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Abstract: The hot compression test was conducted by a Gleeble 3500 dynamic hot-simulation testing machine to study the hot 

deformation behavior of 3003/4004 two-layered aluminum alloy. The test was conducted at various temperatures (300, 350, 400 and 

450 ºC) with various strain rates of 0.05, 0.5, 5, 25 s
-1

. The compression curve shows a sharp increase due to effect of 

work-hardening, and then it becomes smooth because of dynamic softening. According to the experimental results, the peak stress 

decreases as the strain rate decreases or the temperature increases. Finally, a constitution equation that describes the relationship of 

strain rate ( ), deformation temperature (T) and flow stress (σ) is achieved. 
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Composite materials that combine the physical, 

mechanical, and surface properties of several materials are 

now widely used. Two-layered alloy, for instance, 

possessing different properties between the core alloy and 

clad alloy can be used in a special situation. 3003/4004 

two-layered alloy which combines the high thermal 

conductivity of 3003 alloy and good welding performance 

of 4004 alloy is now widely used in heat exchangers as a 

replacement of Cu alloy
[1,2]

. 

The flow behavior of 3003/4004 alloy during hot 

deformation is rather complex and the deformation behavior 

of 3003/4004 two-layered alloy were not well studied. The 

work-hardening and dynamic softening occur simultaneously 

during the deformation. The flow stress is affected by the 

strain rate ( ), deformation temperature (T) and deformation 

degree. The constitution equation is often used to describe 

the plastic flow properties of metal and alloy because it can 

predict the flow stress during hot deformation.  

In the present work, a hot compression test was 

conducted by a Gleeble3500 testing machine to study the 

flow stress behavior of 3003/4004 two-layered alloy for the 

workability. Based on the test, a constitutive equation was 

established to characterize the flow behavior of 3003/4004 

two-layered alloy. 

1  Experiment 

The 3003/4004 two-layered alloy was achieved in a 

former study
[3,4]

 and chemical composition is shown in 

Table 1. After annealing at 450 ºC for 24 h, the samples 

were cut into column with 10 mm in diameter and 15 mm in 

height. Compression tests at strain rates of 0.05, 0.5, 5, and 

25 s
-1

 were performed using a Gleblee-3500 dynamic 

hot-simulation testing machine at temperatures ranging 

from 300 to 450 ºC, with the achieved maximum true strain 

exceeding 0.9. The specimens were electrically heated by 

their own resistance to deformation temperature at a heating 

rate of 6 ºC/s by thermocoupled feedback-controlled 

alternating current and kept for 30 s to ensure the 

homogeneous heating. The samples for optical microscopy 

were polished, and then etched in a solution of 0.5% HF. 

The microstructures were investigated by optical 
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microscope (ZEISS Imager A2m). 

2  Results and Discussion 

2.1  Flow behavior 

True stress-true strain curves of 3003/4004 two-layered 

alloy obtained at different temperatures and strain rates 

during hot compression are depicted in Fig.1a~1d. The 

results show that the flow stress increases up to a peak 

value at the beginning and then goes into a steady-state 

stage. This indicates distinct work-hardening behavior 

occurring at first. Then, dynamic recovery happens and is 

nearly equal to work-hardening. Comparing the curves in 

Fig.1a~1d, it can be drawn that at the same strain rate, the 

flow stress decreases with the increase of deformation 

temperature, while at the same deformation temperature, 

the flow stress increases with the increase of strain rate. 

This reveals that the 3003/4004 two-layered alloy possesses 

positive strain rate sensitivity under current deformation 

condition. 

2.2  Microstructures  

The as-cast and the deformed microstructures of 

3003/4004 two-layered alloy are shown in Fig.2. It 

delineates of the interface before and after deformation. 

In Fig.2b~2e the microstructures are mainly composed of 

broken second phase and elongated grain which are 

typically deformed microstructure. The flow stress goes 

smooth after a sharp increase because dynamic softening 

happens during the deformation. 

The mechanism of dynamic softening includes dynamic 

recovery and dynamic recrystallization. As aluminum alloys 

are high stacking fault energy material, dynamic recovery is 

more easier to happen compared with dynamic 

recrystallization which needs a certain extent of activation 

energy. There is no dynamic recrystallized grain in the 

deformed microstructure, which means the dynamic 

softening mechanism in the current test is mainly dynamic 

recovery. 

 

Table 1  Chemical composition of 3003/4004 two-layered alloy (wt%) 

Alloy Mn Fe Si Cu Zn Other Al 

3003 1.2 0.7 0.6 0.1 0.1 <0.15 Bal. 

4004 0.1 0.8 10 0.25 0.2 <0.15 Bal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  True stress-true strain of 3003/4004 two-layered alloy at different strain rates and temperatures: (a)  =0.05 s
-1

,
 
(b)  =0.5 s

-1
,
   

(c)  =5 s
-1

, and (d)  =25 s
-1 
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Fig.2  As cast microstructure and deformed microstructure at 400 ºC with different strain rates: (a) as cast, (b)  =0.05 s
-1

, (c)  =0.5 s
-1

,
      

(d)  =5 s
-1

, and (e)  =25 s
-1 

 

2.3  Establishment of the constitution equation 

During hot deformation, the relationship between the 

maximum stress, strain rate and temperature can be 

described by the Arrhenius equation
[5-8]

. 

 =A[sinh(ασ)]
n
 exp(-Q/RT)                     (1) 

where A, α, and n are constants depending on material; α is 

the stress level parameter; R is the gas constant; n is the 

stress exponent; T is thermodynamic temperature; σ is peak 

stress. Q is the activation energy of hot deformation, 

kJ·mol
−1

. This equation is appropriate for all stress 

levels．For low stress level (ασ<0.8) and high stress level 

(ασ>1.2) this equation can be written in the form of Eq.(2) 

and Eq.(3), respectively. 

 =A1σ
n1

                                    (2) 

 =A2 exp(βσ )                               (3) 

where α=β/n1, β is the temperature-independent material 

constant, MPa
−1

; and n is the stress exponent. A1 and A2 are 

constants independent on temperature. Moreover, the 

relationship between true stress and true strain can be 

expressed by Z parameter： 

Z=  exp(Q/RT)=A[sinh(ασ)]
n
                   (4) 

From Eq.(2) and Eq.(4) another two equations i.e. Eq.(5) 

and Eq.(6) can be obtained. 

ln  =lnA1 +n1lnσ                             (5) 

ln =lnA2 +βσ                                (6) 

When the curves of ln - lnσ and ln -σ were drawn, n1 

and β were determined. Then the value of α can be obtained 

for α=β/n1. 

When the temperature is constant, Eq.(1) can be changed 

into： 

ln =A′+n ln[sinh(ασ)]                         (7) 

where A′=lnA－Q/(RT). 

On the other hand, when the strain rate keeps constant 

Eq.(4) can be written as: 

ln[sinh(ασ)]=B/T+C                           (8) 

where B and C are constants. Also Eq.(1) could be written 

as Eq.(9) through partial derivative transform.
[9] 
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Then the activation energy Q can be obtained by figures 

of ln  -ln[sinh(ασ)] and ln[sinh(ασ)]-T
-1

.  

Fig.3 shows the curves of ln -lnσ and ln -σ. Fig.4 

and Fig.5 show the relationship between ln -ln[sinh(ασ)] 

and ln[sinh(ασ)]-T
-1

. According to the figures and Eqs, the 

constants A, Q, n and α can be obtained. Finally, the flow 
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stress can be estimated: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Relationship between peak stress and strain rate: (a) ln -lnσ and (b) ln -σ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Relationships between true strain and flow stress 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Relationships between flow stress and temperature 

 

 

 

 

 =1.3×10
14

[sinh(0.019σ)]
9.2543 

exp(-1.814×10
5
/RT) (10) 

3  Conclusions 

1) The flow stress of 3003/4004 two-layered alloy under 

current deformation condition decreases with the increasing 

temperature and increases with the increasing strain rate. 

2) The dynamic softening mechanism in current 

deformation condition is mainly dynamic recovery.  

3) The constitution equation describing the relationship 

of  , T and σ is: 

 =3×10
14

[sinh(0.019σ)]
9.2543 

exp(-1.814×10
5
/RT). 
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3003/4004 层合板铝合金热变形行为研究 

 

张  潇 1，任  政 1，胡李华 2，黄原定 1，朱秀荣 1，谭锁奎 1
 

(1. 中国兵器科学研究院 宁波分院，浙江 宁波 315103) 

(2. 广西大学，广西 南宁 530004) 

 

摘  要：利用Gleeble 3500热模拟机对3003/4004层合板铝合金进行了热压缩模拟实验，研究了在变形温度分别为300，350，400和450 ºC 

以及应变速率分别为0.05, 0.5, 5, 25 s
-1的变形条件下3003/4004层合板铝合金的热变形行为。合金的热压缩曲线显示在开始阶段由于加工

硬化效应，应力应变曲线迅速上升；随后由于合金的软化，应力应变曲线进入平稳状态。实验结果表明，合金的峰值应力随着应变速率

的升高而升高，随着温度的升高而降低。同时，通过计算分析获得了描述应变速率、变形温度以及流变应力三者之间关系的本构方程。 

关键词：3003/4004层合板铝合金；热压缩；本构方程 
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