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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 <€) with various strain rates of 0.05, 0.5, 5, 25 s*. 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 (o) 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™?.

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
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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™®* and chemical composition is shown in
Table 1. After annealing at 450 <€ 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 were performed using a Gleblee-3500 dynamic
hot-simulation testing machine at temperatures ranging
from 300 to 450 <€, 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 <€/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.la~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.la~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%6)
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.
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Fig.1 True stress-true strain of 3003/4004 two-layered alloy at different strain rates and temperatures: (a) & =0.05 s™, (b) & =0.5s",

() £=5s? and(d) &=25s"
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Fig.2 As cast microstructure and deformed microstructure at 400 € with different strain rates: (a) as cast, (b) & =0.05s™, (c) & =0.5s™,

(d) £=5s5" and(e) &=25s"

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®®.,

& =A[sinh(ao)]" exp(-Q/RT) 1)
where A, a, and n are constants depending on material; o is
the stress level parameter; R is the gas constant; n is the
stress exponent; T is thermodynamic temperature; o is peak
stress. Q is the activation energy of hot deformation,
kJmol™'. This equation is appropriate for all stress
levels. For low stress level (a6<0.8) and high stress level
(a0>1.2) this equation can be written in the form of Eq.(2)
and Eq.(3), respectively.

& =A™ )

£ =A; exp(fo ) 3
where a=p/n;, B is the temperature-independent material
constant, MPa *; and n is the stress exponent. A; and A, 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(ac)]" (4)

From Eq.(2) and Eq.(4) another two equations i.e. Eq.(5)
and Eq.(6) can be obtained.

In & =InA; +n;Inc (5)

In g =InA, +fo (6)
When the curves of Ing - Ing and In & -6 were drawn, n;
and S were determined. Then the value of o can be obtained
for a=pIn;.

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

In & =A’+n In[sinh(ao)] )
where A'=InA—Q/(RT).

On the other hand, when the strain rate keeps constant
Eq.(4) can be written as:

In[sinh(a0)]=B/T+C (8)
where B and C are constants. Also Eq.(1) could be written
as Eq.(9) through partial derivative transform.[!

0-R olnég dIn[sinh(ao)]
~Lomnfsinh(aa)] ]| omn(TH |,
[al[h«m)q ©)

oT

Then the activation energy Q can be obtained by figures
of In & -In[sinh(as)] and In[sinh(ac)]-T™.

Fig.3 shows the curves of In& -Ing and In & -0. Fig.4
and Fig.5 show the relationship between In £ -In[sinh(a0)]
and In[sinh(ae)]-T". According to the figures and Eqs, the
constants A, Q, n and o can be obtained. Finally, the flow
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stress can be estimated:
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Fig.3 Relationship between peak stress and strain rate: (a) In £ -Ing and (b) In & -o
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Fig.4 Relationships between true strain and flow stress
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Fig.5 Relationships between flow stress and temperature

3

& =1.3x10"[sinh(0.0196)]°%** exp(-1.814<10°/RT) (10)

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 £, Tandois:

£ =3x107"[sinh(0.0190)]" " exp(-1.814x<10°/RT).
> =3x10[sinh(0.0196)]°%* exp(-1.8 0°/RT)
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