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Abstract

The 3003 aluminum alloys with four different initial grain sizes were deformed by isothermal compression in the range of
deformation temperature 300—500 °C at strain rate 0.01-10.0 s~ with Gleeble-1500 thermal simulator. The results show
that the smaller the initial grain size of the alloy, the greater the required deformation resistance, and the smaller the peak
strain, which is conducive to the occurrence of dynamic recrystallization (DRX). The DRX critical strain increases with the
decrease of the deformation temperature or the increase of the strain rate, and the DRX volume fraction increases with the
decrease of the strain rate and the increase of the deformation temperature. The average grain size of 3003 aluminum alloy
after deformation is smaller than that before deformation. The smaller the initial grain size, the lower the critical recrystal-
lization strain. So the DRX is carried out more fully, contributing to the thermoplastic deformation of the alloy.
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1 Introduction

The internal structure of the alloy usually undergoes three
change stages during the high temperature plastic deforma-
tion, namely, work hardening, dynamic recovery and DRX.
DRX is an extremely important microstructure evolution
in the process of hot deformation [1-3]. It plays an impor-
tant role in the microstructure changes of 3003 aluminum
alloy during hot deformation, which not only can reduce the
dislocation propagation and plugging effect caused by the
work hardening to achieve the effect of dynamic softening,
but also can refine the grain, thereby enhancing the plastic-
ity and toughness of the alloy. Therefore, DRX softening
behavior of the alloy during the hot deformation has become
the focus of attention. DRX process of the alloy is closely
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related to its chemical composition, the original micro-
structure state and hot deformation conditions. DRX occurs
only at a certain deformation temperature, strain rate and
deformation [4]. Therefore, it is necessary to quantitatively
study the evolution law of DRX structure, which not only
can provide the correct prediction model for the numerical
simulation of microstructure and performance, but also can
provide experimental basis for optimizing the hot deforma-
tion process parameters of 3003 aluminum alloy and for-
mulating “precise control” scheme. The dynamic softening
behavior of the 3003 aluminum alloy is affected by the initial
grain size of the alloy in addition to the hot deformation
conditions [5-7]. It is necessary to combine the two factors
in order to further reveal the influence of the initial grain size
on the dynamic softening behavior of 3003 aluminum alloy.

2 Experimental Procedure

The main components of the 3003 aluminum alloy are
(mass fraction/%): 0.62 Fe, 0.58 Si, 1.09 Mn, 0.068 Cu,
0.006 Ti, 0.03 Mg, 0.007 Ni, 0.008 Zn, the balance being
Al. The preparation of the ingot is: firstly, the aluminum
ingots were subjected to four different melt treatments in a
graphite crucible resistance furnace [8], that is, untreated
(UT), conventional purification (CPT), efficient purification
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(EPT) and efficient integrated treatment (EIT). Secondly,
pour out the ingot, heat treatment (510 °C, 20 h). Finally,
process the hot compression samples according to the
standard. Cylindrical specimens of 10 mm in diameter
and 15 mm in height were machined for hot compression
tests. The both flat ends of the specimen were recessed to
a depth of 0.2 mm deep around to entrap graphite pow-
der in order to minimize the friction between the specimen
surface and clamp. The samples were mounted on a Glee-
ble-1500 thermal simulator for isothermal constant strain
rate hot compression test. The experimental conditions for
the hot deformation are: the heating rate of the sample is
controlled at 1 °C/s, insulation for 5 min after the set tem-
perature. Control the amount of compression deformation
of 0.7. The range of strain rate is 0.01-10.0 s~!, and the
deformation temperature is in the range of 300-500 °C. The
data of the experiment is controlled and collected by the
computer. The deformed specimens were quenched in water
quickly after each compression test in order to maintain the
microstructure.

For microstructural examination, the specimens were
sliced parallel to the direction of compression. The micro-
structure characterization of the deformed samples were
observed by using XJG-05 optical microscope (OM), ZEISS
EVO MAI10 electron backscatter diffraction (EBSD) and

Fig.1 OM images of 3003
aluminum alloys with different
melt treatments. a UT, b CPT, ¢
EPT, d EIT
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JEM-2100F transmission electron microscopy (TEM). To
take microscopic examination, the specimens were mechani-
cal polished and etched with Keller’s reagent (2.5 ml HNO;,
1.5 ml HCI, 1 ml HF and 95 ml H,0). The foils used for
TEM were prepared by mechanical polishing to less than
80 pm and then punched into 5 mm discs. Finally, twin-jet
electro-polishing device was carried out on preparation of
the sample with an electrolyte solution of 25% nitric acid
and 75% methanol at the voltage of ~15 V DC and the tem-
perature below —20 °C. It is remarkable to note that the sam-
ples used for EBSD were sprayed approximately 45 s while
the TEM samples were sprayed continually until appear a
small hole. Figure 1 shows the heat-treated microstructures
of 3003 aluminum alloys with four different melt treat-
ments. For determination of grain sizes of annealed samples,
average linear grain intercept lengths technique was used.
Table 1 is the average grain size measured using an image
analysis system.

Table 1 Average grain size of 3003 aluminum alloy

Melt treatment process uT CPT EPT EIT
Average grain size (pm) 94 79 68 51
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3 Results and Analysis
3.1 True Stress-Strain Curve

The true stress-true strain curves of 3003 aluminum alloys
with four different grain sizes are shown in Figs. 2 and 3,
which were deformed in the range of deformation tempera-
ture 300-500 °C at strain rate 0.01-10.0 s™".

As can be seen from Figs. 2 and 3, at the same strain
rate, the flow stress decreases generally with the increase
of the deformation temperature. Under the same deforma-
tion temperature conditions, the flow stress increases with
the increase of the strain rate, indicating that the alloy is
a positive strain rate sensitive material. At high strain rate
(>10.0 s71), the flow stress curve appears sawtooth fluc-
tuation and the alloy undergoes discontinuous DRX. This
is because the deformation time is short at high strain rate,
the dynamic response produced by the slip of the screw
dislocation and the movement of the edge dislocation is
limited. Sub-grain boundary is not well formed, and the
dislocation density within the grain is still kept at a high
level, so that the internal storage energy of the metal can
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be increased rapidly, to achieve the driving force required
for DRX, and eventually lead to the occurrence of DRX
[9, 10]. The peak flow stress of the same alloy under the
same hot deformation condition is different. This is mainly
related to the initial grain size of the alloy (Table 1) before
the deformation. Such as at medium strain rate, the flow
stress of the 3003 aluminum alloy with EIT is larger than
that of 3003 aluminum alloy with UT. This is because the
grain boundary plays a hindrance on the dislocation slip.
The 3003 aluminum alloy with EIT has the smaller grain
size and the more grain boundary, so the more stress is
required for the dislocation slip. But with the deformation
temperature rising, the flow stress of 3003 aluminum alloy
with EIT is slightly smaller than that of 3003 aluminum
alloy with UT. When the deformation temperature is high,
due to the increase of atomic activity, as well as the diffu-
sion rate of atoms along the grain boundary accelerates, so
that the grain boundary at high temperatures has a certain
viscosity characteristics. Its resistance to deformation is
greatly weakened, even if the application of a small stress,
as long as the action time is long enough, there will be
grain along the grain boundary relative sliding. When the
grain size is reduced, the grain boundary area per unit
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Fig.2 True stress—true strain curves of 3003 aluminum alloy at the strain rate of 0.1 s~!.a UT, b CPT, ¢ EPT, d EIT
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Fig. 3 True stress—true strain curves of 3003 aluminum alloy at the deformation temperature of 400 °C. a UT, b CPT, ¢ EPT, d EIT

volume increases, and the grain boundary viscosity is
strengthened, thus reducing the flow stress [11].

3.2 Comparison of DRX Critical Strain

When the deformation temperature and strain rate are con-
stant, the change rate of stress changing with the strain is
called the strain hardening rate [12]:

0= (% ).s g

The relationship between the strain hardening rate and
the flow stress can better reveal the microstructure changes
during the hot deformation, and can more accurately deter-
mine the characteristic value of the flow stress curve. E. 1.
Poliak and J. J. Jonas proposed a dynamical critical con-
dition based on the thermodynamic irreversible principle.
It is assumed that the critical condition corresponds to the
minimum value on the (—00/ dc) ~ o curve or the inflection
point on the In 8 ~ € curve. The strain value corresponding
to the inflection point or the minimum value is the critical
strain (g,.) of the DRX, and the corresponding stress is the
critical stress (,). According to the Eq. (1), the relationship
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curves of 3003 aluminum alloy with UT between 6 ~ ¢ and
(—06/ dc) ~ o can be determined, as shown in Fig. 4.
The flow stress corresponding to %(—%) =0 is the

DRX critical stress (o). It can be obtained directly from the
(06/ do) ~ o curve, and the critical strain (g,) can be
obtained from the DRX critical stress of the flow stress
curve, the calculation results are shown in Table 2.

It can be seen from Table 2 that the DRX critical strain
value of 3003 aluminum alloy increases with the increase
of Z (Zener-Hollomon) parameter (decrease of deformation
temperature or increase of strain rate), this is because the
deformation temperature is reduced, the climb and slip of the
dislocation are hindered, and sub-grain formation and merger
are difficult, which make the DRX difficult occur in the hot
deformation process, resulting in increased DRX critical strain
value. On the other hand, the process of DRX is closely related
to time. The deformation time is shortened with the increase of
the strain rate, and the movement and climbing of the disloca-
tions are difficult to be carried out. It affects the DRX nuclea-
tion quantity, limits the growth rate of the recrystallized grains,
and weakens the softening effect of the DRX, which lead to the
increase of the critical strain value obtained by the balance of
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Table 2 Critical strain values of 3003 aluminum alloys under differ-
ent hot deformation conditions

Tem- Strain rate (s™') UT CPT EPT EIT

perature

(°0)

300 0.1 0.07916 0.07430 0.06597 0.06390

350 0.05785 0.05797 0.05302 0.04789

400 0.04477 0.04081 0.03732 0.03232

450 0.03362 0.03615 0.03325 0.02563

500 0.02571 0.02924 0.02172 0.01919

400 0.01 0.03065 0.03197 0.02922 0.02190
0.1 0.04477 0.04081 0.03732 0.03232
1.0 0.05368 0.05082 0.05021 0.04050
10.0 0.07358 0.06687 0.05940 0.05624

strain hardening and DRX softening. At the same time, under
the higher strain rate condition, the “adiabatic temperature rise
effect” will be produced, which will increase the local tem-
perature of the material and enhance the dynamic recovery
effect. The dislocation will be canceled each other through
the slip and climb, and the dislocation density will decrease.

Therefore, the internal residual deformation storage energy of
the material can be reduced, and the DRX is difficult to occur,
resulting in an increase in the DRX critical strain.

Under the same hot deformation conditions, the critical
strain value of 3003 aluminum alloy with UT is the larg-
est, followed by that of 3003 aluminum alloy with CPT and
EPT, and the critical strain value of 3003 aluminum alloy
with EIT is the smallest. Since the DRX is a hot activation
process, the hot deformation activation energy of 3003 alu-
minum alloy with EIT is the lowest. When the local defor-
mation occurs, it will start more slip system, and the metal
absorbs more deformation energy, so as to achieve the driv-
ing force required for DRX. At the same time, the formation
of high-density dislocation area increases the nucleation rate
of the DRX, which reduces the critical strain of the DRX,
leading to the occurrence of DRX.

3.3 Effect of Initial Grain Size on DRX Volume
Fraction

To establish a DRX kinematic model, the DRX volume frac-
tion must be measured firstly. According to the traditional
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measurement of metallographic method, the result will inevita-
bly be subject to metallographic corrosion and field selection.
In this study, the DRX volume fraction is calculated from the
eigenvalues of flow stress curve during the hot deformation
[13,14].

X, = OREC ~ ODRX @

ORrec — Os

where X, is the DRX volume fraction, oy is the stress
value on the flow stress curve when the metal does not
undergo dynamic softening, oy is the stress value on the
high temperature flow stress curve, and o, is the steady-state
stress value of the high temperature flow stress curve. The
meaning of the symbols in the Eq. (2) is shown in Fig. 5.
According to the experimental data of thermodynamics, the
actual flow stress and the DRX steady-state flow stress can
be obtained. The dynamic recovery curve of the alloy can be
obtained by nonlinear least squares fitting and extrapolation
based on the flow stress curve data before DRX. The fitting
mathematical model is [14]:

o — 0'0‘2 _ M
202 (- 3
O — 002 ( )
OReC
[a]
[a
E O prx Js
©
€

Fig.5 Illustration of DRX volume fraction of metallic materials

1t (a)
c 08
o
©
E 06|
ke
(0]
Hoal
©
= Ze—400C,
E‘o.z L " —a—400C, 0.15s"
& —v—400C, 1.0s"
—=—400C, 10.0s"
0.0}
'l 'l 'l L '} L

o
=)
=)
o

Effective Strain

0.2 0.3 0.4 0.5 0.6 0.7

where o is the steady-state stress value on the dynamic
recovery flow stress curve, and C and M are constant
coefficients.

According to Egs. (2) and (3) and the experimental data
of Fig. 1, the DRX volume fraction under different deforma-
tion conditions can be calculated, and the relationship curves
of 3003 aluminum alloy with EIT between the DRX volume
fraction and the deformation amount were plotted (Fig. 6).
It can be seen that in the same deformation amount, the
DRX volume fraction increases with the increase of defor-
mation temperature or the decrease of the strain rate. This
is because Z value decreased with the increase of deforma-
tion temperature, then the critical strain value of the DRX
decreases, resulting in the DRX more likely to occur. In
addition, the grain boundary migration ability is enhanced
with the increasing deformation temperature, so that the
nucleation rate of recrystallization increased, and DRX car-
ried out more fully, that is, the high temperature or low strain
rate is more favorable for the occurrence of DRX.

At the strain of 0.7, the DRX volume fraction of 3003
aluminum alloys with different grain sizes can be obtained
by the same method, as shown in Table 3. The DRX volume
fraction of 3003 aluminum alloys with different grain sizes
under the same hot deformation condition are different.

The DRX volume fraction of 3003 aluminum alloy with
UT is the smallest under given experimental conditions.
From the previous analysis, it can be seen that the DRX
critical strain of 3003 aluminum alloy with UT is the larg-
est, and it is difficult to enter the steady-state deformation
stage, so the DRX volume fraction is the lowest. Because
the removal impurities efficiency of 3003 aluminum alloy

Table3 DRX volume fraction (%) at the strain of 0.7 (400 °C,
0.1s7h

CPT
68.75

EPT EIT
75.58 88.64

Melt treatment UT

DRX volume fraction 63.58
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Fig. 6 DRX volume fraction curves under different deformation conditions. a 400 °C; b 0.1 57!
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with CPT is not obvious and the hot deformation activation
energy is large [7], the DRX is difficult to occur. Therefore,
the DRX volume fraction of 3003 aluminum alloy with CPT
is similar with that of 3003 aluminum alloy with UT. The
DRX volume fraction of 3003 aluminum alloy with EPT has
a certain degree of improvement, but the difference is not
obvious. The initial grain size and distribution of the 3003
aluminum alloy with EIT is fine and uniform, whose internal
metallurgical quality has been significantly improved, which
is favorable for the thermoplastic deformation, so the DRX
volume fraction of the alloy with EIT is the largest.

Fig.7 EBSD images of 3003
aluminum alloy deformed at
400°C,0.1s™".aUTbCPT ¢
EPT d EIT

I
90.00 = =60 steps

(@) UT

90.00 =60 steps

(¢) EPT

3.4 Effect of Initial Grain Size on Microstructure

The microstructure of the 3003 aluminum alloys with four
different grain sizes at deformation temperature of 400 °C
and strain rate of 0.1 s~! are shown in Fig. 7, and Fig. 8
shows the distribution of grain size.

It can be seen from Figs. 7 and 8 that under the same hot
deformation condition, the 3003 aluminum alloy with UT
has large grain size and uneven deformation structure, and
the deformed grains are elongated. There are high disloca-
tion densities in the grain boundaries. The dislocations inter-
twine with each other to form dislocation walls (Fig. 9a),

g4
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(b) CPT

I Boundary levels: 2 15
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Fig.8 Grain size distribution of 3003 aluminum alloy deformed at 400 °C, 0.1 s~ aUT b CPT ¢ EPT d EIT

which has typical dynamic recovery characteristics. The
grain sizes of 3003 aluminum alloy with CPT and EPT have
been reduced, but still elongated. The density of disloca-
tions in the alloy decreases and the sub-grains are merging
(Fig. 9b). However, high-density dislocation networks still
exist in the local area and partial DRX has begun to occur.
The grain size of the 3003 aluminum alloy with EIT is fur-
ther reduced, the grain is refined, and the grain boundary
area increased. After the high temperature deformation, no
obvious elongated grains were observed, which is essentially
equiaxed. This is because the initial grain size (Table 1) of
3003 aluminum alloy with EIT is smallest and grain bound-
ary area is also the largest. The grain boundary has good
plasticity at high temperature, which can be carried out
viscous flow. At the same time, small equiaxed grains can
reduce the grain rotation and grain boundary sliding resist-
ance, which is conducive to the thermoplastic deformation of
the alloy. Dislocations disappear within the grain (Fig. 9d).
The large-angle grains can be observed, and DRX carried
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out more fully. Therefore, the observation of the microstruc-
ture is consistent with the result of Table 3, that is, smaller
initial grain size is conducive to the occurrence of DRX.

4 Conclusions

1. The flow stress of 3003 aluminum alloys with different
initial grain sizes increase with the increase of strain
rate or the decrease of deformation temperature during
hot deformation, indicating that the alloy is a positive
strain rate sensitive material. The smaller the initial
grain size, the greater the required deformation resist-
ance, the smaller the peak strain, and the more prone to
DRX.

2. The DRX critical strain increases with the decrease of
deformation temperature or the increase of strain rate,
and the DRX critical strain decreases with the decrease
of initial grain size.
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Fig.9 The TEM images of (a)
3003 aluminum alloy deformed

at 400 °C, 0.1 57!, a UT, b CPT,
¢ EPT, d EIT

3. The DRX volume fraction increases with the decrease
of strain rate or the increase of deformation tempera-
ture. The smaller the initial grain, the more complete the
DRX.

4. The average grain sizes of 3003 aluminum alloys with
different initial grain sizes are smaller than that before
deformation, and the fine uniform initial grain size is
favorable for the thermoplastic deformation of the alloy.
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