
C
c

L
a

b

c

d

a

A
R
R
A
A

K
C
B
C
H
F

1

c
a
a
t
t
h
m
i

p
i
m
d
b
t

h
1

Journal of Materials Science & Technology 34 (2018) 1730–1738

Contents lists available at ScienceDirect

Journal  of  Materials  Science  &  Technology

j o ur nal homepage: www.jmst .org

onstitutive  equation  and  model  validation  for  a  31  vol.%  B4Cp/6061Al
omposite  during  hot  compression

.  Zhoua,b,  C.  Cuic, Q.Z.  Wanga,∗,  C.  Lid,  B.L.  Xiaoa,∗, Z.Y.  Maa

Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, China
School of Electromechanical and Vehicle Engineering, Yantai University, Yantai 264005, China
School of Mechanical Engineering, Shenyang Ligong University, Shenyang 110159, China
Nuclear and Radiation Safety Center, Ministry of Environmental Protection, Beijing 100082, China

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 23 August 2017
eceived in revised form 6 December 2017
ccepted 26 December 2017
vailable online 14 February 2018

eywords:
omposites
4C/Al

a  b  s  t  r  a  c  t

An  accurate  constitutive  equation  is essential  to understanding  the  flow  behavior  of  B4C/Al  compos-
ites  during  the  hot  deformation.  However,  the  constitutive  equations  developed  previously  in  literature
are  generally  for low  strain  rate  deformation.  In the present  work,  we  modified  the  general  consti-
tutive  equation  and  take  the  high  strain rate  correction  into  account.  The  constitutive  equation  for  a
31  vol.%  B4Cp/6061Al  composite  was  constructed  based  on  the  flow  stresses  measured  during  isothermal
hot  compression  at temperatures  ranging  from  375  to  525 ◦C  and  strain  rates  from  0.01  to  10  s−1. The
experimental  flow  stresses  were  corrected  by  considering  temperature-dependent  Arrhenius  factor.  The
modified  equation  was  then  verified  by using  DEFORM-3D  finite  element  analysis  to  simulate  the  exper-
onstitutive equation
ot compression
inite element simulation

imental  hot  compression  process.  The  results  show  that  the  modified  equation  successfully  predicts  flow
stress,  load–displacement,  and  the  temperature  rise.  This  helps  to optimize  the  hot  deformation  process,
and  to  obtain  desirable  properties,  such  as reduced  porosity  and  homogenous  particle  distribution  in
B4C/Al  composites.

© 2018  Published  by Elsevier  Ltd  on  behalf  of The editorial  office  of  Journal  of  Materials  Science  &
Technology.
. Introduction

B4C/Al composites possess excellent physical and mechani-
al properties; they are light weight, have high wear resistance
nd thermal stability, and have an excellent capacity for neutron
bsorption. Therefore, they are increasingly used in the automo-
ive, military, and especially nuclear industries, for the storage and
ransportation of spent fuels [1–3]. In recent years, extensive work
as been carried out to investigate B4C/Al composite fabrication
ethods [4–6], microstructures [3,5], and how the microstructure

nfluences the mechanical properties [7].
In order to reduce porosity and to obtain a more homogenous

article distribution, thermo-mechanical treatments, such as forg-
ng, extrusion and hot rolling are essential. However, because the

echanical properties of the B4C particles (B4Cp) are completely

ifferent from those of the Al alloy matrix, the hot deformation
ehavior of B4C/Al composites is very different from that of tradi-
ional metals. Both experimental and numerical methods have been

∗ Corresponding authors.
E-mail addresses: qzhwang@imr.ac.cn (Q.Z. Wang), blxiao@imr.ac.cn (B.L. Xiao).

ttps://doi.org/10.1016/j.jmst.2018.02.001
005-0302/© 2018 Published by Elsevier Ltd on behalf of The editorial office of Journal of
used to investigate the effect of the microstructure on the macro-
scopic deformation and fracture properties of particle reinforced
metal matrix composites. These studies show that the particles play
an important role in load bearing, and that deformation of the com-
posite is much harder than of the matrix Al alloy [8–10]. Therefore,
it is necessary to understand the flow behavior of B4C/Al compos-
ites under the typical temperatures and strain rates encountered
during the hot deformation process.

Constitutive equations can effectively predict a material’s flow
behavior based on a limited amount of experimental data, which
can then be used in finite element code to simulate deformation of
the material under specified loading conditions [11]. Experimental
tests have been carried out to develop constitutive equations for
particle reinforced metal matrix composites. For example, Wang
et al. [12] developed a modified viscoplastic constitutive equation
to describe the hot deformation behavior of short carbon fiber (Csf)
reinforced magnesium matrix composites (Csf/AZ91D) by means
of compression tests. This model successfully predicted the strain

softening of composites undergoing severe plastic deformation.
Spigarelli et al. [13] and Luan et al. [14] established constitu-
tive relations for Al2O3/Al composites, utilizing torsion and hot
compression tests. The obtained phenomenological constitutive
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Fig. 1. Optical micrograph of the 31 vol.% B4Cp/6061Al composite.
L. Zhou et al. / Journal of Materials Sc

quation [13] can be used to simulate hot deformation as well as
reep behavior of the composite. SiCp/Al composites have drawn
uch attention in recent years, and constitutive equations for their

eformation behavior have been developed [15–18]. It was found
hat a processing map  could be used to determine the optimum
train rate and temperature for the hot deformation of SiCp/Al
15–17]. In our previous study [18], an Arrhenius-type constitutive
quation for a 17 vol.% SiCp/2009Al composite was  presented by
sing hot compression tests, and then implemented into finite ele-
ent software, which successfully predicted the hot rolling process

f the composite.
Most studies regarding the hot deformation behavior of metal

atrix composites have investigated only deformation at low strain
ates (≤1 s−1) [19,20], whereas during the hot rolling process, the
aterial actually undergoes large plastic deformation, and the

train rate is often larger than 1 s−1 [21,22]. With a high enough
train rate, the actual temperature of a specimen may  be inhomo-
eneous, deviating from the preset temperature due to the heat
enerated by the large plastic deformation. Therefore, measured
tresses are inappropriate for constitutive analysis of the material
ithout correction [23]. However, few studies have dealt with this
ow stress correction at high strain rates for composites, which

eads to poor accuracy of the constitutive equation.
Compared to other composites, investigations on the hot work-

bility of B4C/Al composites are very limited. Gangolu et al. [24]
tudied the hot deformation of an as-cast 5 wt%  B4C/A356 com-
osite by compression tests, and the constitutive relationship and
rocessing map  were established. Li et al. [25] reported that the
rocessing map  based on Gegel’s criterion could effectively predict
he material behavior of a 20 vol.% B4C/6061Al composite, allowing
he optimum parameters for hot working to be obtained. Similar
o the cases mentioned above, the strain rate in question in these
tudies was quite low.

In the present work, in order to accurately describe the hot
eformation of B4C/Al composites under high strain rates, we  mod-

fied the general constitutive relationship by including the flow
tress correction at higher strain rates. Hot compression tests of
4Cp/6061Al composites were carried out at a wide range of tem-
eratures and strain rates. The flow stresses under relatively high
train rates, measured experimentally, were corrected. Then, the
onstitutive constants of the Arrhenius-type equations, based on
oth the experimental and the corrected data, were determined. In
rder to validate the proposed constitutive equation, it was imple-
ented into the finite element software DEFORM-3D to simulate

he hot compression process.
This paper is arranged as follows. In Section 2, we carried out

niaxial hot compression tests to obtain stress–strain curves. In
ection 3, the measured stresses were checked and corrected, and
he constitutive constants of the Arrhenius-type equations were
etermined using the corrected stresses. In Section 4, the estab-

ished constitutive relationship was validated by comparison of
ow stress, load–displacement, and temperature rise with their
easured values in compression tests. Finally in Section 5, we sum-
arize the main results of this work.

. Experimental

Generally, the stress–strain data used to determine constitutive
odels are obtained by employing uniaxial tension or compres-

ion tests. Since larger strains can be achieved with compression
ests, this is currently the more widely used method [26]. There-

ore, in the present work, we utilized compression tests to get the
tress–strain data.

A 31 vol.% B4Cp/6061Al composite was fabricated by the
owder metallurgy technique, which involves the mixing of
Fig. 2. Schematic of the position of a hot compression specimen in the hot-rolled
plate.

6061Al and B4C powders, cold compaction and hot-pressing
of the mixture powders, and hot-rolling [27]. 6061Al powders
(Al–1.0Mg–0.65Si–0.25Cu, wt.%) and B4C particles with an average
diameter of 7 �m were selected as the raw materials. The ini-
tial microstructure of the rolled 31 vol.% B4Cp/6061Al composite
is shown in Fig. 1.

A series of cylindrical specimens, 8 mm in diameter and 12 mm
in height, were machined from a hot-rolled plate, as shown in Fig. 2.
Isothermal hot compression tests were performed with a Gleeble-
3800 thermal simulator in the temperature range of 375–525 ◦C at
25 ◦C intervals, and strain rates of 0.01, 0.1, 1 and 10 s−1. In order
to reduce the influence of friction on deformation, graphite lubri-
cant was  applied to the top and bottom surfaces of the specimens.
Thermocouples were welded at the mid-height of the specimen’s
surface to measure the temperature.

The detail of the experimental procedure of the hot compres-
sion test is shown in Fig. 3. Before compression, the specimen was
heated to a preset temperature at a heating rate of 5 ◦C/s, and held
for 10 min  to obtain a uniform temperature field. All specimens
were compressed to a true strain of 0.69, and then water quenched
immediately.

3. Results and discussion

3.1. Flow stress analysis

Fig. 4 shows true stress–true strain curves of the 31 vol.%
B4Cp/6061Al composite. The flow stress increased with decreas-

ing temperature or with increasing strain rate, and work hardening
and flow softening occurred simultaneously during the hot defor-
mation process. In the initial stage of the deformation, the flow
stress rapidly increased due to work hardening. After reaching a
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Fig. 3. Experimental procedure of hot compression.

eak value, the flow stress gradually decreased to a relatively steady
tate and was no longer dependent on the strain, especially at high
emperatures and low strain rates.

Fig. 4 illustrates that when the temperature was  higher than or
qual to 475 ◦C, or when the strain rate was lower than or equal to
.1 s−1, flow softening was  not obvious. Furthermore, it is inter-
sting to note that there was significant oscillation of the flow
tress curve at a higher strain rate (10 s−1), which might be associ-
ted with inhomogeneous deformation or micro-cracking. Similar
ehavior has been reported in other metal materials [28].

.2. Correction of flow stress

Ideally, a dynamic equilibrium between the heating supply and
nergy dissipation would be maintained by closed-loop control of
he thermal simulator, thus keeping the temperature of the spec-
men constant during the compression process. However, under
igh-speed deformation conditions, the temperature rise for plastic
eformation cannot be ignored. Unfortunately, this rise in temper-
ture cannot be measured in real time owing to the hysteresis effect
f thermocouple and, and therefore, the equilibrium state is broken.

Fig. 5 shows how the measured temperature of the hot
ompressed specimens changes with true strain, at a preset tem-
erature of 400 ◦C for different strain rates. It should be noted
hat at strain rates of 0.01 and 0.1 s−1, the measured tempera-

ures were identical to the preset temperatures. In these cases, the
ow stresses can be used directly for calculating the constitutive
onstants.

Fig. 4. True stress–true strain curves of the 31 vol.% B4Cp/6061Al composite at (a
Fig. 5. Measured temperature changes of hot compressed specimens with true
strain at 400 ◦C for different strain rates.

When the strain rate increased to 1 s−1, the temperature of spec-
imen increased in the initial stage and then gradually decreased to
the preset temperature. This is because the response time of ther-
mocouple is 0.1 s, and the deformation duration is long enough that
the heat generated from plastic deformation is able to dissipate
at strain rates of less than or equal to 1 s−1 [23]. Therefore, flow
stresses at the strain rate of 1 s−1 need to be corrected due to the
slight deviation of the actual temperature from the preset value.

Compared to the lower strain rates, at the strain rate of 10 s−1

the deformation speed was so rapid that the thermocouples could
not measure the actual temperature of the specimen because their
response time is longer than the deformation duration. The heating
system cannot react synchronously to the changing temperatures,
which leads to inhomogeneous deformation and a remarkable tem-
perature increase in the specimens. Therefore, flow stresses at
higher strain rates should be corrected.

The Arrhenius equation is widely used to describe the depen-
dence of flow stress on temperature and strain rate in the hot
deformation process [29,30]. The equation can be written as

ε̇ = Af (�) exp
(

− Q

RT

)
(1)

and ⎧
�n1 �� < 0.8
f (�) =
⎨
⎩ exp(��) �� > 1.2

[sinh(˛�)]n for all �

(2)

) 0.1 s−1 for different temperatures and (b) 425 ◦C for different strain rates.
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Fig. 6. Relationship between ln � and 1/T at strain rate of 1 s−1.
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∫

�dε and C at different temperatures.
ig. 7. Experimental flow stresses and corrected stresses of 12 strain points at a
train rate of 1 s−1.

here � is the flow stress (MPa), ε̇ is the strain rate (s−1), A, ˇ, n1,
 and n are material constants, with � = ˇ/n1, R is the universal gas
onstant (8.314 J/mol K−1), T is the absolute temperature (K), and Q
s the activation energy (J/mol).

At a strain rate of 1 s−1, when substituting the first expression in
q. (2) into Eq. (1), the following constitutive equation is obtained:

˙ = A�n1 exp
(

− Q

RT

)
(3)

Taking logarithms of both sides of Eq. (3) gives:

n � = Q

nR
· 1

T
+ ln ε̇ − ln A

n1
(4)

For the strain rate of 1 s−1, the linear fitting of experimental
ow stress (ln�) and temperature (1/T) is plotted in Fig. 6. The
elationship can be expressed as:

n� = 2488.95/T + 1.084 (5)

By substituting the preset temperature into Eq. (5) for true
trains from 0.1 to 0.69 at intervals of 0.05, the flow stresses were
orrected. The experimental flow stresses and temperature cor-

ected stresses of the 12 strain points at different temperatures
re shown in Fig. 7. It can be seen that the corrected flow stresses
re slightly higher than the experimental ones, especially at lower
emperatures.
Fig. 9. Relationship between � and 1/T at strain rate of 10 s−1.

At a strain rate of 10 s−1, when substituting the second expres-
sion in Eq. (2) into Eq. (1), the constitutive equation is expressed
as:

ε̇ = A exp(ˇ�) exp
(

− Q

RT

)
(6)

Taking logarithms of both sides of Eq. (6) gives:

� = Q

ˇR
· 1

T
+ ln ε̇ − ln A

ˇ
(7)

where T is the true temperature, and can be calculated by the
following equation:

T = Tpre + �T (8)

where Tpre is the preset temperature, and �T is the temperature
rise during deformation. The temperature rise �T  in the deformed
region of the specimen can be calculated according to the law of
energy conservation [28]:

�T = �
∫

�dε

C
(9)

where � is the efficiency of heat transformation (in this study
� = 0.97) [31],

∫
�dε is the strain energy of plastic deformation (J),∫
and C is the heat capacity (J K−1). �dε and C vary greatly with
temperature, as shown in Fig. 8.

From Eq. (7), for a fixed strain rate, the experimental flow stress
� is proportional to 1/T; the linear relationship can be fitted from
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ig. 10. Experimental flow stresses and corrected stresses of 12 strain points at a
train rate of 10 s−1.

he experimental stresses � and calculated true temperatures T at
ifferent strains. Fig. 9 shows the linear line fitting for � against 1/T
t a strain of 0.3, with the relationship between � and 1/T  written
s

 = 307107.363/T − 289.956 (10)

By substituting the true temperature into Eq. (10) for true strains
rom 0.1 to 0.69 at intervals of 0.05, the flow stresses were cor-

Fig. 11. Evaluation of (a) n1 by fitting ln �

Fig. 12. Evaluation of (a) n by fitting ln[sinh(˛�)] vs l
& Technology 34 (2018) 1730–1738

rected. Fig. 10 shows the comparison between experimental flow
stresses and the temperature corrected stresses at the strain rate of
10 s−1 for different temperatures. It can be seen that the corrected
flow stresses are much higher than the measured ones, especially
at lower temperatures. Compared to at a strain rate of 1 s−1 (see
Fig. 7), it can be found that the temperature rise has a more sig-
nificant effect on experimental flow stress at higher strain rates.
Similar results were found for other materials by Xiao et al. [32].

3.3. Determination of material constants of the constitutive
equations

Most of the experimental true stress–true strain curves of the
31 vol.% B4Cp/6061Al composite reach a steady state by a true strain
of around 0.3. In order to obtain accurate material constants for
the constitutive equations, the effect of strain on the constitutive
constants is considered. A total of 12 strains were investigated, from
0.1 to 0.69 at intervals of 0.05. The strain of 0.3 was selected as an
example to describe the calculation procedure. The flow stresses at
a strain of 0.3 are listed in Table 1.

When the effect of temperature on flow stress is neglected, for
low and high stress levels, substituting the power law and the
exponential law of f(�) in Eq. (2) into Eq. (1), gives the following
relationships, respectively:
ε̇ = B�n1 (11)

ε̇ = Cexp(ˇ�) (12)

 vs ln ε̇, and (b)  ̌ by fitting � vs ln ε̇.

n ε̇ , and (b) Q by fitting ln[sinh(˛�)] vs 1000/T.
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Table  1
Flow stresses at a strain of 0.3 under different deformation conditions (MPa).

Strain rate (s−1) Temperature (◦C)

375 400 425 450 475 500 525

0.01 87.73 75.84 62.31 50.38 37.94 31.46 25.39
0.1  107.83 94.38 81.36 71.30 58.72 49.60 41.79
1  129.50 115.31 105.33 91.50 80.01 71.34 65.95
10  152.83 138.42 126.74 116.09 104.97 93.37 83.13

w
a

l

l

c
T
t

ε

Table 2
Calculated material constants of the Arrhenius constitutive equation for the 31 vol.%
B4Cp/6061Al composite.

Using Eq. (20), the flow stress of the 31 vol.% B4Cp/6061Al com-

F
r

Fig. 13. Fitting of ln Z vs ln[sinh(˛�)] for calculating ln A.

here B and C are material constants. Taking logarithms of Eqs. (11)
nd (12), they can be written as:

n ε̇ = n1 ln � + ln B (13)

n ε̇ = ˇ� + ln C (14)

The values of 1/n1 and 1/ˇ  are the average slopes of the ln�  vs ln ε̇
urves in Fig. 11(a) and the �vs ln ε̇ curves in Fig. 11(b), respectively.
he constants n1 and  ̌ are fitted as 7.185 and 0.084, respectively;
his gives the value of � = ˇ/n1 = 0.0117.

For all stress levels, Eq. (1) is rewritten as
˙  = A[sinh(˛�)]n exp(− Q

RT
) (15)

ig. 14. Comparison between the calculated and experimental flow stress curves at (a) a
ates.
Constant Q (kJ/mol) lnA n � (MPa−1)

Value 177.79 27.8 5.21 0.0117

By taking logarithms and rearranging Eq. (15), the following
equation is obtained:

ln[sinh(˛�)] = ln ε̇

n
+ Q

nRT
− ln A

n
(16)

In the same way, the values of n and activation energy Q can be
obtained from the slope of the linear fitting lines of ln[sinh(˛�)] vs
ln ε̇ and ln[sinh(˛�)] vs 1000/T, respectively. Form Fig. 12, the aver-
age values of n and Q were calculated to be 5.21 and 177.79 kJ/mol
respectively. The value for Q is close to that reported by Li et al. for
the same composite (185.62 kJ/mol) [33].

Furthermore, the effects of temperature and strain rate on
the material’s deformation behavior can be represented by the
Zener–Holloman (Z) parameter, and expressed either by exponen-
tial law or the hyperbolic sine law as follows [34,35]:

Z = ε̇ exp(
Q

RT
) (17)

Z = Asinh(˛�)n (18)

Taking logarithms of both sides of Eq. (18) gives:

lnZ = nln[sinh(˛�)] + lnA (19)

Then, by substituting values of Q at different temperatures and
strain rates into Eq. (17), the parameters Z and lnZ  can be obtained.
The relationship between ln[sinh(˛�)] and lnZ  is shown in Fig. 13,
and the intercept of the fitting line is lnA  = 27.8.

Based on experimental data and the results obtained above,
all material constants of the Arrhenius constitutive equation were
calculated at a true strain of 0.3 and are listed in Table 2. From
Eq. (18), the flow stress (�) can be written as a function of the
Zener–Holloman parameter. Therefore, at a particular strain, the
established constitutive relationship can be summarized as fol-
lows:

� = 1
˛

ln

{(
z

A

)1/n

+
[(

z

A

)2/n

+ 1

]1/2
}

(20)
posite was  calculated at different temperatures and strain rates.
Fig. 14 compares the experimental flow curves with those calcu-
lated by using the Arrhenius constitutive equation under different

 strain rate of 0.1 s−1 for different temperatures and (b) 425 ◦C for different strain
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Fig. 15. Three-dimensional finite element model.

train rates for seven testing temperatures. It can be seen that the
redicted data are in good agreement with the experimental ones.

. Finite element verification

Although the established constitutive equation can give an accu-
ate prediction of the flow stress for the 31 vol.% B4Cp/Al composite
uring hot compression, the rationality of the constitutive equation
epends not only on the accuracy of the description of flow stress

ut also on the reliability of the numerical simulation. To verify the
eliability of the presented constitutive equation, a finite element
odel of the same size as in the experiment was developed using
EFORM-3D finite element software; the Arrhenius constitutive

ig. 16. Stress (�z) distribution by FEM, calculated at a temperature of 375 ◦C and a st
ompression direction.
Fig. 17. Comparison between experimental flow stress and stress (�z) calculated by
FEM.

equations with the determined material parameters were embed-
ded into a rate-dependent plasticity material model. As shown in
Fig. 15, the cylindrical workpiece was  defined as a plastic body and
the two dies were defined as isothermal rigid bodies.

Hot compression tests were numerically simulated by using
a nonlinear thermo-mechanical coupled finite element method
(FEM); the true stress–true strain property, force–displacement
curve and the temperature rise under different experimental con-
ditions were calculated.

In this model, both the thermal and displacement boundary con-
ditions were defined. The initial temperatures of the workpiece and
dies were set to a preset temperature, and the heat transfer coeffi-
cient between the workpiece and dies, and the workpiece and air
were set to 25 and 0.02 kW/(m2 K), respectively. A constant shear
friction model with a friction factor of 0.3 was used for the friction
modeling [27]. The lower die was constrained against movement
in any direction at the bottom, and the speed of the upper die was
calculated as follows:

v = S

t
= S

ε/ε̇
(21)

where S is the total displacement of the workpiece (mm), t is the

compression time, and ε and ε̇ are strain and strain rate, respec-
tively.

Fig. 16 shows the distribution of stress in the compression direc-
tion at a temperature of 375 ◦C and a strain rate of 0.1 s−1. Fig. 16(a)

rain rate of 0.1 s−1 , of (a) the whole model and (b) the vertical section along the
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Fig. 18. Comparison between experimental and simulated force–displacement curves during hot compression, at (a) a strain rate of 0.1 s−1, and (b) a temperature of 425 ◦C.

F 75 ◦C, of (a) the whole model and (b) the vertical section along the compression direction.
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ig. 19. Distribution of temperature at a strain rate of 10 s−1 and a temperature of 3

nd (b) shows the whole model and the vertical section along the
ompression direction, respectively. It can be seen that the distri-
ution of stress is very uniform, with two high compressive stress
egions, in the center and edge of the specimen. The true stress out-
utted in the hot compression experiment is the average stress; the
verage stress in the compression direction (�Z), and the strain (εZ)
f the model, can be obtained from the following equations [8]:

Z =
∑m

1 Vi�i∑m
1 Vi

(22)

Z = ln
l + U

l
(23)

here m is the number of elements in the workpiece, �i and Vi are
he stress in the compression direction and volume of each element,
espectively. l is the original length of the workpiece, and U is the
isplacement of the loading surface.

By these calculations, the absolute value of stress can be
btained. Fig. 17 compares the experimental and simulated true
tress–true strain curves during hot compression; it can be seen
hat the computational strain–stress curve agreed well with the
xperimental one.

Fig. 18 compares the predicted force–displacement curves with
he experimental curves. It can be seen that most of the predicted
orce–displacement curves match the measured ones well for the
hole hot compression process, except for deformation at the

igher strain rates, i.e. at 1 s−1 and 10 s−1 (see Fig. 18(b)). Fig. 18(a)
hows that when the temperature is higher than or equal to 475 ◦C,
he simulated values are larger than the experimental values, while
t temperatures lower than 475 ◦C, the simulated values are smaller
Fig 20. Comparison of the temperature rise �T  at a strain rate of 10 s−1,  between
the theoretical calculation and FEM simulation.

than the experimental values. This is consistent with the trend in
Fig. 14, and the reason is that the variation of flow stress is different
for high or low temperatures, or high or low strain rates (see Fig. 4).

Fig. 19 shows the temperature field at a preset temperature
of 375 ◦C and a strain rate of 10 s−1. Fig. 19(a) and (b) shows the

whole model and the vertical section along the compression direc-
tion, respectively. It is clear that the true temperature field of the
specimen is very inhomogeneous; the internal temperature of the
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pecimen is higher than the surface temperature due to the heat
enerated by plastic deformation.

Fig. 20 compares the temperature rise at a strain rate of 10 s−1,
etween the theoretical calculation (from Eq. (9)) and the FEM
imulation, at different preset temperatures. It is clear that with
ecreasing preset temperature, the strain energy of plastic defor-
ation increases, and thus the temperature rise increases. At the

ame time, it is obvious that all of the simulation values are higher
han those of the theoretical calculation; the heat generated by fric-
ion between the specimen and the anvils was neglected in the
heoretical calculation. The error between the theoretical calcu-
ation and the FEM simulation is largest (9.6%) at 375 ◦C, which
urther demonstrates the higher prediction accuracy of the consti-
utive equation under various forming conditions.

. Conclusions

1) For the hot deformation of 31 vol.% B4Cp/6061Al composites at
a wide range of temperatures and strain rates, the flow stress
increased with decreasing temperature or increasing strain
rate, and can be expressed by Arrhenius constitutive equations.

2) When the strain rate is equal to or less than 0.1 s−1, the
measured temperatures and the corresponding stresses are rel-
atively accurate. When the strain rate is equal to or larger than
1 s−1, the influence of temperature rise on the flow stress should
be corrected from the experimental results. The Arrhenius con-
stitutive constants for 31 vol.% B4Cp/6061Al composite were
obtained on the basis of the experimental and corrected data.

3) By applying the developed constitutive equation in
DEFORM-3D finite element software, the stress–strain,
force–displacement and temperature responses during hot
compression were simulated. There is a good consistency
between the simulated and experimental results, which con-
firms that the current constitutive equation is reliable and
feasible for numerical simulation of the deformation behavior
of 31 vol.% B4Cp/6061Al composites.
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