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a b s t r a c t

The flow behaviors of CLAM steel were investigated to obtain the forming simulation parameters. The hot
deformation experiment was performed under the strain rate of 0.001–5 s�1 and the temperature of 850–
1050 1C on Gleeble-1500 thermo-simulation machine. The results showed that the flow stress decreased
with the increasing deformation temperature but increased with the increasing strain rate. Moreover,
material constants α, n, ln A and activation energy Q were calculated as a function of strain. Constitutive
equation of Arrhenius-type allowing for the effects of strain, strain rate and temperature was developed to
describe the hot deformation behaviors of CLAM steel. The flow stress of CLAM steel predicted by the
proposed constitutive equation highly coincided with the experimental results, which demonstrated that
the developed constitutive equation could precisely predict the flow behaviors of CLAM steel.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Compared with nuclear fission energy, nuclear fusion has much
more potential owing to its greater energy density and fuel reserves.
However, the structural materials for blanket of fusion reactor require
high resistance to high-energy neutron irradiation, good thermal
conductivity, low thermal expansion coefficient, superior high tem-
perature mechanical properties and good compatibility with the
liquid metal. Reduced activation ferritic/martensitic (RAFM) steels
have been regarded as candidate structural materials of future fusion
power reactors for possessing the outstanding performance men-
tioned above [1]. Zhou et al. [2] and Hu et al. [3] have investigated the
microstructure and mechanical properties of nitride-strengthened
RAFM steels. As a kind of RAFM steels, CLAM steel (China low
activation martensitic steel) was developed on the basis of F82H,
JLF-1, EU ROFER97 and 9Cr-2WVTa to satisfy the application of
structural material for blanket of fusion reactor [4]. The mechanical
properties such as impact toughness, fatigue properties and fracture
toughness [5,6] of CLAM steel were widely researched in the past few
years. In addition, the irradiated performance [7], compatibility with
the liquid metal LiPb [8,9] and welding performance [10] have also
attracted great attention.

Besides those properties mentioned above, the forming properties
of CLAM steel also require more concerns. As a good candidate
structural material for blanket of fusion reactor, CLAM steel is difficult
for cold forming because of high-strength and low plasticity. Hence,
hot forming is adopted to fabricate first walls of the blanket or other
related products of CLAM steel. It is necessary to obtain the forming

properties of CLAM steel at high temperature before real hot forming.
The flow stress is an important indicator to evaluate the plastic
forming performances of metal materials, determining the applied
load and energy consumption in the actual process of plastic
deformation. As one of the most frequently-used research methods
in metal science, the thermodynamic simulation experiment plays a
dominant role in studying flow behaviors of metal materials at high
temperature, and the constitutive equation derived from this method
can be recognized by professional finite element simulation software,
providing a reliable theoretical basis for the numerical simulation and
giving a good guidance to the actual forming. The flow behaviors of
different alloys, especially aluminum alloys [11,12] and magnesium
alloys [13,14] have been adequately investigated at high temperature.
In a very recent paper [15], the hot deformation characteristics of a
nitride strengthened (NS) martensitic heat resistant steel were stu-
died, including the constitutive equation, the predominant softening
processes under different deformation conditions and the correspond-
ing microstructure evolution, etc. However, few analogous researches
have been conducted on CLAM steel. Therefore, it is essential to study
the hot deformation flow behaviors of CLAM steel. In this study, the
hot compression tests were conducted in a wide range of strain rates
and temperatures. Then the constitutive equation incorporating flow
stress, strain rate, temperature and strain was derived from the true
stress–true strain curves. Finally, the precision of the proposed
constitutive equation was verified for the entire experimental range.

2. Materials and experimental methods

The chemical composition of CLAM steel used in this investiga-
tion is shown in Table 1. CLAM steel specimens were machined to
cylinder with the diameter of 10 mm and the height of 15 mm.
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To minimize the friction between the specimens and die during
experiments, both ends of the specimen were machined to grooves
with depth of 0.2 mm to hold graphite blended with machine oil as
the lubricant. The hot compression tests were performed on
Gleeble-1500 thermo-simulation machine in the temperature range
from 850 to 1050 1C with an interval of 50 1C under the strain rates
of 0.001, 0.01, 0.1, 1 and 5 s�1. The specimens were heated to
deformation temperature at a heating rate of 10 1C s�1, and then
maintained at that temperature for 300 s to homogenize the
temperature before compression. Finally the specimens were
quenched in water immediately after compression. The maximum
height reductionwas 60% for all the specimens of compression tests.

3. Results and discussion

3.1. Analysis of flow behaviors

True stress–true strain curves of CLAM steel could be achieved
by the conversion of load–displacement curves that were directly
recorded by the computer. Fig. 1 shows the true stress–true strain
curves of CLAM steel obtained from the experiments.

It can be seen in Fig. 1 that the stress rapidly increases first and
then slows down until reaching a steady state with the increment of
strain. During the deformation process at elevated temperature, the
dynamic softening and work hardening function simultaneously. At
the very start of the deformation, the dislocation sources start, thus
dramatically increasing the dislocation density, inhibiting the
motion of dislocations owing to the interaction of dislocations.
Therefore, the effects of work hardening exceeds that of the
dynamic softening, leading to the rapid increase of stress. However,
work hardening effect is gradually compensated by the softening
from recovery and recrystallization at further deformation, which
can explain the behaviors of the rest part but the initial sharply
rising stage of the true stress–true strain curves.

Fig. 1 also reveals that the deformation temperature and strain
rate have a great influence on the flow stress. Under the same
strain rate, the flow stress level decreases with the increasing
deformation temperature. According to the main softening
mechanism of metals, it can be explained by a combined effect
of two factors. The one is dynamic recovery and recrystallization
occurred at high temperature. The other factor is the reduction of
critical shear stress induced by elevating temperature, which
enhances the average kinetic energy of atoms as well as the
mobility of point defects and dislocations.

Furthermore, at the same deformation temperature, the flow
stress is positively influenced by the increase of the strain rate,
which can be attributed to the inadequacy of plastic deformation.
On the contrary, the elastic deformation plays a prominent role
among the total deformation. Hence, the following obvious work
hardening behavior results in the increment of flow stress. In
addition, no sufficient time is left for dynamic recovery and
recrystallization under higher strain rates, which weakens the
softening effect and consequently raises the flow stress level.

3.2. Constitutive equation of flow behavior

The combined effects of the temperature and strain rate on the
deformation behavior can be represented by the Zener–Hollomon

parameter (Z) in an exponential-type equation [16] as follows:

Z ¼ _εexp
Q
RT

� �
ð1Þ

where R is the universal gas constant (8.314 J mol�1 K�1); T is the
absolute temperature (K); Q is the activation energy (J mol�1) and
_ε is the strain rate (s�1). Z parameter is strain rate factor for
temperature compensation.

Sellars and McTegart [17] proposed a constitutive equation
containing the deformation activation energy Q and temperature
T, to describe the relationship between strain rate, temperature
and flow stress, especially at high temperature. The equation is
mathematically expressed as follows:

_ε¼ AFðsÞexp �Q
RT

� �
ð2Þ

where F(s) is the function of stress. It is divided into three forms of
expression below in terms of stress level.

FðsÞ
sn0 αso0:8
expðβsÞ αs41:2
½ sinhðαsÞ�n for all s

8><
>: ð3Þ

where A, α, β, n0 and n are the materials constants, α¼β/n0.
Many research results [18–21] showed that the combination of

Eqs. (2) and (3) could well describe the hot deformation behavior
of metallic materials under a certain strain, even though the
influence of strain was ignored. However, recent researches [22–
24] demonstrated that the strain had great effects on materials
constants Q, α, n and A. To study the mathematical relationships
between the strain ε and materials constants (Q, α, n and A), the
values of Q, α, n and A under different strains were evaluated first
and then fitted by least square method. Herein, we take true strain
of 0.4 as an example to explain the process to acquire the values of
Q, α, n and A.

The correlations between strain rate and stress at the low stress
level (αso0.8) and high stress level (αs41.2) are given as below:

_ε¼ Asn0exp
�Q
RT

� �
¼ Bsn0 ð4Þ

_ε¼ AexpðβsÞexp �Q
RT

� �
¼ B0expðβsÞ ð5Þ

where B and B0 are the material constants.
Eqs. (6) and (7) are derived by taking the logarithm of both

sides of Eqs. (4) and (5).

ln _ε¼ n0ln sþ ln B ð6Þ

ln _ε¼ βsþ ln B0 ð7Þ
The relevance between the flow stress and the strain rate

under a certain temperature can be evaluated by substituting the
values of the flow stress and corresponding strain rate under the
strain of 0.4 into Eqs. (6) and (7). It is obviously seen in Fig. 2 that
the relationships between the flow stress and the strain rate can
be approximately expressed as straight lines, which are supposed
to be parallel to each other under different temperatures accord-
ing to Eqs. (6) and (7). The values of n0 and β could be gained
at each temperature by linear fitting the slope of the lines in
In_ε� Ins and In_ε�s plots, respectively. The mean values of β and
n0 can be computed as β¼0.055270.0039 MPa�1, n0 ¼7.9971.53
and α¼β/n0 ¼0.006970.0017 MPa�1. The coefficient of determi-
nation (R2) is used to evaluate the degree of fitting of each linear
regression, as is shown in Fig. 2. The results demonstrate the high
accuracy and reliability of the linear regression. A different
method was used to determine the α value in reference [15],

Table 1
Chemical compositions of CLAM steel (wt%).

Cr W V Ta C Mn Fe

9.48 1.48 0.18 0.097 0.098 0.46 Bal
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that is firstly fixing the α value to a constant, and the following
steps were the same as below.

For both low and high stress levels, Eq. (2) can be transformed
to the following form:

_ε¼ A½ sinhðαsÞ�nexp �Q
RT

� �
ð8Þ

Taking the logarithm of both sides of Eq. (8), we can derive the
following equation

ln ½ sinhðαsÞ� ¼ ln _ε=nþQ=ðnRTÞ� ln A=n ð9Þ
The relationships between ln _ε and ln[sinh(αs)] can be acquired

by substituting strain rate values and flow stress values under the
strain of 0.4 at each temperature into Eq. (9), as is shown in Fig. 3.

Fig. 1. True stress–true strain curves for CLAM steel under different deformation conditions: (a) 0.001 s�1; (b) 0.01 s�1; (c) 0.1 s�1; (d) 1 s�1; and (e) 5 s�1.
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The value of the material constant n, presenting as the reciprocal
of slope values of the lines in Fig. 3, can be evaluated as 6.0270.59
by arithmetic averaging those slope values. Judging by the

coefficient of determination (R2) of each linear fitting, the regres-
sion lines have good statistical significance.

For a certain strain rate, Eq. (10) could be derived by differ-
entiating Eq. (9)

Q ¼ Rndf ln ½ sinhðαsÞ�g=dð1=TÞ ð10Þ

Therefore, the value of Q can be acquired by substituting the
values of related parameters into Eq. (10). Among these para-
meters, R is the gas constant and n can be calculated by Eq. (9). d
{ln[sinh(αs)]}/d(1/T) is the slope value of each line which
describes the relationship between ln[sinh(αs)] and 1/T, and the
coefficient of determination (R2) of each line is also evaluated, as is
shown in Fig. 4. Consequently, it is easy to evaluate the value of
activated energy (Q) as 372.62758.81 kJ/mol by arithmetic aver-
aging the values of Q derived from Eq. (10) at different strain rates.

Combining Eq. (9) with the previously obtained Q and n, the
value of material constant A is calculated as (1.8770.43)�
1014 s�1.

It is found that the errors of the results are a little larger than
those of reference [15]. The only difference in calculating the value
of α, n, A and Q between the two papers is how to determine the α
value. Therefore, it can be concluded that the error of α value
results in the errors of other material constants.

To establish a constitutive equation that could precisely
describe the flow behaviors of CLAM steel, the strain compensa-
tion is taken into consideration in this work. The values of material
constants (i.e. α, Q, n, A) of the constitutive equation are calculated
under different strains in a practical range from 0.05 to 0.75 with
the interval of 0.05 by the same method used above. Then,
polynomial fitting is carried out on these material constants and
the strain with the order varying from 2 to 9 to get the relation-
ships between them. The results show that a fifth order poly-
nomial fitting, as shown in Eq. (11), could represent these
relationships with high accuracy (Fig. 5). The polynomial fitting
coefficients are given in Table 2.

α¼ B0þB1εþB2ε
2þB3ε

3þB4ε
4þB5ε5

n¼ C0þC1εþC2ε
2þC3ε

3þC4ε
4þC5ε5

Q ¼D0þD1εþD2ε
2þD3ε

3þD4ε
4þD5ε

5

ln A¼ E0þE1εþE2ε2þE3ε3þE4ε4þE5ε5

8>>>><
>>>>:

ð11Þ

Up to now, all the relevant materials constants (i.e. α, Q, n, A)
have been evaluated. The constitutive equation to describe the hot
deformation flow behaviors of CLAM steel can be obtained by
substituting these materials constants into Eq. (8).

Fig. 2. Relationships between strain rate and stress at different deformation
temperatures: (a) relationships between ln s and ln _ε; and (b) relationships
between s and In _ε.

Fig. 3. Relationships between ln[sinh(αs)] and strain rate _ε at different deforma-
tion temperatures.

Fig. 4. Relationships between ln[sinh(αs)] and temperature at different
strain rates.
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3.3. Verification of the constitutive equation

Stress values of random temperature and strain could be
calculated with the developed constitutive equation. The precision
of the constitutive equations could be evaluated by comparing
these calculated values with experimental values, as is shown in
Fig. 6. It is found out that the proposed constitutive equation gives
an accurate estimation of the flow stress for CLAM steel in most of
the experimental conditions involved in this work. However,
obvious differences between experimental and predicted flow
stresses can be observed under the circumstances that the
temperature is 850 1C and the strain rates are 1 s�1 and 5 s�1.

The potential reason is that there is less time for the heat produced
by deformation to transfer under high strain rates compared with
that of lower strain rates, thus leading to a significant part of flow
softening [25]. It may be controversial here that such phenomenon
is also supposed to occur at other temperatures under the strain
rates of 1 s�1 and 5 s�1. It is likely that the influence of the heat
generating from deformation on flow softening is not so signifi-
cant at temperatures higher than 850 1C, because the actual
experimental temperature can provide enough energy to induce
flow softening [26]. More detailed evidences remain to be further
investigated.

The correlation coefficient (R) and average absolute relative
error (AARE) are applied here to quantitatively evaluate the
precision of the established constitutive equation. Their expres-
sions are as follows:

r¼ ∑N
i ¼ 1ðEi�EÞðPi�PÞ

½∑N
i ¼ 1ðEi�EÞ2∑N

i ¼ 1ðPi�PÞ2�1=2
ð12Þ

AAREð%Þ ¼ 1
N

∑
N

i ¼ 1

Ei�Pi

Ei

����
����� 100 ð13Þ

where Ei is the experimental value and Pi is the calculated value
acquired from the constitutive equation. E and P are the average
values of Ei and Pi, respectively. N is the number of data employed

Fig. 5. Relationships between: (a) α; (b) n; (c) Q; and (d) ln A and true strain by polynomial fit of CLAM steel.

Table 2
Polynomial fitting results of Q, α, n and A of CLAM steel.

α n Q ln A

B0 0.0099 C0 10.601 D0 574 E0 53.3
B1 �0.0356 C1 �40.041 D1 �1715 E1 �163.5
B2 0.1605 C2 165.386 D2 6451 E2 582.4
B3 �0.3391 C3 �373.976 D3 �12,971 E3 �1124.7
B4 0.3338 C4 423.010 D4 13,058 E4 1105.8
B5 �0.1267 C5 �184.131 D5 �5146 E5 �429.2
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in the investigation. The correlation coefficient is a commonly
used statistical parameter, providing information about the
strength of linear relationship between the experimental and the
calculated values. AARE is computed through a term-by-term
comparison of the relative error and therefore is an unbiased

statistical parameter for measuring the predictability of a model/
equation [26,27].

As is shown in Fig. 7, the correlation coefficient between
experimental and predicted data is 0.993, which suggests the
applicability of constitutive equations from one aspect. On the

Fig. 6. Comparison between experimental values and calculation values for flow stress at different strain rates: (a) 0.001 s�1; (b) 0.01 s�1; (c) 0.1 s�1; (d) 1 s�1; and
(e) 5 s�1.
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other hand, the average absolute relative error is as low as 3.90%.
Both results demonstrate that the developed constitutive equa-
tions could predict the hot deformation flow behaviors in good
accuracy.

4. Conclusions

(1) The true stress–true strain curves obtained during hot com-
pression of CLAM steel exhibited that the values of true stress
rose rapidly and then slowly increased to a steady state, which
was the combined function of dynamic softening and work
hardening.

(2) The deformation temperature and strain rate had great effects
on the flow stress of CLAM steel, manifesting that the flow
stress increased with the growing of the strain rate but varied
inversely with the deformation temperature.

(3) The relationships between material constants (i.e. α, A, n, and
Q) and the strain were gained through a fifth order polynomial
fitting. Then a constitutive equation incorporating the influ-
ence of strain was established based on the above results.

(4) It was revealed that the proposed constitutive equations could
well predict the flow stress in the given ranges of the
experimental temperatures and strain rates based on the
comparison between the experimental and calculated values.
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