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A B S T R A C T

CuCrZr alloy has been acknowledged as one of the most promising candidate materials for the heat sink of
plasma facing components in nuclear fusion devices with its excellent thermal conductivity and specific me-
chanical strength. For the safety concern, it is vital to provide appropriate safety assessment on these mechanical
structures with CuCrZr alloy, such as divertor and blanket, under high strain rate loading conditions like dis-
placement events, disruption, and so on. In this work, the dynamic compressive behavior of the CuCrZr alloy
over wide range of strain rates and temperatures was investigated using the split Hopkinson pressure bar
technique. Based on the experiment results, a constitutive equation is built by using Johnson-Cook model to
describe the dynamical property of CuCrZr alloy. However, the results indicated that the influences of the strain,
strain rate and temperature on the dynamic behavior are not independent. Therefore, a modified Johnson-Cook
model was further developed to take the coupled effects of strain, strain rate and temperature into account.
Compared with the original Johnson-Cook model, the modified Johnson-Cook model calculated results show
good agreement with the experimental data.

1. Introduction

Owing to its excellent properties, CuCrZr alloy is considered as an
attractive material in the fusion devices such as ITER and DEMO [1–5].
Especially, it had already been applied as heat sink material for the
water-cooled plasma facing components (PFC) in EAST, JET, W-7X
[6–8], and so on. In the fusion devices, the PFC structures need to en-
dure different type of loads caused by pulsed plasma operation and off-
normal events (e.g. vertical displacement events, disruption, and so on).
In this complex circumstance, it is necessary to ensure that all the PFC
structures can meet the design requirements.

Considering that most of the off-normal events will generate tran-
sient loads in the PFC structures, then doing the analysis of the dynamic
response characteristics of the structures during these events allows a
better understanding of the behavior of the PFC structures in the fusion
device. In order to make an assessment of the possible structural re-

sponse behavior by computational analysis, the dynamic constitutive
relationship of the materials is needed.

In our previous work, the dynamical mechanical property of tung-
sten was studied [9]. The aim of this paper is to provide the material
parameters for CuCrZr alloy in terms of the Johnson-Cook model con-
sidering the effects of strain hardening, strain rate hardening and
temperature softening [10]. To this end, experiments on CuCrZr alloy
over wide range of strain rates (500–2200 s−1) and temperatures
(20–600 °C) were investigated by using the split Hopkinson pressure
bar (SHPB) technique. The rest of this paper is organised as follows. In
section 2, descriptions of the theoretical background for SHPB tech-
nique and Johnson-Cook model were given. And the experiment setup
and results were presented in section 3 and section 4, respectively.
Then, the constitutive equations of Johnson-Cook model and modified
Johnson-Cook model for CuCrZr alloy were built in section 5. Finally,
general conclusions were drawn in section 6.
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2. Theoretical background

2.1. SHPB technique

The SHPB technique was proposed by Hopkinson and developed by
Kolsky. And it is widely used to measure the material dynamic me-
chanical properties [11]. The schematic diagram of the experiment is
shown in Fig. 1 [9].

The basic idea of the SHPB is that the specimen is deformed between
two bars excited above their resonant frequency. The raw data of the
incident pulse εi (t), transmitted pulse εt (t) and reflected pulse εr (t) are
recorded by the strain gauges, respectively, as shown in Fig. 2. The
relationship of these parameters is

=t t t( ) ( ) ( )i t r (1)

According to one-dimensional stress wave theory, the dynamic
mechanical parameters of specimens could be calculated indirectly by
the recorded data in the strain gauges. The stress t( ), strain t( ) and
strain rate t( ) can be expressed as follows:
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where A, E, are cross-sectional area and Young’s modulus of the pres-
sure bar, respectively; And c0 is the elastic wave velocity in the pressure
bar; As and Ls are the cross-sectional area and the length of the spe-
cimen.

By substituting Eq. (1) into the Eq. (2)–(4), the expressions can be
written as
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2.2. Johnson-Cook model

The constitutive equations are usually applied to predict the dy-
namic behavior of material which include physically based constitutive
models, phenomenological constitutive models and artificial neural
network based modelling. The phenomenological constitutive models
can be determined by fitting and regression analysis from the experi-
mental data. Hence, these models are more preferred than physically
based models to predict the dynamic behavior of materials over wide
range of temperatures and strain rates since they can be integrated into
finite element codes easily [12].

The Johnson-Cook constitutive equation, in which the influences of
strains, strain rates and temperatures on the flow stress of the material
was considered, is the most widely used phenomenological constitutive
model to predict the dynamic behavior of material [10]. It was defined
as

= + +A B C T( )(1 ln )(1 ( ) )n m (8)

where σ refers to the Von Misses flow stress, ε is the equivalent plastic
strain, = 0 is the dimensionless strain rate with and 0 being the
strain rate and the reference strain rate, respectively. A is the yield
stress at the reference temperature and reference strain rate; B and n are
the coefficients of strain hardening; C and m are the material constants
which represent the coefficients of strain rate hardening and thermal
softening exponent. T* is dimensionless temperature and defined as

=T T T
T T

r

m r (9)

where T, Tr and Tm are the current absolute temperature, the reference

Fig. 1. The schematic of the Split Hopkinson Pressure Bar.

Fig. 2. Incident pulse, transmitted pulse and reflected pulse.
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temperature (room temperature) and melting temperature.
The terms of +A B( )n , + C(1 ln ) and T(1 ( ) )m in Eq. (8) de-

scribe the effects of strain hardening, strain rate hardening and tem-
perature softening of the metallic materials, respectively.

3. Experimental

The CuCrZr alloy used in this study was produced at Advanced
Technology & Materials Co., Ltd. (AT&M). The chemical compositions
of the CuCrZr alloy is within the range of ITER grade specification [13],
as shown in Table 1.

A quasi-static compression test with a strain rate of 0.001 s−1 was
carried out to acquire basic stress–strain relationship by using an MTS
hydro-servo system at room temperature (20 °C). And the dynamic tests
were conducted by using a SHPB system. The shape and the size of the
specimens are cylinders with dimensions of Φ 10 × 10 mm for quasi-
static compression and cylinders with dimensions of Φ 8 × 8 mm, Φ
10 × 10 mm and Φ 12 × 12 mm for dynamic tests.

The tests were conducted over wide range of strain rates
(500 ~ 2200 s−1) and temperatures (20–600 °C). It would cover the
whole range of strain rate and temperature which may need to concern
for the CuCrZr alloy in the fusion device.

4. Result and discussion

4.1. Strain hardening

The stress–strain curve of quasi-static compression test is shown in
Fig. 3. According to the data, the yield stress could be estimated by the
crossing point of extended lines for the elastic and plastic stages of the
curve [14]. It is about 235 MPa for this case, as shown in Fig. 3. Then,
the effective stress–strain curve for the Johnson-Cook model could be
obtained by subtracting the portion before the yield stress point of the
true stress–strain curve since ε in the Johnson-Cook constitutive equa-
tion is equivalent plastic strain.

4.2. Strain rate hardening

The stress–strain curves of the CuCrZr alloy for different strain rates
at room temperature are shown in Fig. 4. It can be found that the flow
stress increases with the increase of strain rate at the same strain except
at the strain rate of 2272 s−1. This is the typical characteristic of dy-
namic behavior of materials, which is usually referred to as strain rate
hardening effect. The abnormal mechanical behavior at the strain rate
of 2272 s−1 is attributed to the competition between the strain hard-
ening and thermal softening as a result of adiabatic temperature rise
with increasing the strain rate, especially in high strain rate deforma-
tion [12]. Furthermore, it can be found that the CuCrZr offers higher
ductility in high strain rate deformation area which leads to that the
onset of nonlinearity starts earlier in the case of strain rate of 2272 s−1.

Based on the stress–strain curves, the yield stress of CuCrZr alloy for
different strain rates at room temperature could be estimated, as sum-
marized in Table 2. The yield stress increases from 359 MPa to 428 MPa
when the strain rate improves from 492 s−1 to 2272 s−1. The result
indicates that the CuCrZr alloy specimen exhibit a trend of strain rate
hardening.

4.3. Thermal softening

Thermal softening is another important effect that needs to be
considered in the dynamic behavior of the materials. The stress–strain
curves of the CuCrZr alloy for different temperatures at strain rate
about 2200 s−1 are shown in Fig. 5.

It is obvious that the flow stress drops with the temperature in-
creases at the same strain when the strain rate keeps constant. When the
temperature increase, it will induce: 1) the thermal activation energy of
the material increases; 2) the strength of obstacles decreases since
thermal activation aids dislocation gliding; 3) the applied stress re-
quired to force the dislocation past obstacles reduces, which decreasing
the flow stress [15].

According to the experiment results, the yield stress of CuCrZr alloy
for different temperatures at strain rate about 2200 s−1 could be esti-
mated, as summarized in Table 3. The yield stress decreases from
428 MPa to 328 MPa when the temperature improves from 20 °C to

Table 1
Chemical compositions of the CuCrZr alloy.

Alloy Base alloying elements and impurities (wt. %)
Cu Cr Zr Impurities

CuCrZr base 0.6–0.9 0.07–0.15 Total < 0.1
Including Co < 0.05
O – as low as possible

Fig. 3. The true stress–strain curves of CuCrZr of quasi-static compression test.

Fig. 4. The true stress–strain curves of CuCrZr for different strain rates at room
temperature.

Table 2
Yield stress of CuCrZr for different strain rates at room temperature.

Strain rate (s−1) 0.001 492 773 1315 2272

Yield stress (MPa) 235 359 372 397 428

X. Qian, et al. Nuclear Materials and Energy 24 (2020) 100768

3



600 °C. Comparing with the results of strain rate hardening, the CuCrZr
alloy specimen displays a distinct thermal softening effect.

5. Johnson-Cook constitutive equation

5.1. Johnson-Cook model

As aforementioned, the Johnson-cook model has five material
constants which need to be determined by the experimental data.
Considering that the three terms in the constitutive equation indicate
the effects of strain hardening, strain rate hardening and temperature
softening respectively, the parameters can be calculated step by step
based on the experiment results above.

5.1.1. Determination of material constants for strain hardening effect
According to the conditions in the quasi-static compression test, the

reference strain rate and reference temperature are 0.001 s−1 and
20 °C, respectively. The melting temperature for CuCrZr alloy is about
1080 °C. When these values are substituted into Eq. (8), only the term of
strain hardening effect remains:

= +A B n (10)

The value of constant A could be obtained from the yield stress of
the flow curve for the quasi-static compression test, A = 235 MPa.
Taking natural logarithm of Eq. (10), it can be rewritten as:

= +A B nln( - ) ln ln (11)

Then substituting the value of A, the relationship between Aln( - )
and ln could be given based on the experimental data, as shown in
Fig. 6. The values of constant B and n could be obtained from the in-
tercept and slope of the fitting line, namely, B = 340 and n = 0.708.

5.1.2. Determination of material constants for strain rate hardening effect
In the experiments at room temperature, there is no thermal soft-

ening effect since T equals to 0. Then Eq. (8) can be described as:

+
= +

A B
C1 lnn

*
(12)

The value of C could be obtained from the slope of +A B( )n vs.

ln * plot. According to the experimental data, the relationship could be
evaluated by selecting series of strain (0.01–0.16). Then, the constant C
could be evaluated by the averaged fitting line, i.e. C = 0.0474, as
shown in Fig. 7.

5.1.3. Determination of material constants for thermal softening effect
To determine the constant m in the Johnson-Cook constitutive

equation, the Eq. (8) can be expressed as:

+ +
=

A B C
m Tln 1

( )(1 ln )
lnn (13)

Similarly, substituting the different temperatures and corresponding
flow stress at different strain levels into Eq. (13), the relationship be-
tween + +A B Cln(1 - ( ( )(1 ln )))n and Tln could be obtained, as
shown in Fig. 8. Then, the average value, m = 1.831, could be eval-
uated by linear fitting method.

5.1.4. Comparisons between the experimental and predicted flow stress
In conclusion, the original Johnson-Cook constitutive equation for

the CuCrZr alloy was established as:

= + + T(235 340 )(1 0.0474 ln )(1 ( ) )0.708 1.831 (14)

Fig. 5. The true stress–strain curves of CuCrZr for different temperatures at
strain rate about 2200 s−1.

Table 3
Yield stress of CuCrZr for different temperatures at strain rate about 2200 s−1.

Temperature (°C) 20 200 300 400 500 600

Yield stress (MPa) 428 411 400 388 360 328

Fig. 6. The relationship between Aln( - ) and ln .

Fig. 7. The relationship between +A B( )n and ln *.
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The comparisons between the experimental and predicted flow stress
by Eq. (14) are shown in Fig. 9 and Fig. 10. It is obvious that the pre-
diction by original Johnson-Cook model could not match well with the
experimental data at high strain rate. Especially, the prediction at the
strain rate 2272 s −1 could not correctly reflect the flow behavior of the
CuCrZr alloy. Although the inaccuracy at high strain rate will affects the
reliability of the results in Fig. 10, it still can be found that the error of the
predictions increases when the testing temperature increases. And the
difference between the experimental and predicted flow stress changes
when the strain increasing. All of these results are due to the original
Johnson-Cook model assumes that the strain hardening, strain rate
hardening and thermal softening are three independent phenomena and
can be isolated from each other for the materials. Actually, the coupled
effects of strain, strain rate and temperature could not be ignored [16].

5.2. Modified Johnson-Cook model

As depicted in Fig. 9, there is a huge variation between the pre-
dicted and experimental results when the strain rate goes to high strain
rate region. A modified Johnson-Cook model was proposed in this study
when considering the coupled effects of strain, strain rate and tem-
perature on the behavior of material, which can describe the dynamic
behaviors of the CuCrZr alloy accurately.

5.2.1. Term of strain rate hardening
In the previous calculation for the original Johnson-Cook model, C

is the average value of strain rate hardening constant at different strain
rates, which makes the predicted results inconsistent with the experi-
mental data. An equation to consider the effects of both strains and
strain rates on the strain rate hardening coefficient was proposed in the
modified Johnson-Cook model, which can be expressed as follows [12]:

= + + + + +C C C C C C C( , ln ) ln ln (ln )0 1 2
2

3 4 5
2 (15)

where C0, C1, C2, C3, C4 and C5 are the regression coefficients de-
termined through the optimum regression methods. Based on the ex-
perimental data of different strain rates at room temperature, the values
of these coefficients could be calculated, as summarized in Table 4.

5.2.2. Term of thermal softening
The following equation was proposed to improve the terms of effect

for thermal softening:

= +f T m T( , ) 1 ( ) m m
0

( )1 2 (16)

Since the terms of strain hardening and strain rate hardening in the
modified Johnson-Cook model had been determined, the coefficients of
m0, m1 and m2 could be calculated based on the experimental data by
using the method described in section 5.1.3. The values of these coef-
ficients are listed in Table 5.

5.2.3. Verification of modified Johnson-Cook model
Considering all the parameters had been established, the modified

Johnson-Cook model was expressed as:

= + + C T(235 340 )(1 ( , ln ) ln )(1 0.8( ) )0.708 (1.5557 0.8639 )

(17)

The comparisons between the experimental and predicted flow
stress by Eq. (17) are shown in Fig. 11 and Fig. 12. It can be seen that
the predicted flow stress is in good agreement with the experimental
data.

Fig. 8. The relationship between + +A B Cln(1 - ( ( )(1 ln )))n and Tln

Fig. 9. Comparison between experimental and predicted flow stress by original
Johnson-Cook model for different strain rates at room temperature

Fig. 10. Comparison between experimental and predicted flow stress by ori-
ginal Johnson-Cook model for different temperatures at strain rate about
2200 s−1.

Table 4
The values of coefficients for term of strain rate hardening.

Coefficient C0 C1 C2 C3 C4 C5

Value −0.2697 1.4887 −0.0556 −0.1070 0.0368 −0.0010
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To further verify the reliability and predictability of modified
Johnson-Cook model, the standard statistical parameters such as
average absolute relative error (AARE) and root mean square error
(RMSE) was calculated. The expressions are as follows:

= ×
=

AARE
N

E P
E

(%) 1 100
i

N
i i

i1 (18)

=
=

RMSE
N

P E1 ( )
i

N

i i
1

2

(19)

where Pi is the predicted value by the model and Ei is the corresponding
experimental data. N is the total number of the data.

The values of AARE and RMSE for original and modified Johnson-
Cook model were summarized in Table 6 and Table 7 respectively. The

results indicate that deviation between predicted values by modified
Johnson-Cook model and experimental data were much smaller than
that of original Johnson-Cook model. Combination with Fig. 11 and
Fig. 12, it implied that the modified Johnson-Cook model can give an
accurate and credible estimate of the flow stress for CuCrZr alloy over
wide range of strain rates and temperatures.

6. Conclusions

In this work, the dynamic compressive characteristics of CuCrZr
alloy had been studied by SHPB technique over practical range of strain
rates and temperatures. The experimental stress–strain curves indicated
that the CuCrZr alloy has the typical characteristics of strain rate
hardening and temperature softening effect.

Afterwards, the constitutive equation was established to predict the
dynamic behavior of CuCrZr alloy based on Johnson-Cook model. With a
detailed study of the comparison between the predicted results by
Johnson-Cook model and experimental data in all situations, a modified
Johnson-Cook model to consider the coupled effects of strain, strain rate
and temperature on the behavior of material had been proposed in order
to present an accurate and credible estimate of the dynamic behavior of
CuCrZr alloy. A remarkable accordance between the results from the
modified Johnson-Cook model and from experimental data under all
conditions was observed, which means that the modified Johnson-Cook
model can give an accurate and credible prediction of the dynamic be-
havior for CuCrZr alloy over wide range of strain rates and temperatures.
The developed constitutive equation would be helpful to study the dy-
namic response of CuCrZr alloy in the ITER and fusion devices.
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Table 5
The values of coefficients for term of thermal softening.

Coefficient m0 m1 m2

Value 0.8 1.5557 −0.8639

Fig. 11. Comparisons between experimental and predicted flow stress by
modified Johnson-Cook model for different strain rates at room temperature.

Fig. 12. Comparisons between experimental and predicted flow stress by
modified Johnson-Cook model for different temperatures at strain rate about
2200 s−1.

Table 6
AARE and RSME of original Johnson-Cook model (OJCM) and modified
Johnson-Cook (MJCM) model for different strain rates at room temperature.

Strain rate (s−1) 492 773 1315 2272

OJCM_AARE (%) 3.48 0.97 1.73 5.56
MJCM_AARE (%) 0.59 0.62 0.78 0.24
OJCM_RMSE 14.54 5.01 9.22 35.74
MJCM_RMSE 3.26 3.05 4.47 1.95

Table 7
AARE and RSME of original Johnson-Cook model (OJCM) and modified
Johnson-Cook (MJCM) model for different temperatures at strain rate about
2200 s−1.

Temperature (°C) 200 300 400 500 600

OJCM_AARE (%) 7.41 8.71 9.18 8.78 10.22
MJCM_AARE (%) 0.59 1.05 1.44 1.63 3.22
OJCM_RMSE 44.53 48.13 45.79 39.51 39.79
MJCM_RMSE 3.57 5.68 8.72 8.97 14.99
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