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ABSTRACT: To study the mechanical behavior and constitutive model of a
AZ31B magnesium alloy at a high strain rate, the dynamic response of a strain
rate ranging from 1630 to 3544 s~ to the AZ31B magnesium alloy was stud-
ied by conducting a split Hopkinson pressure bar experiment. The dynamic
stress-strain behavior of the AZ31B magnesium alloy at a high strain rate was
analyzed. The results showed that the AZ31B magnesium alloy undergoes a
change from an isotropic hardening to a strain softening effect, and no strain
rate effect is apparent. In addition, an improved Johnson—Cook constitutive
model is employed to consider the influence of damage on the material and
determine the parameters for the model. The improved Johnson—Cook model
combined with the damage failure model can demonstrate the isotropic harden-
ing behavior of the AZ31B magnesium alloy and the strain softening behavior
caused by the damage. The fitting result was determined to be good as com-
pared with the experimental results.

KEY WORDS: magnesium alloy; Hopkinson experiment; dynamic mechanical
properties; constitutive equation; damage.

1 INTRODUCTION

Magnesium is a light metal and its alloys have high specific strength and specific
rigidity. In addition, they have excellent damping performance, good dimensional
stability, and are widely used in aerospace, weapons, transportation, etc. Magne-
sium alloy material not only bears the normal design of the load, but also bears the
deformation and damage caused by other high strain rate loads such as impact load
and explosion [1]. Hence, under high strain rate conditions, the theoretical analysis,
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and experimental research of the dynamic mechanical behavior of magnesium alloys
are urgent problems to be studied. The mechanical properties of AZ31B deformed
magnesium alloy are studied, and the constitutive equation is determined. Exploring
the deformation mechanism under different conditions not only lays the necessary
theoretical foundation for the development of high-strength fine-grained magnesium
alloys, but also promotes further application of magnesium alloys in many fields.
Researchers have paid close attention to the theoretical analysis and experimen-
tal research of the dynamic mechanical properties of magnesium alloy. Mukai et
al. [2] studied the deformation behavior and fracture mechanism of a magnesium
alloy under impact loading using a split Hopkinson pressure bar (SHPB) technique.
Yokoyama et al. [3—5] observed that the slip mechanism is the main method for plastic
deformation in the study of the deformation mechanism of three kinds of magnesium
alloys at high strain rates. El-Magd et al. [6] studied the dynamic mechanical prop-
erties of the AZ80 magnesium alloy at different loading strain rates through a large
number of experiments. The results showed that the fracture sensitivity of magne-
sium alloys is not immutable and will increase with the increase of strain rate. Koichi
Ishikawa et al. [7] studied the dynamic compression properties of solid solution AZ91
magnesium alloys at different temperatures. It was observed that the magnesium al-
loy exhibits strain hardening, but it soon develops strain softening at low strain rate
(10~3s71) and at a temperature higher than 573 K; The results are surprising at high
strain rates (103s~!) and strain intensification effects occur at all temperatures, espe-
cially at room temperature. B. Li et al. [8] studied the dynamic mechanical properties
of ZK60 magnesium alloy under equal channel angular pressing. Twins are the main
cause of achieving yield. Slip mechanism at high strain rate is the main method for
plastic deformation. Gao et al. [9] studied the dynamic compressive stress—strain re-
sponse and related micro-structural evolution of magnesium alloys by using SHPB.
It was observed that the magnesium alloy exhibits metal deformation characteristics
of a close-packed hexagonal structure. Sanjari et al. [10] tested the dynamic defor-
mation of magnesium alloys at room temperature using the SHPB device. The results
showed that increasing the strain rate (within the quasi-static range) at the same tem-
perature is favorable for dynamic recrystallization. With the increase in the strain
rate, the number of twin integrals in the magnesium alloy will continue to increase.
The establishment of constitutive model of magnesium alloy is the major research
field of scholars at present. In the study by Xie et al. [11], based on the theory of
crystal plasticity and the strain rate sensitivity control method used in the Preston-
Tonks-Wallace model, a new dynamic constitutive model was established to describe
the dynamic stress-strain response of the AZ31B alloy. It was observed that the
strain rate almost does not affect the dynamic plastic deformation of the AZ31B alloy
under dynamic compression load, and the strain rate effect becomes apparent under
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dynamic tensile load. Xiao et al. [12] studied the compressive dynamic stress—strain
response of two representative magnesium alloys, AZ91D and AZ31B, at high strain
rates and high temperatures, and the two alloys are well described by the Johnson-
Cook (J-C) model. However, with the change of strain rate, J-C model does not
reflect the strain rate sensitivity. Ahmad [13] studied magnesium alloy AZ31B in
different rolling directions with a strain rate in the range of 10~* to 3500 s~!. The
J-C model was used to describe the magnesium alloys under loading at different
strain rates. Except for the initial stage, the rest was well fitted. Hou et al. [14]
improved the temperature terms in the J-C model based on the phenomenological
and empirical constitutive models. The new model can be used to describe the Mg-
Gd-Y alloy over a wide temperature range with high strain rate. Mao et al. [15]
performed a compression experiment at high strain rates. The constitutive equation
of the AZ31B magnesium alloy was obtained from the experimental data. It was
observed that the alloy has strain rate insensitivity with the increase in strain rate
under high loading strain rates. From the above studies, it can be concluded that
the theoretical and experimental aspects of the impact of magnesium alloys have
been studied in depth. However, the constitutive equation of the magnesium alloy by
considering the damage has not been studied yet.

In this study, the dynamic stress—strain curves of the AZ31B magnesium alloy
were obtained by the impact experiment under different high loading strain rates by
using the SHPB. The mechanical behavior of the AZ31B magnesium alloy under
the impact dynamic load was demonstrated. The relationship between the dynamic
loading conditions and the mechanical properties of the composites was analyzed,
and the classical J-C constitutive model was reasonably improved considering the
damage. The material parameters of the improved model of the AZ31B magnesium
alloy were determined, and the stress-strain curves were obtained via experiments.
The curves were compared and the results obtained were good. The rationality of the
model improvement was verified.

2 LABORATORY EQUIPMENT AND PRINCIPLES

The dynamic compression experiment of the AZ31B magnesium alloy was carried
out by using a SHPB system with a cylindrical specimen size of ¢ 10 x 8 mm. The
experimental principle is shown in Fig. 1.

The components of the SHPB system consist of a loading device, bar components,
and data acquisition and recording system. Further, the diameters of the striker, inci-
dent bar, transmitted bar and absorption bar are 14.5 mm, the length of the incident
bar is 400 mm, the length of the transmitted bar is 525 mm. The speed of the striker
can be up to 60 m/s, and the sampling frequency of the super dynamic strain gauge
is 1 MHz. The resulting waveform data is processed in a two-wave process [16],
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Fig. 1. SHPB schematic.

which is based on one-dimensional and uniform assumptions and is derived from
one-dimensional elastic wave propagation theory. The measurement sensor of the
SHPB experiment uses a strain gauge attached to the middle of the metal pressure
bar. The incident strain wave, reflected strain wave on the incident bar, and trans-
mission strain wave on the transmitted bar are all recorded through the measurement
sensor. In this experiment, first, by adjusting the cylinder pressure, the bullets are
issued by the pressure inside the cylinder. The speed of the bullet depends on the
control of the air pressure, and thus, the control of the load strain rate. The relation-
ship between the cylinder pressure and speed of bullet is shown in Fig. 2.
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Fig. 2. Relationship between pressure and bullet velocity.
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The relationship between pressure and strain rates, as shown in Table 1, depends
on the mechanical properties of the material.

Table 1. Relationship between pressure and strain rates.

Pressure (MPa) 0.2 04 0.5 0.6 0.8
Strain rates (s~ 1) 1630 2092 2469 2950 3544

Through the one-dimensional stress wave theory and homogeneity hypothesis
[17], the strain rate £(t), strain £(¢), and stress o (¢) of the material are obtained.

20
(1) E(t) = —l—oer,
t
2) g(t):—2CU / erdt,
A
A
3) o(t) = Eer,

where (Y is the velocity of the elastic bar, A and E are the cross-sectional area
and elastic modulus of the pressure bar, respectively, [, and A, are the length and
cross-sectional area of the specimen, respectively, €, is the reflected wave, and ¢, is
the transmitted wave. The relationship between the stress, strain, and strain rate of
the specimen and time is obtained, and subsequently the relationship among stress,
strain, and strain rate is obtained.

3 EXPERIMENTAL PROCESS AND RESULTS

The load strain rates for the dynamic strain test are 1630 s™1 2092 s71, 2469 s~ 1,
2950571, and 3544 s~!, and each load strain rate is repeated twice. The repeatability
determines whether the third experiment shall be conducted. The compressive stress-
strain curve is shown in Fig. 3.

It can be observed from Fig. 3 that the stress—strain curves of the AZ31B magne-
sium alloy with different strain rates are coincident in the elastic phase and the yield
stress tends to be consistent; further, the curve has a high degree of coincidence dur-
ing the plastic hardening stage. The results show that the AZ31B magnesium alloy
does not show apparent strain rate effect at high strain rates. Furthermore, as the
stress increases continuously, the material exhibits apparent strain hardening effect
under dynamic compression loading; however, over the peak stress, the strain soften-
ing behavior begins. It can be observed from the figure that, in the plastic hardening
stage, the stress—strain curve is almost linear, indicating that the AZ31B magnesium
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Fig. 3. Stress-strain curve under impact compression loading.

alloy exhibits the characteristics of isotropic hardening under the impact dynamic
load.

In order to better explain the dynamic mechanical properties of the AZ31B mag-
nesium alloy, a quasi-static compression experiment of the AZ31B magnesium alloy
was carried out by using RPL100 material testing machine. The sample is cylindri-
cal with the dimensions ¢ 10 x 8 mm. The quasi-static loading strain rates were
0.0001 s~ 1, 0.001 s~ 1, 0.01 s~1, and 0.05 s~ . The experiment was repeated twice
for each loading strain rate, and the decision to perform a third experiment depended
on the repeatability. The stress—strain curve under quasi-static is shown in Fig. 4.
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Fig. 4. Stress-strain curve under quasi-static loading.
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It can be observed from Fig. 4 that the material modulus of elasticity undergoes
no changes in the loading process, and the yield stress is 130 MPa. It can also be
observed that the AZ31B magnesium alloy has a very apparent strain hardening phe-
nomenon, i.e., the flow stress in the plastic section significantly increases with the
increase in strain, and the maximum stress is higher than the yield stress of 270 MPa.
The strain rate changes from 0.0001 s~! to 0.05 s, and the yield stress exhibits no
apparent changes. It can be observed that the AZ31B magnesium alloy has no strain
rate effect at low strain rates. It can also be observed from the figure that the strain
hardening phenomenon becomes weaker near the maximum stress because the micro-
cracks and micro-voids inside the magnesium alloy begin to converge and gradually
form macroscopic cracks, and the material is finally destroyed.

The quasi-static compression curve of the AZ31B magnesium alloy is compared
with the dynamic stress—strain curve, and the difference between the mechanical
properties of the AZ31B magnesium alloy at high and low strain rates can be ob-
served more intuitively as shown in Fig. 5.

As evident from Fig. 5, the yield strength of the magnesium alloy under impact
loading is slightly higher than that in quasi-static loading; whereas the strain hard-
ening rate under impact loading is significantly higher than that under quasi-static
loading. It has been demonstrated that the mechanical properties of the magnesium
alloy are different for loading at high and low strain rates. It can also be observed
from the figure that, irrespective of whether it is quasi-static or dynamic compression,
the magnesium alloy has a large plastic deformation. Slip and twins are the main
mechanisms of the plastic deformation of magnesium alloys. According to research
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Fig. 5. Comparison between dynamic compression and quasi-static compression stress-strain
relationship.
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by Xie [18], the deformation speed of twins is very fast [19], and when the direction
of force is favorable for the twins, it will occur preferentially. Therefore, both the
external deformation rate and strain rate has little effect on plastic deformation. The
relatively slow dislocation slip velocity is attributed to the effect of the strain rate.
At the same time, when the direction of force is not conducive to dislocation slip,
the occurrence of twins will cause the grain to rotate toward a direction favorable for
dislocation slip, which in turn triggers dislocation slip. Under the impact load, the
internal dislocation density of the magnesium alloy continues to increase with the
increase in deformation. The dislocation adjusts the direction of the slip by rotation
under the action of the stress, and then moves along the slip direction. The dislo-
cation slip causes the magnesium alloy to undergo macroscopic plastic deformation.
In the initial stage of deformation, the plastic deformation of magnesium alloy is
dominated by the twins with fast deformation rate and rate independence. With the
increase of strain, the slip mechanism also starts to operate and the contribution to
the plastic deformation of magnesium alloy increases, which leads to an increase in
the rate sensitivity of the magnesium alloy.

4  JOHNSON—COOK CONSTITUTIVE MODEL

Compared with the commonly used constitutive models, the J-C model and the Zerrilli-
Armstrong model [20] are more frequently used. Since the J-C model is suitable for
describing the dynamic behavior of metal materials from low strain rate to high strain
rate, it can even be used for quasi-static deformation analysis. This paper studies the
J-C model. The results of the data analysis of quasi-static and dynamic experiments
of magnesium alloys show that the AZ31B magnesium alloy has apparent strain hard-
ening at the stage of compression and plasticity. Furthermore, the J-C model consid-
ers factors such as temperature, strain rate, and strain. The J-C model is simple and
has a clear physical explanation. Therefore, the J-C model can describe the dynamic
mechanical properties of the AZ31B magnesium alloy. The classical J-C model pro-
totype is represented as [21]:

o emsmfeonh- R

where A, B, C, n, and m are undetermined coefficients that are obtained through
experiments. Further, o is the rheological stress of the material; A is the elastic yield
strength of the material; B is the equivalent plastic strain of the material; C' is the
strain rate effect coefficient; n is the strain index; m is the coefficient of softening
of the material; £y and € are the reference strain rate and the equivalent plastic strain
rate, respectively; T is the material deformation temperature; Ty is the set reference
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temperature; 7;,, is the material melting point temperature. The experimental temper-
ature of the magnesium alloy is always room temperature. However, under the high-
speed impact condition, the heat generated by plastic deformation of the material
cannot be rapidly diffused to the outside and accumulates, causing the temperature
to rise; hence, increasing the adiabatic temperature. According to the literature [18],
for AZ31B magnesium alloy, when the temperature is less than 300°, it has little ef-
fect on flow stress under the impact compression load. According to calculations,
the highest adiabatic temperature rise of AZ31B magnesium alloy in this experiment
is 87°, far below 300°. Thus, the adiabatic temperature rise has little effect on the
mechanical properties of AZ31B magnesium alloy, and is negligible. In other words,
the temperature effect does not have to be considered in the model. Then the J-C
model can be written as:

5) az(A+Bs")[1+01n CT))]

First, the reference strain rate is considered as 0.0001 s~! according to the litera-
ture [22]. Since the yield strength of the magnesium alloy is 130 MPa, A is considered
as 130 MPa. All the parameters of the AZ31B magnesium alloy under the J-C model
are calculated, as shown in the Table 2.

Table 2. J-C model parameter values.

A B C n éo
130 MPa 17300 MPa 0.0021 1.74 0.0001 s—1

The constitutive equation of the magnesium alloy is obtained as:

©6) o = (130 + 17300e™)|1 + 0.0021 In (63)} .
0

The results are compared with the predicted results. The results are shown in
Fig. 6.

It can be observed from Fig. 6 that the J-C model fits better under the strain rate
of 1630 s~ L, but in the case of the integrated curve, the overall effect is not very
satisfactory. The strain hardening effect of the J-C model is too apparent and cannot
reflect the strain softening behavior of the AZ31B magnesium Alloy, and therefore,
the model must be improved.

5 IMPROVED JOHNSON-COOK MODEL

The normal J-C model can only reflect the strain hardening behavior of the mate-
rial, but the AZ31B magnesium alloy has apparent strain softening in the dynamic
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compression experiment, and thus, it is necessary to improve the J-C model. The
AZ31B magnesium alloy material will inevitably produce micro-cracks in the impact
of the dynamic process, which is the main reason for the strain softening behavior of
the material [23]. In the loading process, the behavior of the progressive damage of
the material owing to the accumulation of micro-cracks and pores can be expressed
by the parameter D, i.e., the damage parameter. The failure model of the J-C yield
function is introduced [24]:

(7) el = [Dy 4 Dyexp(D30™)](1 4+ Dylne*)(1 + DsT™),

where ¢7 is the failure (plastic) strain, Dy — Dj are the failure model parameters,
T = (T — Ty) /(T — Tp) is the dimensionless temperature, £€* = £/ is the
dimensionless equivalent plastic strain rate, and o™ is the ratio of hydrostatic pressure
to equivalent stress.

The parameters of the J-C failure model of the AZ31B magnesium alloy were
obtained from the literature [25] as D1 = —0.35, Dy = 0.6025, D3 = —0.4537, and
D, = 0.206. Since the change of temperature is not considered, 7™ is negligible.
The J-C failure model of the AZ31B magnesium alloy at different strain rates can be
expressed as:

(8) el = [-0.35 4+ 0.6025 exp(—0.45370*)][1 + 0.206 In £*] .
According to Bridgman [26], c* can be expressed as:
©) o=
o

where o, is the average of the three principal stresses and & is the Von Mises equiv-
alent stress.

It is difficult to determine the exact values of o,,, and & through experiment alone.
Herein, the finite element numerical simulation is used, and the dynamic simulation
of each sample was simulated using ABAQUS. The grid is divided by C3D8 and the
three principal stresses o1, g2, o3 are calculated when the specimen is damaged at
different loading strain rates [27].

Thus, from the definition, we obtain:
o1+ 092+ 03

10 m = 5
(10) o 3

(11 5= \/;[(01 022 4 (09— 09)2 + (05 — 01)?] .

The three principal stress values calculated via the simulation are substituted into
equations (10) and (11), and the corresponding ¢* of the samples under loading at
different strain rates is obtained by equation (5) as listed in the Table 3.
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Table 3. AZ31B corresponding to different strain rates o*.

gs1 1630 2092 2469 2950 3544
o* 1.1944 1.1950 1.1952 1.1955 1.1958

Substituting Table 3 into equation (8), the failure strain ¢/ corresponding to each
sample under loading at different strain rates was obtained.

Table 4. AZ31B different strain rates corresponding to the failure strain.
st 1630 2092 2469 2950 3544
ef 0.1428 0.1518 0.1530 0.1591 0.1611

Table 4 shows the relationship between the strain rate and failure strain of the
AZ31B magnesium alloy. With the increase in the strain rate, the failure strain grad-
ually increases.

Considering that the stress state and strain rate are varied during the dynamic
failure process, the damage to the material is defined by Johnson’s damage failure
model [28]:

AgP
(12) D=} —F.

where AP is the effective plastic strain increment and D is the damage parameter.
When the value of D is less than 1, the material indicates damage, and when D
increases to 1, the material indicates failure.

Obtained from Table 2, Table 3, and Eq. (12), different strain rates correspond
to different failure strains; hence, the cumulative damage corresponding to different
strain rates is also different. After the material yields, the strain rate tends to be
stable. The effective plastic strain increment can be regarded as a fixed value, that is,
the damage D increases uniformly. When the cumulative plastic strain reaches the
failure strain, D accumulates to 1, and the material indicates failure.

It is assumed that the elastic deformation of the magnesium alloy under the uni-
axial impact loading is small and can be neglected. According to the studies [29,30],
the damage model is introduced into the J-C model:
€

(13) az(A+Bs”)[1+Cln( )}(171)).

€0

Substituting (12) into (13) in order to obtain the improved J-C model with damage
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as follows:

_ " € AEP

(14) a_(A+Bg)[1+Cln<€,O>K1 > =F).
where A is the elastic yield strength of the material; B is the equivalent plastic strain
of the material; C is the strain rate effect coefficient; n is the strain index; £y and
¢ are the reference strain and equivalent plastic strain rates, respectively; AP is the
effective plastic strain increment; and &/ is the failure (plastic) strain.

The parameter values calculated previously are substituted into Eq. (14), and the
parameters are adjusted according to the experimental curve. The parameters of the
improved J-C model with the damage are obtained, as shown in Table 5:

Table 5. Parameters of the improved J-C model with damage.

130 MPa 17300 MPa 0.0018 1.66 0.0001 s—!

The comparison between the calculated curve and the experimental curve of the
improved J-C model is shown in Fig. 7.

Figure 7 reveals that the obtained experimental results can fit very well by (14).
Unlike the original J-C model, the improved J-C model considers damage accumula-
tion and can describe some softening effects. It also describes the complete process of
the AZ31B magnesium alloy transition from isotropic hardening to strain softening
under impact compression. It can be observed that the improved constitutive model
can better describe the dynamic mechanical properties of the AZ31B magnesium al-
loy under impact loading.
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6 CONCLUSION

In this paper, quasi-static experiments, and dynamic loading experiments of magne-
sium alloys were carried out to obtain the dynamic stress—strain curves under different
loading strain rates. By obtaining a reasonable improvement of the J-C model, the
dynamic constitutive model of the AZ31B magnesium alloy is obtained. The relevant
conclusions are as follows:

1. Through the compression experiment of the AZ31B magnesium alloy under
quasi-static and dynamic loading, it can be observed that the flow stress in-
creases with the increase in strain, and the AZ31B magnesium alloy has appar-
ent strain hardening phenomenon. Under dynamic compression load, the strain
rate does not affect the dynamic plastic deformation of the AZ31B magnesium
alloy, and the alloy has no apparent strain rate effect.

2. The damage is due to the sprout, expansion of the material micro-cracks, and
micro-holes at high strain rate. It is observed that damage is the main factor
for the change in the mechanical property of the material. Consequently, the
strain hardening of AZ31B magnesium alloy is weakened near the peak stress
in quasi-static and impact dynamic load, and the strain softening behavior is
obvious in the impact dynamic load.

3. The accumulation of micro-cracks and micro-holes result in the softening of
the material and gradually destroy the material; consequently, the classic J-C
model is no longer applicable to describe the AZ31B magnesium alloy. The
J-C model is improved by introducing a J-C failure model, and the new model
can better reflect the dynamic mechanical properties of the AZ31B magnesium
alloy, including the strain hardening effect of the AZ31B magnesium alloy and
the strain softening caused by damage. The rationality of the improved model
is verified through a comparison between the theoretical calculation curve and
the experimental curve.
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