-
ture of 760~825 °C/strain rate of 0.001~0.01 s'and the tem-
perature of 825~900 °C/strain rate of 0.0032~0.056 s'. When
the true strain is 0.3 and 0.9, the maximum values are 0.6 and
0.55, respectively. The power dissipation efficiency peak zone
in the processing map often corresponds to the favorable de-
formation mechanism, such as superplasticity, dynamic recov-
ery, and dynamic recrystallization. Favorable deformation
mechanism should be given priority in the formulation of de-
formation parameters, and it is also considered that whether it
is in the stability zone during the process of deformation. The
favorable deformation mechanisms are at the temperature of
760~825 °C/strain rate of 0.001~0.01 s and temperature of
825~900 °C/strain rate of 0.0032~0.056 s'. The ranges have
the best processing parameters.

4.6 Microstructure verification

Previous studies have shown that the power dissipation
efficiency and the instability zones in the processing map es-
sentially represent the microstructure response under the con-
dition of hot deformation ***!. However, the processing map
is insufficient to identify the available processing parameters
due to the prediction inaccuracy of DMM theory P**!l, There-
fore, microstructural observation is often regarded as a neces-
sary supplementary to determine the optimal parameters.
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Fig.12 Processing maps of Ti2041 alloy at true strain of 0.3 (a)
and 0.9 (b)

Fig. 13~15 show the microstructures of the Ti2041 alloy
under different deformation conditions. As shown in Fig.13, at
the deformation temperature of 650 and 750 °C, and the strain
rate of 1 s,
deformed structure. Due to the low hot conductivity of titani-
um alloys, the sample will have obvious hot effect during the
deformation process and will easily generate adiabatic temper-
ature rise, resulting in flow localization phenomena. However,
material structure non-uniformity is relatively weak compared
to adiabatic shear. The occurrence of flow localization means

flow localization phenomenon can be seen in the

that the material has experienced severe uneven deformation,
and the bearing capacity of the material is reduced or lost.
This phenomenon is seen as a precursor to material failure and
should be avoided during processing.

Mechanical instability occurs mainly in high temperature
and high strain rate zones *?. As shown in Fig. 14, at the defor-
mation temperature of 850 and 900 °Cand the strain rate of 1 s,
the coarse grains are elongated and different in size, which
causes material anisotropy. It can also be seen that some grain
boundaries are broken. It is obvious that the grains after com-
pression are uneven and the mechanical instability occurs in the
structure. Mechanical instability has a great influence on the
mechanical properties of Ti2041 alloy, which reduces the pro-
cessing properties of Ti2041 alloy. This zone should be avoided
during processing.

Fig. 15 is the microstructure of stability zone at the true
strain is 0.9. It is generally believed that dynamic recrystalliza-
tion often occurs at high power dissipation efficiency and low
strain rate ®>*1. As shown in Fig. 15a, at the temperature of
800 °C and the strain rate of 0.001 s, it can be seen that dynamic
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Fig.13 Microstructures of Ti2041 alloy under different deformation conditions: (a) 650 °C, 1s; (b) 750 °C, 1s!
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Fig.14 Microstructures of Ti2041 alloy under different deformation conditions: (a) 850 °C, 1s™; (b) 900 °C, 15’

Fig.15 Microstructures of Ti2041 alloy under different deformation conditions: (a) 800 °C, 0.001s'; (b) 850°C, 0.01s™'; (¢) 900°C, 0.01s™!

recrystallization is dominant in this deformation condition and
dynamic recrystallization grains can be seen in the structure. As
shown in Fig.15b and 15c¢, at the temperatures of 850 and 900 °C
and the strain rate of 0.01 s™, the number of recrystallized grains
and grain size increase obviously. The dynamic recrystallization
is more sufficient and the microstructure is uniform. In general,
dynamic recrystallization is a beneficial deformation mecha-
nism for the reconstruction of deformed structures.

Through processing map prediction and microstructure
observation, it can see that the optimal processing parameters
of Ti2041 alloy are deformation temperature of 760~825 °C/
825~900 °C and strain rate 0.001~0.01 s7/0.0032~0.056 s™.

5 Conclusions

1) The flow stress of Ti2041 alloy during high tempera-

ture compression deformation has a close relationship with de-
formation temperature and strain rate. The flow stress will de-
crease with the increase of deformation temperature and the
decrease of strain rate.

2) BP ANN models can well describe the flow behavior
of the studied alloy. The correlation coefficient reaches
0.996 13, the average relative error is 4.498%, and the data
points whose predictive deviation is within 10% reach 92.98%.

3) Hot processing parameters of the Ti2041 alloy exert a
great impact on the isothermal deformation feature parame-
ters, such as the strain rate sensitivity (m), power dissipation
efficiency (1) and instability parameter (¢) for establishment
of the processing map. At the temperature of 800 °C and the
strain rate of 0.001 s™', the m values reach the maximum value.
The higher power dissipation zones mainly appear at deforma-
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tion temperatures of 750~825 °C/850~900 °C and the strain
rate of 0.001~0.01 s7'/0.001~0.1 s". The lower power dissipa-
tion zones mainly appear when the temperature is 650~775 °C
and the strain rate is 0.32~1 s™.

4) The processing maps of Ti2041 at different strains are
obtained based on the power dissipation maps and instability
maps. According to comprehensive processing map and micro-
structure analysis results, the instability zones are mainly flow
localization (650~775 °C/0.056~1 s') and mechanical instabil-
ity (825~900 °C/0.056~1 s™). The optimum processing param-
eters are determined to be the deformation temperature of
760~825 °C/825~900 °C and strain rate of 0.001~0.01 s/
0.0032~0.056 s”'. The deformation mechanism of the corre-
sponding zone is dynamic recrystallization.
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