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0  INTRODUCTION

Aluminium bronze (QAL9-4) is widely used in many 
fields because it possesses high strength, hardness, 
wear resistance, good thermal conductivity, and 
because it can replace stainless steel and Ni-based 
alloys, among other factors. Therefore, there is a 
higher requirement for its dynamic mechanical 
properties. At present, extensive studies on aluminum 
bronze have primarily focused on alloy smelting, 
performance testing [1] and [2]  and the influence of 
alloying treatment [3] and [4], or heat treatment [5] and 
[6] on microstructure [7] and properties [8]. However, 
less research has been done on the constitutive relation 
for QAL9-4.

The constitutive relation can reflect the inherent 
attribute of materials, which is the foundation for 
studying their dynamic properties. The constitutive 
relationship describing the dynamic mechanical 
behaviour of materials mainly includes the J-C model 
[9], the Zerrilli-Amstrong model [10], the Follanshbee-
Kocks model [11], and so on. Of the above models, the 
J-C model not only can reflect the influences of strain, 
strain rate and temperature on the flow stress but 
also has a simple mathematical expression structure. 
Therefore, it has been the most widely used.

In this paper, the dynamic mechanical properties 
of QAL9-4 were investigated using the SHPB test 
at a high strain rate and high temperature, and then 
the true strain-stress curves were obtained. The 

J-C constitutive model parameters were calculated 
using the mathematical fitting method; moreover, 
the dynamic mechanical properties and failure 
characteristics of QAL9-4 were researched, combining 
the mechanical response and microstructural analysis 
to provide the design basis for the application of 
QAL9-4.

1  EXPERIMENTAL

In this paper, the SHPB tests were performed. The 
experimental material was QAL9-4, its chemical 
composition that was measured by the experiments 
is shown in Table 1. The shape of the sample was 
cylindrical with dimension ø 5 mm and ø 2 mm. 
When the strain rate was more than 5500 s-1, the 
small-sized samples were used, and the specifications 
of the incident bar and transmission bar is 5 mm; 
when the strain rate was less than 5500 s-1, the large-
sized samples were used, and the specifications of 
the incident bar and transmission bar is 12.7 mm 
in both cases. The bullet length used in the test 
is 140 mm, the effective pressure was 0 MPa to  
0.6 MPa, samples were heated with an electric heating 
furnace in the temperature range of 0 ºC to 700 ºC. 
The temperature was measured using quick response 
thermocouples and controlled with a feedback system. 
The experiments were conducted in the strain rate 
region of 2.5×103 s–1 to 1.0×104 s–1 and a temperature 
range of 20 ºC to 700 ºC, and the relevant data were 
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recorded. Tests were conducted several times for 
each experimental condition to obtain three groups of 
similar data and to ensure the validity and reliability of 
the experimental results. The metallographic samples 
were made with workpiece material to observe their 
microstructures.

2 RESULTS AND DISCUSSION

2.1  Dynamic Mechanical Analysis of QAL9-4

The true stress-strain curves of QAL9-4 at various 
temperatures and different strain rates are shown in 
Fig. 1. As can be seen from Fig. 1a, when the strain rate 
is 2500 s-1, 5500 s-1 and 10000 s-1, the failure strain of 
the material is about 0.28, 0.35 and 0.5, respectively, 
at normal temperatures. This demonstrates that 
QAL9-4 has an obvious plasticity-increasing effect. 

The results are similar within the temperature range of 
300 ºC to 700 ºC, and the flow stress increases with an 
increase in strain under the three different strain rates; 
there is a stronger strain-hardening effect. However, 
at a normal temperature, the increasing range of the 
flow stress is larger with the increase of strain, which 
shows that the strain-hardening effect is strongest. 
Conversely, the increasing range decreases gradually 
with the increase of strain as the temperature rises. 
When the temperature reaches 700 ºC, there is almost 
no strain-hardening effect, which indicates that the 
strain-hardening effect decreases with the increase of 
temperature, as shown in Fig. 1.

As can also be seen from Fig. 1, the flow stress 
decreases to a certain extent with the increase of 
temperature under three different strain rates; in 
particular, when the temperature is 700 ºC, the drop 
of flow stress is largest, and the thermal softening 

              
        a) T = 20 ºC                                                                                                        b) T = 300 ºC

              
     c) T = 500 ºC                                                                                                     d) T = 700 ºC

Fig. 1.  The true stress-strain curves of QAL9-4
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effect is strongest, which indicates that the flow stress 
of QAL9-4 is sensitive to temperature. However, 
the change range of the flow stress is very small 
with an increase in the strain rate; the flow stress 
is not sensitive to the strain rate, and the strain rate 
hardening effect is weak. 

Fig. 2. The influence of temperatures and strain rates on flow 
stress

The influence of the strain rate on flow stress 
can almost be ignored at room temperature, and the 
influence is weak at 300 ºC to 700 ºC, which does not 
fully reflect the strain rate hardening effect. The flow 
stress even reduces with the increase in the strain rate. 
In other words, the strain rate strengthening effect and 
weakening effect appear alternately.

Take the strain ε = 0.1; stress-temperature curves 
are obtained at different strain rates using the data 
from Fig. 1, as shown in Fig. 2. As can be seen from 
Fig. 2, the flow stress decreases from 750 MPa to 800 
MPa (at 20 ºC) to 450 MPa to 550 MPa (at 700 ºC) 
with the increase of temperature at three different 
strain rates. The change amplitude of the flow stress is 
biggest when the temperature is 300 ºC.

The above test results can be explained by the 
dislocation dynamics. The plastic deformation is 
dislocation motion in nature. According to the theory 
of dislocation dynamics, the dislocation movement 
in the crystal lattice will continuously encounter 
hindrance; this hindrance increases the difficulty of 
the dislocation motion, which makes the material 

possess a certain strength and hardness. When the 
dislocation moves from one equilibrium position of an 
atom to the next, it must overcome an energy barrier, 
that is to say, the dislocation is subject to the force. 
However, the heat energy makes the amplitude of the 
atomic vibration increase, which helps the dislocation 
to overcome the energy barrier.

The heat energy expression is [12]:

	 ∆G kT= ln ,




ε
ε
0 	 (1)

where ΔG is heat energy, k is correlation coefficient, T 
is temperature, ε0  is the reference strain rate, ε  strain 
rate.

Eq. (1) shows that the heat energy increases 
with the increase in temperature and decreases with 
the increase of strain rate. The heat energy increases 
with the increase of temperature, which is conducive 
to overcoming energy barrier and causing the 
thermal softening phenomenon. Therefore, the heat 
energy is smaller at room temperature, the extent of 
thermal softening is lower, and the strain-hardening 
effect is strongest (Fig. 1a). The heat energy and 
thermal softening effect increases gradually with the 
increase of temperature, which results in the gradual 
decrease of the strain-hardening effect (Fig. 1b and 
c). When the temperature is 700 ºC, the heat energy 
is the greatest, and the thermal softening effect is the 
strongest, the strain-hardening effect is the weakest. 
The deformation of the workpiece is the largest (Fig. 
1d).

In theory, the strain expression is [12]:

	 ε
ρ

=
bl
M

, 	 (2)

where ε is the strain, b is the dislocation Burgers 
vector, l is the movement distance of dislocation, M 
is the direction factor, and ρ is the dislocation density.

As can be seen from Eq. (2), the dislocation 
density increases with the increase of the strain, 
which makes the interaction among dislocations 
increase and produces a strain-hardening effect. 
Eq. (2) divided by time is the equation of the strain 
rate. It can be seen that the dislocation density also 
increases with the increase of the strain rate, which 
shows the strain rate hardening effect. However, 
that effect is not obvious under this experimental 

Table 1.  The chemical composition of QAL9-4 (wt %)

Cu Al Fe Pb Mn   Zn   Sn P Si impurity
allowance 9.28 3.04 ≤0.01 ≤0.5 ≤1.0 ≤0.1 ≤0.01 ≤0.1 ≤1.7
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condition; a strain rate weakening effect even occurs. 
The strain rate has almost no influence on flow stress 
at room temperature (Fig. 1a) and has a small effect 
at the temperature ranging from 300 ºC to 700 ºC, 
as shown in Figs. 1b, c and d. The values of stress 
under the strain rate of 10000 s-1 are always lower 
than those under the strain rates of 2500 s-1 and 5500 
s-1 at the four different temperatures. This is because 
the flow stress is affected by the coupling of strain, 
strain rate, and temperature. Strain rate is not the only 
parameter determining the stress in the given strain 
and temperature. The dislocation density increases 
with the increase of the strain rate. At the same time, 
the dislocation movement speed also increases, which 
makes the temperature rise and results in producing a 
thermal softening effect to a certain degree, and that 
microscopic damage, such as adiabatic shear band 
(ASB), micro-void and micro-crack, and so on, will 
occur inside material under a high strain rate (see 
section 2.4), which makes the properties deteriorate 
and strength drop. All of these factors offset some or 
all of the strain rate hardening effect, which shows 
the decrease of stress values under the effect of a high 
strain rate (10000 s-1).

The above thermal softening effect and strain-
hardening effect compete with each other during the 
process of high-speed deformation. It is assumed that 
the stress of the material is a function relation of 
strain, strain rate and temperature, i.e. σ ε ε= f T( , , ) , 
and the stress increment is given by:

	 d d d
T
dTσ σ

ε
ε σ

ε
ε σ

=
∂
∂

+
∂
∂

+
∂
∂

 . 	 (3)

In Eq. (3), ∂σ / ∂ε > 0 and ∂σ / ∂ ε  > 0 express strain 
hardening and strain rate hardening, respectively, and  
∂σ / ∂T < 0 expresses thermal softening. 

In the early deformation, strain hardening is 
dominant, that is dσ / dε > 0. The adiabatic temperature 
rises gradually as the plastic work is constantly 
converted into heat. Therefore, the thermal softening 
effect increases gradually. If the strain-hardening 
effect and thermal softening effect reach balance, 
then  dσ / dε = 0, which reaches the critical condition 
producing ASB, then the thermal softening effect 
increases continuously. When the thermal softening 
effect exceeds the strain-hardening effect, that 
is, dσ / dε < 0, the material will generate local 
thermoplastic shear instability phenomenon that 
results in producing ASBs [13]. 

2.2 The Establishment of a QAL9-4 J-C Constitutive Model

At present, the J-C thermoplastic constitutive model 
is commonly used to describe dynamic mechanical 
behaviours. Based on the experimental phenomenon 
that materials exhibit the hardening effect with the 
increase of the strain and strain rate, and the softening 
effect with the increase of temperature, the flow stress 
of the material can be expressed as follows:

	 σ ε ε ε ε( , , ) , T f f f T= ( ) ( ) ( ) 	 (4)

where

	 f A B nε ε( ) = + , 	 (5)

	 f C





ε
ε
ε

( ) +








=1

0

ln , 	 (6)

	 f T T
m( ) − ( )=1

*
. 	 (7)

Eqs. (5) to (7) are the strain-hardening function, 
the strain rate hardening function, and the thermal 
softening function, respectively. Therefore, the 
expression of the J-C constitutive model is given by:

σ ε ε ε
ε
ε

( , , ) ln ,
*







T A B C Tn m
= +( ) +



















 − ( )





1 1
0

	 (8)

where σ is flow stress, ε is the plastic strain, ε  is the 
plastic strain rate, ε0  is the reference strain rate. 

T T T T Tm
∗ = −( ) −( )0 0  where T0 is the room 

temperature, T is the workpiece temperature, Tm is the 
melting temperature of the material, A is the initial 
yield stress [MPa], B is the hardening modulus, n is 
the work-hardening exponent, C is the coefficient 
depending on the strain rate, and m is the thermal 
softening coefficient. There are five parameters in this 
constitutive relation: A, B, C, n and m, respectively. At 
present, these parameters cannot be predicted and 
only are obtained via experiments. 

Taking ε = ε0 , under the normal temperature 
condition (T = T0), there is no strain rate hardening 
effect or thermal softening effect; Eq. (8) is simplified 
then as follows:

	 σ ε ε( ) .= +A B n 	 (9)

Therefore, according to the experimental data 
obtained under the normal temperature and quasi-
static conditions, parameter A is the value of stress 
when ε is 0. Then, B and n can be obtained through 
data fitting using MATLAB software.

At room temperature (T = T0), Eq. (8) is 
simplified, as follows:
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	 σ ε
ε
ε

= + +( )[ ln( )],A B Cn
1

0





	 (10)

namely,

	 σ
ε
ε

= +M MC ln( )].




0

	 (11)

Taking ε0 = 0.001 s–1, M = A + Bεn is a constant 
for a given strain value. According to the σ – ε 
experimental data at the normal temperature, the value 
of flow stress that corresponds to the given strain 
value can be calculated under different strain rates 
after obtaining the values of A, B and n. Therefore, the 
relation curve between σ and ln( ε / ε0 ) is a linear 
relationship. The C value can then be obtained by 
calculating the slope MC.

After the above parameters are obtained, 
according to Eq. (8), there is:

	 1

1
0

− ( ) =

+( ) +




















T
A B C

m

n

*

ln

.
σ

ε ε
ε




	 (12)

A series of stress values can be obtained by 
Eq. (12) for the given strain and strain rate values 
according to the σ – ε experimental data under different 
temperature conditions, then Eq. (12) becomes a 
function of T *, and then the value of m can be obtained 
by mathematic fitting.

Based on the J-C constitutive model and dynamic 
mechanical properties data of QAL9-4 obtained with 
SHPB tests, the parameters can be obtained by the 
above method and nonlinear regression analysis with 
MATLAB software, as follows:

A = 430 MPa, B = 904 MPa, C = 0.016, n = 0.66, 
m = 2.4. Hence, J-C constitutive model of QAL9-4 is 
given as:

σ ε
ε
ε

= + + − ( )[ . ln( )] ( ) .
. * .

430 904 1 0 016 1
0 66

0

2 4



T 	(13)

A comparison between the J-C constitutive model 
curves fitting based on Eq. (13) and the true stress-
strain curves obtained by the dynamic test data using 
SHPB test at the strain rate of 2500 s–1 and different 
temperatures is shown in Fig. 3. The fitting curves 
agree well with the test curves at 20 ºC, 300 ºC, and 
500 ºC. However, there is a great error at 700 ºC. This 
is because the thermal softening effect of QAL9-4 
is very strong at high temperatures. The decreasing 
range of the flow stress is large, and the stress almost 
does not increase with the increase of the strain, i.e. 
there is almost no strain-hardening effect at 700 ºC. 

Therefore, the fitting curves of the J-C constitutive 
model and the test curves have larger errors.

Fig. 3.  The comparison of J-C model fitting curves and test curves

2.3  The Influence of J-C Constitutive Parameters on the 
Mechanical Properties

In the J-C constitutive model, A is the yield strength of 
the material. The larger the value of A, the stronger the 
bonds, the greater the hardness, and the more energy 
required in the high-velocity deformation of materials, 
the earlier the thermal softening phenomenon occurs. 
Therefore, the greater the strength, the likely it is that 
ASB will be generated [14]. 

B is the hardening modulus of the material. 
The flow stress and the energy during the process 
of material deformation increase with the increase 
of the B value. Therefore, the larger the B value, the 
more likely the thermal softening phenomenon is. n 
represents the strain-hardening effect. The larger the 
n value, the stronger the hardening effect, and the 
less prone to generating a thermal softening effect. 
m represents the thermal softening effect. The larger 
the m value, the more obvious the thermal softening 
phenomenon is and the more prone to producing 
ASB it is. C is the strain rate sensitivity coefficient. 
The larger the value of C, the more sensitive the flow 
stress-to-strain rate is.

2.4  The Microstructure Characteristics of QAL9-4 

The QAL9-4 original microstructure with coarse 
equal axis grains and interphase is shown in Fig. 4a.

The black stripe where the white arrows are 
pointing in Fig. 4b is the deformed ASB formed by 
the effect of high-speed compression at 500 ºC and  
10000 s–1. Its shape is similar to that produced by 
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the effect of forging; its tread is along the direction 
of maximum shear stress, and its angle is about 45 
degrees off the direction of principal stress [15].

The area where the white arrow is pointing in Fig. 
4c is the partially enlarged drawing of the ASB. As 
can be seen, the inhomogeneous plastic deformation 
was induced. The deformation on both sides of ASB 
is very serious. The grains were elongated because 
of the large deformation under impact loading and 
the elongated grains shattered gradually into tiny re-
crystallization cores to finally form the dense and fine 
recrystallization grains inside the ASB.

The process of the high-speed deformation of the 
material is often accompanied by different internal 
micro-damage evolution that eventually leads to the 
failure of the material. Fig. 4d shows the micro-voids 
and micro-cracks in ASB, illustrating that the damage 
within the material is very serious, inevitably causing 
material deterioration and a reduction of dynamic 
mechanical properties. This is due to high speed, high 
strain rate, and large plastic deformation during the 
process of dynamic deformation.

3  CONCLUSIONS

•	 QAl9-4 exhibits a strain-hardening effect 
and thermal softening effect under a testing 
temperature range from 20 ºC to 700 ºC; the 
strain-hardening effect is more obvious at normal 
temperatures. 

•	 The flow stress is not sensitive to the strain rate; 
the strain rate has almost no effect on the flow 
stress at room temperature, and has a small effect 
on the flow stress at the temperature range of 300 
ºC to 700 ºC.

•	 The J-C constitutive model of QAl9-4 established 
by nonlinear regression analysis using MATLAB 
software is in good agreement with the true 
stress-strain curves.
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