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3003 Al alloy samples with various metallurgical qualities were obtained by various melt-treatment methods
and were deformed by isothermal compression in the deformation temperature range of 300°C to 500 °C
at strain rates between 0.0l and 10.0 s−1 with a Gleeble-1500 thermal simulator. The results show that there
is a close relationship between melt-treatment and subsequent thermal deformation. The hot deformation acti-
vation energy (Q) bears a linear relationship with the inclusion content (H) of 3003 Al alloy prepared by
various melt-treatment methods, that is Q = 35.62 H + 171.58. The activation energy of the 3003 Al alloy
prepared by the highly efficient melt-treatment is the lowest (174.62 kJ·mol−1), which is beneficial to the
material hot plastic deformation. The critical strain of the 3003 Al alloy prepared by various melt-treatment
methods is investigated through the work hardening rate. Finally, the critical conditions of the investigated
alloy were determined to predict the occurrence of dynamic recrystallization.
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1. INTRODUCTION

3003 aluminum (Al) alloy is considered as an advanced
material for its excellent formability, relatively good corro-
sion resistance, high thermal conductivity, low density, and
high strength-to-weight ratio [1-3]. It has been extensively
used in containers, packaging, heat exchangers, automobile
radiators, and air conditioners. To improve its performance
and widen its practical application field, the mechanical
properties of 3003 Al alloy have been widely studied in past
decades [4-7]. Whilom Lamberigts pointed out that the
excellent properties of materials can be showed only when
its inner integrity reaches a certain critical level. On this basis,
the role of melt treatment (such as addition of a refiner) can
be brought into full play, and the mechanical properties of
materials can be improved and enhanced [8]. For 3003 Al
alloy, the inherent metallurgical defects, such as inclusions
(Al2O3), stoma, and microscopic shrinkage, could damage
the internal integrity of the material and further affect subse-
quent processing and performance. It is necessary to investigate
the relationship between melt treatment and hot deformation.
According to the melt-treatment principles put forward by

our group, first consideration must be given to purification,
exclusion of the main inclusion of Al melt, and then removal
of gas. Metamorphism and refinement are based on purifica-
tion. A highly efficient melt-treatment has been developed
and has been widely used in Al sheet production [9].

Dynamic recrystallization (DRX) plays an important role
in reducing the flow stress and grain size, and it is a powerful
tool for controlling mechanical properties during the produc-
tion of 3003 Al foil through hot rolling [10-13]. Occurrence
of the critical condition of DRX and hot deformation active
energy (Q) are important indexes to research the DRX char-
acter. The aim of this investigation is to obtain 3003 Al alloy
with various metallurgical qualities by various melt-treat-
ment methods, to discuss the relationship between metallur-
gical quality and hot deformation activation energy, and to
establish a mathematical model of DRX critical strain and
the Zener-Hollomon parameter, which is beneficial to pre-
dict and achieve desirable mechanical properties in the final
product.

2. EXPERIMENTAL PROCEDURE

The materials used in this investigation were 3003 Al
alloys with the following chemical compositions (all in mass
fraction, %): Si 0.58, Fe 0.62, Cu 0.068, Mn 1.09, Mg 0.03, Ti
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0.006, Zn 0.008, Ni 0.007 and balance Al. The samples used
in the experiment were divided into three groups: no melt-
treatment (WTC), which was original and untreated from
factories; normal melt-treatment (NTC), which comprises
refining and removing gas with a normal refining agent and
an Al-10Ti master alloy; highly efficient melt-treatment (HTC),
which comprises filtration and purification with high-effi-
cient flux (CJ-5), Al3Ti1B1RE refinement, and M3 impurity
phase modifier [14,15]. The experiment was conducted in a
graphite pot resistance furnace (F97-116) with the content of
60 kg. The 110 mm×20 mm×70 mm ingots poured into a
metal mould were homogenized at 510°C for 20 h. The
inclusion content was measured by means of flux flushing.
The grain size of the casting ingots was measured by the lin-
ear intercept method and the average of 5 fields was taken.
This was conducted using a metallography instrument (XJG-
05). Cylindrical compression specimens of 15 mm in height
and 8 mm in diameter were machined. Concentric annular
grooves with 0.2 mm deep were machined at both end faces
of the cylinders to retain the lubricant during compression
testing. Graphite lubricant mixed with machine oil was used
to minimize the friction between the sample and anvils.
Axial-symmetry isothermal hot compression testing was car-
ried out by means of a Gleeble-1500 dynamic hot/mechanical
simulation testing machine. The deformation temperature
and strain rate were within the range of 300°C to 500°C and
0.01 to 10.0 s−1, respectively, and the deformation amount
was 50% (ε≈0.7). The sample was resistance heated to
deformation temperature at a heating rate of 1°C·s−1 and held
at that temperature for 300 s by thermocoupled-feedback-

controlled AC current before compression. The deformation
process was controlled by computer, and data was collected
automatically.

3. RESULTS AND DISCUSSION

3.1. The inclusion and grain microstructure of 3003 Al
alloy

The inclusion morphologies of the 3003 Al alloy samples
are shown in Fig. 1 and purification effects are listed in Table
1. It can be seen that there are a large number of inclusions
(0.6801 %) in the WTC sample, and they are larger than the
inclusions of the other samples. Fewer inclusions (0.3616 %)
are seen in the NTC sample, and there still are some lump
inclusions. It is obvious that the number of inclusions in the
HTC sample is the lowest, the amplitude of reduction is
85.78 %. At the same time, the shape of the inclusions in the
HTC sample is fine, and their distribution is homogeneous,
which can improve the continuity of the matrix and decrease
the effect of inclusions on the material properties. 

Significant changes have taken place in the casting micro-
structure and grain size (Fig. 2). The grain distribution is
more homogeneous, and the grain size is reduced to 78 µm
in the HTC sample. Since the purity of the Al melt signifi-

Fig. 1. Inclusion morphology of 3003 Al alloy with various melt-treatment methods: (a) WTC, (b) NTC, and (c) HTC.

Table 1. Inclusion content and grain size of 3003 Al alloy
Melt-treatment processing WTC NTC HTC
Inclusion content/% 0.6801 0.3616 0.0967
Removing inclusion rate/% - 46.83 85.78
Average grain size/µm 131 92 78

Fig. 2. Casting microstructure of 3003 Al alloy under various conditions: (a) WTC, (b) NTC, and (c) HTC.
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cantly increased, the mobility of Al melt increased with the
viscosity reduction. Some effective group element (such as
TiAl3, TiB2, and RE) in a refiner or modifier can rapidly dif-
fuse and transfer and homogeneously distribute in the Al
melt, which leads to further improved refinement or meta-
morphism. This indicates that HTC can considerably improve
the metallurgical quality of 3003 Al alloy, which is helpful
for hot plastic deformation.

3.2. Analysis of hot flow curves
The influence of hot deformation conditions on the true

stress-true strain curves is seen in Fig. 3. Most of the curves
exhibit a peak stress followed by dynamic softening at a
lower strain. Flow softening is a common characteristic of
true stress-true strain curves for many alloys deformed at
elevated temperatures. This can be caused by deformation
heating and microstructural instabilities inside the material,
such as DRX, texture formation, dynamic precipitation, and
dissolution. The flow stress increases as the strain rate increases
for a given strain, which suggests that 3003 Al alloy is sensi-
tive to positive strain rate under experimental conditions. At
the same time, the flow stress decreases as the deformation
temperature increases at the same strain rate. 

The flow stress becomes steady when a recovery process
completely balances the effects of straining and work hard-
ening at a lower temperature (≤300°C). When the strain rate
exceeds 10.0 s−1, the flow stress sawtooth-shaped fluctuates,
which exhibits discontinuous DRX feature. The reason is
that the deformation time shortens under high strain rates.
The dynamic recovery, which results from screw dislocation

cross-slip and edge dislocation, is limited. Therefore, sub-
boundaries do not form well. The density of dislocation in
the grain remains high, and this makes the internal stored
energy of the metal increase rapidly and reach DRX driving
forces, leading to the occurrence of DRX. After the occur-
rence of DRX, there is enough time for sub-boundaries to
form, which makes work hardening and dynamic softening
reach a dynamic equilibrium again. Therefore, sawtooth-
shaped waves are encouraged at high strain rates. In other
conditions, the flow stress decreases as the strain increases
after the peak, showing a DRX softening feature. Under the
same hot deformation conditions, the flow stress of 3003 Al
alloy with WTC is the highest, while that with HTC is the
lowest.

3.3. The hot deformation activation energy of 3003 Al
alloy

In hot deformation of metallic materials, it is commonly
accepted that the relationship between the peak stress or
steady-state stress, strain rate, and deformation temperature
can be expressed as [16-19].

= A[sinh(σα)]n exp(-Q/RT) (for all stress) (1)
= A1σ mexp(-Q/RT) (ασ < 0.8) (2)
= A2 exp(βσ) exp (-Q/RT) (ασ > 1.2) (3)

Z =  exp(Q/RT) (4)

where A, A1, A2, n, m, β and α (=βn) are constants, Q is the
activation energy for deformation, R is the gas constant
(8.31 J·K−1·mol−1), and Z is the Zener-Hollomon parameter.

ε
ε
ε

ε

Fig. 3. Representative flow curves of 3003 Al alloy under various conditions: (a, b) WTC, (c, d) NTC, and (e, f) HTC.
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The power law, Eq. (2), and the exponential law, Eq. (3),
break at a low stress and at a high stress, respectively. The
hyperbolic sine law, Eq. (1), is a more general form suitable
for stresses over a wide range.

Eq. (1) can be transformed as

lnZ = lnA + nln[sinh(ασ)], (5)

. (6)

The average deformation activation energies of 3003 Al
alloy prepared by various melt-treatment methods calculated
by Eq. (1) to (6) in various conditions are as follows: the
activation energy of WTC is 195.47 kJ·mol−1, the activation
energy of NTC is 185.21 kJ·mol−1, and the activation energy
of HTC is 174.62 kJ·mol−1. It is obvious that all activation
energy values are higher than that for self-diffusion in pure
Al (165 kJ·mol−1), suggesting that DRX occurs during hot
deformation, and the deformation mechanism is mainly
cross-slip of dislocations. The results correspond to the anal-
ysis of Fig. 3.

As seen in Fig. 4, the hot deformation activation energy
(Q) value bears a positive linear relationship with inclusion
content (H), Q = 35.62 H + 171.58. The Q value can be
described whether the material deformation is easy or not. It
is well known that the higher the Q value, more difficult
deformation is. Dislocation moving and acting reciprocally
are essential for plastic deformation, which is remarkably
affected by metallurgy defects of 3003 Al alloy. Therefore,
the Q value would be influenced by metallurgy defects of
3003 Al alloy [20]. According to Shroh’s research [21], the
Q value of dislocation cross-slip can be described as Gb2d/5,
where G is the shear modulus, b is Burger’s vector, and d is
the width of the extended dislocation. It is obvious that the
wider the dislocation extends, the lower the stacking fault
energy, which makes it difficult for dislocation cross-slip to

occur. Oxidation inclusion (Al3O2) is the main factor in 3003
Al alloy that blocks deformation. As seen in Table 1, the
inclusion content of 3003 Al alloy with WTC is the highest,
which blocks dislocation cross-slip, limits dislocation collec-
tion, and broadens the width of extended dislocation, as a result,
stacking fault energy decreases, and the energy needed for
slipping or climbing of the dislocations increases. 

At the same time, the existence of large inclusions sepa-
rates the Al matrix and hinders plastic fluid, which signifi-
cantly decreases the materials plasticity and causes work
hardening and brittlement to occur earlier, thus increasing
the Q value. In addition, grain boundary area increases with
grain size decrease, the role of grain boundary viscosity
strengthens, the number of intragranular slip systems increases,
and the coordination between grain slip and turn is enhanced,
which causes grain boundaries to slip easily and flow stress
decreases [22,23]. Also, the smaller the original grain size is,
the more easily the DRX procedure can be carried out, that
is£¨the smaller the steady strain value is, which lowers the Q
value. Hence, melt-treatment is one of the main intrinsic fac-
tors influencing the Q value of 3003 Al alloy, and the extent
of the influence of melt-treatment on Q is the result of syn-
thetic effect of the metallurgical defects. The Q value of 3003
Al alloy with HTC is the lowest due to the improvement of
its inherent metallurgical quality, which makes it deform easily.

3.4. The model of DRX critical strain
DRX critical strain (εc) can be determined by metallogra-

phy after deformation, and it is difficult to observe and mea-
sure the extensive microstructure change. Poliak and Jonas
[11,24] proposed a solution of critical strain based on the
thermodynamics of irreversible processes (TIP). The critical
condition corresponds to the minimum of −∂θ/∂σ ~σ plot
and inflexion of θ~σ plot, where θ is the strain hardening
rate, θ = (dσ/dε)ε,T [25]. The θ~σ plot can well describe the
microstructure changes during materials deformation and
determine the characteristic value of the flow curves. When
the flow stress corresponding to ∂(−∂θ/∂σ)/∂σ = 0 is the
DRX critical stress (σc), it suggests that critical stress can be
obtained from (dθ/dσ)~dσ plots [26,27]. The (dθ/dσ)~dσ
plots of 3003 Al alloy in the experimental conditions are
shown in Fig. 5. DRX critical stress can be determined by
the minimum of the (dθ/dσ)~dσ plot. The strain correspond-
ing to the critical stress in the true stress-strain curves is crit-
ical strain.

The critical strains under various conditions can be obtained
from Fig. 5 and they are listed in Table 2. It can be observed
that the critical strain increases as the strain rate increases
and deformation temperature decreases in the same melt-
treatment conditions. The reason is that the DRX procedure
is related to time; the deformation time shortens as the strain
rate increases, which affects the amount of DRX nucleation
and the grain growth rate because the occurrence and devel-

Q R ∂ln ασ( )sinh( )
∂ 1/T( )

-----------------------------------
ε·
/ ∂ln ασ( )sinh( )

∂ ε·( )ln
-----------------------------------

T

=

Fig. 4. The relationship between inclusion content and activation energy.
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opment of the dislocation movement and climb are insuffi-
cient. Accordingly, the role of softening of DRX is not fully
realized, which causes the critical strain to increase. On the
other hand, dislocation cross-slip, climb, and subgrain for-
mation, merger occur easily as the deformation temperature
increases, which promotes the occurrence of DRX and leads
to decreased critical strain [28,29]. Under the same deforma-
tion conditions, the critical strain of the 3003 Al alloy pre-
pared by HTC is the lowest, while that of the 3003 Al alloy
prepared by WTC is the highest. Since DRX is a hot activa-
tion course, the activation energy of the 3003 Al alloy pre-

pared by HTC is the lowest. When local deformation occurs,
there are many slip system startups, which makes the metal
absorb much more deformation energy and reach the driving
force that is sufficient for DRX to occur. At the same time, a
region of high-density dislocation is formed, which results in
an increase in the DRX nucleation rate. The DRX critical
strain decreases, and finally, DRX occurs easily.

The Zener-Hollomon (Z) parameter is introduced to ana-
lyze the relationship between critical strain and deformation
conditions. The relationship of lnεc-lnZ obtained by linear regres-
sion of the critical strain and the Z parameter is shown in Fig. 6.

Fig. 5. The relationship between the strain hardening rate and flow stress under various conditions: (a, b) WTC, (c, d) NTC, (e, f) HTC.

Table 2. The critical strain of 3003 Al alloy (×10−3)

Melt-treatment 
processing

T=400 °C, Strain rate (s−1) = 0.1s−11, Temperature (°C)
0.01 0.1 1.0 10.0 300 350 450 500

WTC 12.5 16.1 18.2 19.8 23.7 20.7 14.9 9.1
NTC 10.1 12.4 14.5 21.8 28.5 17.8 10.3 8.5
HTC 3.9 5.6 9.3 10.6 12.5 6.9 3.7 2.4

ε

Fig. 6. The relationship between critical strain and the Z parameter.
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It can be seen that the critical strain of 3003 Al alloy bears
a linear relationship with Z parameter. The critical strain
increases with the increase of the strain rate and decrease of
the deformation temperature. The DRX critical conditions of
3003 Al alloy prepared by various melt-treatment methods
can be obtained as follows: WTC is εc > Z0.0776 + 1.2×10−3,
NTC is εc > Z0.1138 + 4×10−4, and HTC is εc > Z0.1641 + 5×10−5.
The model makes it possible to calculate the critical strain of
DRX occurrence as a function of temperature and strain rate
for 3003 Al alloys. Therefore, the structure characteristics of
3003 Al alloy under various deformation temperatures and
strain rates can be predicted and controlled, and this can pro-
vide experimental evidence to obtain the required structure
and the corresponding performance to control and optimize
hot plastic deformation conditions. 

4. CONCLUSIONS

1. Efficient melt-treatment technology can significantly
improve the internal metallurgical quality of 3003 Al alloy,
decreasing inclusion content and improving the microstruc-
ture. Therefore, attention should be paid to the influence of
melt-treatment on subsequent thermal deformation.

2. The hot deformation activation energy (Q) of 3003 Al
alloy bears a linear relationship with the inclusion content
(H), Q = 35.62 H + 171.58. The activation energy of 3003
Al alloy prepared by the highly efficient melt-treatment is
the lowest, 174.62 kJ·mol−1. Its inherent metallurgical quality
is significantly improved, which is advantageous for hot
plastic deformation of the alloy.

3. Under the same hot deformation conditions, the critical
strain is related to the melt-treatment process, and the critical
strain of 3003 Al alloy prepared by the highly efficient melt-
treatment is the lowest. Finally, the critical conditions of
DRX occurrence are achieved.
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