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The hot deformation behavior of dilute Al-Fe-Si alloys (1xxx) containing various amounts of Fe (0.1 to
0.7 wt.%) and Si (0.1 to 0.25 wt.%) was studied by uniaxial compression tests conducted at various tem-
peratures (350-550 �C) and strain rates (0.01-10 s21). The flow stress of the 1xxx alloys increased with
increasing Fe and Si content. Increasing the Fe content from 0.1 to 0.7% raised the flow stress by 11-32% in
Al-Fe-0.1Si alloys, whereas the flow stress increased 5-14% when the Si content increased from 0.1 to 0.25%
in Al-0.1Fe-Si alloys. The influence of the temperature and the strain rate on the hot deformation behavior
was analyzed using the Zener-Holloman parameter, and the effect of the chemical composition was con-
sidered in materials constants in the constitutive analysis. The proposed constitutive equations yielded an
excellent prediction of the flow stress over wide ranges of temperature and strain rate with various Fe and
Si contents. The microstructural analysis results revealed that the dynamic recovery (DRV) is the sole
softening mechanism of the 1xxx alloys during hot deformation. Increasing the Fe and Si content retarded
the DRV and resulted in a decrease in the subgrain size and mean misorientation angle of the boundaries.
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1. Introduction

The 1xxx series aluminum alloys are primarily used for
applications in which superior formability and excellent
thermal and electrical conductivity are required. Typical
applications include foil and strips for packaging, heat-
exchanger tubing and fin stock, coaxial cable sheathing and
electrical conductors (Ref 1, 2). These products are generally
subjected to hot-forming processes such as extrusion and
rolling. Therefore, the development of a method to analyze and
predict their hot deformation behavior under various thermo-
mechanical conditions is the primary goal.

The high-temperature flow behavior of various materials in
hot-forming processes is very complex. The work hardening
and dynamic softening are both significantly affected by many
factors, such as the chemical composition, the forming
temperature, the strain rate, and the strain (Ref 3, 4). The flow
behavior of materials is very important for the design of hot-
forming processes due to its substantial impact on the required
deformation load as well as the kinetics of metallurgical
transformations. Traditionally, the trial and error method has
been employed to optimize the thermomechanical processes. To
overcome the huge number of tests required to achieve a

reliable conclusion in the trial and error practice, various
modeling techniques have been developed that permit a
significant reduction in the production cost.

The modeling of materials flow behavior is often conducted
by proper constitutive equations, which correlates the dynamic
material properties such as the flow stress to the process
parameters such as the deformation temperature and strain rate
(Ref 5-7). Normally, uniaxial hot compression tests are
employed to provide the necessary data to extract the consti-
tutive equations. Several analytical (Ref 8), phenomenological
(Ref 9), and empirical (Ref 10) models have been proposed to
describe the high temperature flow behavior for a wide range of
metals and alloys. Johnson and Cook (Ref 11) proposed a
phenomenological model to develop a cumulative-damage
fracture model. Sellars et al. (Ref 12) proposed a hyperbolic
sine constitutive law to describe the elevated temperature flow
behavior of various materials. Sloof et al. (Ref 13) introduced a
strain-dependent parameter into the hyperbolic sine constitutive
equation to improve its accuracy. Lin et al. (Ref 14) proposed a
revised hyperbolic sine constitutive equation to describe the
flow behavior of 42CrMo steel by considering the compensa-
tion of the strain and strain rate. Ashtiani et al. (Ref 6)
established strain-compensated constitutive equations to predict
the flow behavior of commercially pure aluminum. Among
various constitutive equations available, the hyperbolic sine
constitutive equation, proposed by Sellars et al. (Ref 12), has
proven to be applicable over a wide range of materials and
alloys (Ref 5-7, 15, 16).

Commercial 1xxx aluminum alloys exhibit higher strength
and work hardening than high purity aluminum. The main
alloying additions, or controlled impurities, in these alloys are
Fe and Si. Zhao et al. (Ref 17) reported that Fe and Si play a
major role in the strength and work hardening of commercial
1xxx alloys and that the contribution from the other impurities
is negligible. McQueen et al. (Ref 4, 18, 19) concluded
that dynamic recrystallization (DRX) could not occur in
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commercially pure aluminum (1xxx alloys) and that dynamic
recovery (DRV) was the sole restoration mechanism during hot
deformation. Although a few researchers (Ref 4, 6, 19) have
studied the hot deformation behavior of commercially pure
aluminum, no systematic investigation of the influence of
different Fe and Si contents on the hot deformation behavior of
dilute Al-Fe-Si alloys is available in the literature.

In the present study, the hot deformation behavior of dilute
Al-Fe-Si alloys with a systematic variation of the Fe and Si
contents was investigated by hot compression tests conducted at
various deformation temperatures and strain rates. The exper-
imental stress-strain data were employed to drive constitutive
equations correlating flow stress, deformation temperature, and
strain rate considering the influence of the chemical composi-
tion. Moreover, the effects of the deformation conditions and the
chemical composition on the microstructural evolution associ-
ated with the dynamic softening were investigated.

2. Experimental

To cover the range of Fe and Si of commercial interest in
1xxx alloys, seven dilute Al-Fe-Si alloys containing 0.1 to
0.7% Fe and 0.1 to 0.25% Si were investigated (all alloy
compositions in this study are in wt.% unless otherwise
indicated). The chemical compositions of the experimental
alloys are presented in Table 1. They were prepared from
commercially pure aluminum (99.7%), Al-20%Fe and
Al-50%Si master alloys. For each composition, approximately
5 kg of material was melted in an electrical resistance furnace
and then cast into a rectangular, permanent steel mold
measuring 309 409 80 mm3. Prior to the cast, the melts were
grain-refined by an addition of 0.015% Ti in the form of an
Al-5Ti-1B master alloy. The cast ingots of these alloys were
homogenized at 550 �C for 6 h, followed by water quenching
at ambient temperature.

Cylindrical samples of 10 mm in diameter and 15 mm in
height were machined from the homogenized ingots. The
uniaxial hot compression tests were conducted using a Gleeble
3800 thermomechanical testing unit at strain rates of 0.01, 0.1,
1, and 10 s�1 and temperatures of 350, 400, 450, 500, and
550 �C. During the tests on the Gleeble 3800 unit, the
specimens were heated at a rate of 2 �C/s and maintained for
120 s at the desired temperature to ensure a homogeneous
temperature distribution. The specimens were deformed to a
total true strain of 0.8 and then immediately water-quenched to
retain the deformed microstructure.

The deformed samples were sectioned parallel to the
compression axis along the centerline direction. Because
conventional mechanical polishing can cause surface plastic

deformation on the relatively soft surfaces of commercially
pure aluminum and introduces a large number of artifacts in the
electron backscattered diffraction (EBSD) maps, an argon ion
beam cross-section polisher (JEOL SM-09010) was employed
in this study. All samples were polished in an Ar+ ion beam at
5 kV with a current of 80 mA for 8 h. The microstructural
evolution of the compressed samples was investigated using the
EBSD technique under a scanning electron microscope (SEM,
JEOL JSM-6480LV). In the EBSD analysis, the boundaries of
grains and subgrains are defined as low-angle boundaries,
medium-angle boundaries, and high-angle boundaries with
misorientation angles of 1-5�, 5-15�, and greater than 15�,
respectively (Ref 20). The step size between the scanning
points was set as 1.0 lm. The line intercept method was used to
measure the subgrain size of the deformed samples. To ensure
the statistical reliability, more than 100 subgrains were
measured in each sample. For the quantitative measurement
of the misorientation distribution of the boundaries, EBSD line
scanning was performed with a step size of 0.2 lm.

3. Result and Discussion

3.1 Flow Stress Behavior

A series of true stress-true strain curves were obtained for all
seven alloys at various deformation temperatures (350 to
550 �C) and strain rates (0.01 to 10 s�1). Figure 1 and 2
display typical true stress-true strain curves for the Al-0.1Fe-
0.1Si and Al-0.5Fe-0.1Si alloys as examples. At the beginning
of deformation, the flow stress increased rapidly because of the
dislocation multiplying and the high rate of work hardening
(Ref 21, 22). Subsequently, the flow stress increased at a
decreasing rate with an increase in the strain and then either
remained fairly constant or, in certain cases with a high Zener-
Holloman parameter (Z), continued to increase until the end of
the deformation. The steady-state regime (after the strain of
�0.1) gives evidence of a constant dislocation density as a
result of a balance of the work hardening and the dynamic
softening. In the cases of high Z, the strain hardening without
saturation is indicative of the work hardening being stronger
than the dynamic softening during the deformation. In general,
both flow behaviors are characteristic of high temperature
deformation in which DRV is the dominant softening mecha-
nism (Ref 18, 21, 23). The effects of the deformation
temperature and strain rate on the flow stress behavior of these
alloys were significant. The flow stress increased with decreas-
ing deformation temperature and increasing strain rate, which is
in good agreement with previously reported results (Ref 4, 6,
24). The highest value of the flow stress was obtained at a strain
rate of 10 s�1 and a temperature of 350 �C for all of the alloys

Table 1 Chemical compositions of the experimental alloys (wt.%)

Alloys Si Fe Cu Mn Cr Ni Ti Zr V

Al-0.1Fe-0.1Si 0.10 0.12 0.002 0.001 0.001 0.007 0.016 0.0015 0.012
Al-0.3Fe-0.1Si 0.10 0.28 0.003 0.002 0.001 0.007 0.017 0.0015 0.012
Al-0.5Fe-0.1Si 0.10 0.49 0.004 0.002 0.001 0.007 0.017 0.0014 0.012
Al-0.7Fe-0.1Si 0.11 0.68 0.006 0.003 0.001 0.007 0.018 0.0013 0.012
Al-0.1Fe-0.25Si 0.24 0.13 0.002 0.001 0.001 0.007 0.018 0.0014 0.012
Al-0.3Fe-0.25Si 0.24 0.30 0.001 0.002 0.001 0.007 0.017 0.0014 0.012
Al-0.5Fe-0.25Si 0.26 0.52 0.002 0.002 0.001 0.008 0.017 0.0015 0.012
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investigated, whereas by decreasing the strain rate to 0.01 s�1

and increasing the temperature to 550 �C, the flow stress
reached its minimum value.

Figure 3 and 4 demonstrate the influence of the Fe and Si
levels on the flow stress at a strain of 0.8 for all of the alloys at
two extremes of strain rates (0.01 and 10 s�1), respectively.
Increasing the Fe content increases the flow stress at all
deformation conditions (Fig. 3). However, its effect was more
significant when the Si level remained low (0.1%). For
example, in the low Si series alloys (Al-Fe-0.1Si), at a given
deformation condition (350 �C and 0.1 s�1), increasing the iron
content from 0.1 to 0.3% and 0.5% increased the flow stress
from 34.9 to 38.3, and 40.2 MPa, respectively. In the high Si
series alloys (Al-Fe-0.25Si), by raising the Fe content from 0.1
to 0.3, and 0.5, the flow stress increased from 39.5 to 42.1, and
42.8 MPa, respectively. Generally, in the case of the low Si
alloys, raising the iron content from 0.1 to 0.5% increased the
flow stress by 7 to 26% over the range of deformation
conditions studied. However, by raising the iron content from
0.1 to 0.5 % in the high Si series alloys, the flow stress
increased only 4 to 16%.

As seen in Fig. 4, the addition of Si can also increase the
flow stress of dilute Al-Fe-Si alloys. Raising the silicon content
from 0.1 to 0.25% in the Al-0.1Fe and Al-0.5Fe alloys
increased the flow stress by 4 to 14% and 2 to 8%, respectively,
over the range of deformation conditions applied. The results
indicate that the influence of the Si content was more evident at
a low Fe level. It appears that the impact of the individual alloy
additions was more significant when the concentration of the
other element was low.

3.2 Constitutive Analysis

Constitutive equations are widely used to model the hot
deformation behavior of metals and alloys. At elevated temper-
ature, the strain rate ð _eÞ is related to the temperature and flow
stress, by the Arrhenius type equation (Ref 7, 13, 24, 25):

_e ¼ Af ðrÞ exp � Q

RT

� �
ðEq 1Þ

where _e is the strain rate (s�1), A is a constant, Q is the acti-
vation energy for hot deformation (kJ/mol), R is the universal
gas constant (8.314 J/mol K), T is the absolute temperature
(K) and f rð Þ is the stress function which can be expressed as
(Ref 5, 15, 26-28):

f ðrÞ ¼
rn1 ar � 0:8

expðbrÞ ar � 1:2

½sinhðarÞ�n for allr

8><
>: ðEq 2Þ

where r is the flow stress (MPa), n1, b and n are material
constant and a ¼ b=n1 (Ref 26-28) is a stress multiplier. Gen-
erally, the power law equation break down at high stress val-
ues, and the exponential equation break down at low stress
values. However, the hyperbolic sine law proposed by Sellars
and McTegart (Ref 12), is suitable for constitutive analysis
over a wide range of temperatures and strain rates (Ref 3, 7,
13, 24, 25). Furthermore, the effect of the temperature and
the strain rate on the hot deformation behavior could be rep-
resented by the Zener-Holloman parameter (Z) in an exponen-
tial equation (Ref 6, 7, 21, 29):

Fig. 1 True stress-true strain curves of the Al-0.1Fe-0.1Si alloy at various strain rates of (a) _e = 0.01 s�1, (b) _e = 0.1 s�1, (c) _e = 1 s�1 and (d)
_e = 10 s�1
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Fig. 2 True stress-true strain curves of the Al-0.5Fe-0.1Si alloy at various strain rates of (a) _e = 0.01 s�1, (b) _e = 0.1 s�1, (c) _e = 1 s�1 and (d)
_e = 10 s�1

Fig. 3 Effect of iron on the flow stress at a strain of 0.8 and (a) Al-Fe-0.1Si _e = 0.01 s�1, (b) Al-Fe-0.1Si _e= 10 s�1, (c) Al-Fe-0.25Si
_e = 0.01 s�1 and (d) Al-Fe-0.25Si _e = 10 s�1
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Z ¼ _e exp
Q

RT

� �
: ðEq 3Þ

Using the experimental results obtained from the hot
compression tests at various temperatures and strain rates, the
material constants and activation energy of the above
mentioned equations could be determined for all alloys
investigated. The following is the solution procedure for
determining the materials constants and activation energy,
using an Al-0.1Fe-0.1Si alloy as an example. In this study, the
value of r is taken from the value of the flow curves at a true
stain of 0.8.

For the low (ar < 0.8) and the high (ar > 1.2) stress levels,
substituting suitable function (the power law and exponential
law of f (r)) into Eq 1 leads to Eq 4 and 5, respectively:

_e ¼ A1r
n1 ðEq 4Þ

_e ¼ A2 expðbrÞ ðEq 5Þ

where A1 and A2 are the material constants. Taking the natu-
ral logarithm of both sides of Eq 4 and 5 yields,

lnðrÞ ¼ 1

n1
ln _e� 1

n1
lnA1 ðEq 6Þ

Fig. 4 Effect of silicon on the flow stress at a strain of 0.8 and (a) Al-0.1Fe-Si _e = 0.01 s�1, (b) Al-0.1Fe-Si _e = 10 s�1, (c) Al-0.5Fe-Si
_e = 0.01 s�1 and (d) Al-0.5Fe-Si _e = 10 s�1

Fig. 5 plots of (a) ln _e�r and (b) ln _e � ln r for the Al-0.1Fe-0.1Si alloy
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r ¼ 1

b
ln _e� 1

b
lnA2 ðEq 7Þ

Then, substituting the values of the flow stresses and
corresponding strain rates into the Eq 6 and 7 gives the
relationship between the flow stress and strain rate, as shown in
Fig. 5. The value of b and n1 could be obtained from the slope
of the lines in the ln _e�r and ln _e� ln r plots, respectively.
The mean values of b and n1 for the range of temperature
studied were found to be 0.2841 and 5.8959, respectively.
Consequently, the value of a was defined as
a ¼ b=n1 = 0.048 MPa�1.

For wide range of stress level, Eq 1 could be represented as
the hyperbolic sine law:

_e ¼ A½sinhðarÞ�n exp � Q

RT

� �
ðEq 8Þ

Differentiating Eq 8 results in:

Q ¼ R
@ ln _e

@ ln½sinhðarÞ�

� �
T

@ ln½sinhðarÞ�
@ð1=TÞ

� �
_e

¼ RnS; ðEq 9Þ

where R is a universal gas constant, n is the mean slope of
ln _e versus @ ln sinh arð Þ½ � at various temperatures and S is the
mean slope of the @ ln sinh arð Þ½ � versus @ 1000=Tð Þ at various
strain rates. Figure 6 exhibits the relationship between
ln _e� @ ln sinh arð Þ½ � and @ ln sinh arð Þ½ � � @ 1000=Tð Þ for the
Al-0.1Fe-0.1Si alloy. Therefore, the values of n, S and Q of the
Al-0.1Fe-0.1Si alloy can be obtained from Fig. 6 and Eq 9.

Combining Eq 8 with Eq 3 results in:

Z ¼ _e expð Q
RT
Þ ¼ A½sinhðarÞ�n: ðEq 10Þ

Taking the natural logarithm of both sides of Eq 10 results
in:

ln Z ¼ lnAþ n ln½sinhðarÞ�: ðEq 11Þ

The linear correlation between lnZ and ln sinh arð Þ½ � are
shown in Fig. 7. The value of lnA is the intercept of the plot of
ln Z versus ln sinh arð Þ½ �.

In a similar way, the values of the materials constants, a, n,
and A, as well as the activation energy, Q, can be computed for
all of the other alloys. Table 2 presents the values of the
materials constants and activation energies corresponding to all
of the alloys investigated. As can be seen, the value of a

decreases as the values of n, A, and Q increase with increasing
Fe or Si contents. The calculated values of the activation
energies of 1xxx alloys lie between 167 and 182 kJ/mol in this
study, values which are in general agreement with those
reported previously for commercially pure aluminum (Ref 3, 4,
19, 21, 30, 31).

3.3 Effect of the Chemical Composition

So far, the constitutive equations have been employed to
study the influences of deformation conditions such as the
temperature and strain rate on the flow stress of individual
alloys with a specific chemical composition. As can be seen, the
effect of the chemical composition is not considered in Eq 1
and 3. In this section, the effects of the chemical composition
on the materials constants and activation energy in the
constitutive equations were also considered. Fulfilling this
goal, the values of the materials constants and activation energy
(a, n, ln A and Q) obtained from the constitutive equations are
considered as a function of the Fe content. Figure 8 illustrates
the variation in the materials constants and activation energy
with differing Fe contents for both the low- and high-Si series
alloys. A second-order polynomial function, as shown in
Eq 12, was found to represent the influence of the Fe content
with very good correlation and generalization (Fig. 8). The

Fig. 6 Plots of (a) ln _e vs. ln sinh arð Þ½ � and (b) ln sinh arð Þ½ � vs. 1000=Tð Þ for the Al-0.1Fe-0.1Si alloy

Fig. 7 Plot of ln Z vs. ln sinh arð Þ½ � for the Al-0.1Fe-0.1Si alloy
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Table 2 Values of materials constants and activation energies of all experimental alloys

Alloys a, MP21 n A, s21 Q, kJ/mol

Al-0.1Fe-0.1Si 0.048 4.11 1.84E+11 167.2
Al-0.3Fe-0.1Si 0.046 4.36 5.75E+11 174.5
Al-0.5Fe-0.1Si 0.044 4.52 1.50E+12 181.2
Al-0.7Fe-0.1Si 0.043 4.48 1.55E+12 181.9
Al-0.1Fe-0.25Si 0.046 4.08 2.87E+11 171.3
Al-0.3Fe-0.25Si 0.043 4.30 1.16E+12 179.6
Al-0.5Fe-0.25Si 0.042 4.35 8.42E+11 177.8

Fig. 8 Relationship between (a) a (b) Q, (c) n and (d) ln A and the Fe level by a polynomial fit for both Al-Fe-0.1Si and Al-Fe-0.25Si alloys

Table 3 Coefficients of the polynomial fit of a, Q, n and ln A for the Al-Fe-0.1Si alloy

a Q n ln A

B0 0.0493 C0 161.44 D0 3.9108 E0 25.049
B1 �0.0135 C1 58.565 D1 2.12 E1 9.2095
B2 0.0063 C2 �41.313 D2 �1.875 E2 �6.9063

Table 4 Coefficients of the polynomial fit of a, Q, n and ln A for the Al-Fe-0.25Si alloy

a Q n ln A

B0 0.0483 C0 163.34 D0 3.9063 E0 25.04
B1 �0.025 C1 91.85 D1 1.95 E1 15.595
B2 0.025 C2 �125.87 D2 �2.125 E2 �21.512
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coefficients of the polynomial fit are provided in Tables 3 and 4
for the alloys containing 0.1 and 0.25 Si, respectively.

a ¼ B0 þ B1Feþ B2Fe
2

Q ¼ C0 þ C1Feþ C2Fe
2

n ¼ D0 þ D1Feþ D2Fe
2

LnA ¼ E0 þ E1Feþ E2Fe
2

ðEq 12Þ

where Fe is the Fe content in wt.%.
Figure 8 demonstrates that the polynomial function provides

a good description of the relationship between the materials
constants and the Fe level in 1xxx alloys. The value of a
decreases with increasing Fe content, whereas the values of n
and A increase with increasing Fe contents for both the low and
high Si alloys. Moreover, the activation energy for hot
deformation, Q, is an important indicator of the degree of
difficulty of plastic deformation. The change in the hot
deformation activation energy as a function of the Fe content
for both the low and high Si series are shown in Fig. 8(b). The
Q values gradually increase with increasing Fe content in all of
the alloys except for Al-0.5Fe-0.25Si. It is worth noting that the
effect of the Fe content on the activation energy is more
significant at low Fe levels. By increasing the Fe content from
0.1 to 0.5% in the low Si series alloys, the Q value increases
from 167.2 to 181.2 kJ/mol, whereas its value only slightly
increases from 181.2 to 181.9 kJ/mol as the Fe content
increases from 0.5 to 0.7%. On the other hand, the value of
the activation energy even slightly decreases from 179.6 to
177.8 kJ/mol in the high Si series alloys as the Fe content
increases from 0.3 to 0.5%.

From Eq 10, the flow stress, r, can be expressed as a
function of the Zener-Hollomon parameter as follows:

r ¼ 1

a
ln

Z
Að Þ1=nþ Z

Að Þ2=nþ1
� �1=2( )

: ðEq 13Þ

After the relationship between the materials constants and the
Fe content are well established, the flow stress of the 1xxx
alloys with various compositions (Fe level) at any given
deformation condition can be predicted by employing Eq 13.

To verify the constitutive equations developed for dilute
Al-Fe-Si alloys, the predicted flow stress values were
plotted against the experimental flow stress measurements
(Fig. 9). The correlation coefficients between the experimental
and predicted results were greater than 99% for all of the alloys
investigated. It can be seen that the proposed models could
accurately predict the flow stress of 1xxx alloys through the
entire range of Fe contents, temperatures, and strain rates,
which means that they can be used for numerical simulation of
the hot deformation process and in choosing the proper
deformation parameters in commercial practice.

3.4 Microstructural Evolution During Hot Deformation

Figure 10 illustrates optical micrographs of Al-0.1Fe-0.1Si
and Al-0.5Fe-0.25Si alloys after homogenization. Because the
solid solubility of iron in aluminum is very low (i.e., max.
0.05% at 650 �C), most of the iron combines with both
aluminum and silicon to form secondary Fe-rich intermetallic
phases (Ref 32, 33). These Fe-rich intermetallic particles are
distributed predominantly in the dendrite cell boundaries. In the
homogenized microstructure, the dominant constituent phase
was Al3Fe in the low Si series alloys, whereas in the high Si

series alloys, the major phase was a-AlFeSi. With increasing Fe
content, the number of Fe-rich intermetallic particles increases.
Increasing the Si content increases the amounts of the
constituent particles and solute atoms simultaneously. A
detailed description of the Fe-rich intermetallic phases in dilute
Al-Fe-Si alloys and the effects of homogenization were
reported in our previous study (Ref 34).

To study the influence of the deformation conditions on the
microstructural evolution of Al-Fe-Si alloys, the Al-0.1Fe-0.1Si
composition was selected to be analyzed by EBSD, and the
effect of the deformation conditions on the misorientation angle
of the boundaries and the subgrain size were quantitatively
evaluated. Figure 11 shows orientation imaging maps of the
deformed microstructure under various deformation conditions
for the Al-0.1Fe-0.1Si alloy after compression to a strain of 0.8.
In hot-worked aluminum alloys, the original grain boundaries
are generally characterized by high-angle boundaries (>15�),
whereas low-angle boundaries (1-5�) and medium-angle
boundaries (5-15�) form subgrain structures (Ref 22).

During hot deformation, the original grains were elongated
perpendicular to the compression direction. The deformation
performed at a high Z condition (400 �C and 10 s�1) resulted in
a high density of low-angle boundaries and consequently a
great number of small subgrains (Fig. 11a). Irregular deforma-
tion bands were observed inside the original grains (see arrows
in Fig. 11a) due to the deformation occurring on a different slip
system (Ref 22). When the strain rate was reduced to 0.01 s�1

at a temperature of 400 �C, the deformation bands became less
visible, and larger subgrains were formed with neatly arranged
boundaries (Fig. 11b), thereby indicating an increased level of
DRV due to the greater time for dislocation polygonization (Ref
22). Furthermore, when the temperature increased to 500 �C at
a strain rate of 0.01 s�1, the substructure was further recovered,
which involved the rearrangement and annihilation of disloca-
tions, resulting in the presence of coarsened subgrains with
higher-angle boundaries (Fig. 11c). The increased polygoniza-
tion consisted of an enlargement of the subgrains and the
rearrangement of the subboundary dislocations into neater
networks (Ref 19).

Table 5 shows the variation in the mean misorientation
angle and the subgrain sizes with the deformation conditions in

Fig. 9 Correlation between the experimental and predicted flow
stress of 1xxx alloys
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the Al-0.1Fe-0.1Si alloy. As the temperature increased and the
strain rate decreased, both the mean misorientation angle of the
boundaries and the subgrain size increased. This suggests a
higher rate of DRV with increasing temperature and decreasing
strain rate (Ref 21, 22), which is consistent with the micro-
structural observations shown in Fig. 11. The DRV is a
thermally activated process, of which the level is improved as

the temperature increases (Ref 22). When the strain rate
decreases, the increased level of DRV is attributed to the
increased time for subgrain coalescence (Ref 21, 22).

To understand the effect of the Fe and Si content on the
microstructural evolution of 1xxx alloys, a fixed deformation
condition (500 �C and 0.01 s�1) was selected to compare
different alloys. Figure 12 illustrates the orientation imaging
maps of the deformed samples with various Fe and Si contents.
The impact of Fe on the subgrain structure can be seen from
Fig. 11(c) and 12(a) and (b) as the Fe content increases from
0.1 via 0.3 to 0.5%. Generally, those samples displayed a
similar deformed microstructure, in which solely DRVoccurred
during hot deformation. However, the levels of the DRV of
those samples varied with the Fe contents, as also shown in
Fig. 13. At a given Si content, both the mean misorientation
angle of the boundaries and the subgrain size were continu-
ously decreased with increasing Fe contents. For example, the
Al-0.7Fe-0.1Si alloy displays the smallest mean misorientation
angle and subgrain size among the four low Si alloys,

Fig. 10 As-homogenized microstructures of (a) Al-0.1Fe-0.1Si and (b) Al-0.5Fe-0.1Si

Fig. 11 Orientation imaging maps of the Al-0.1Fe-0.1Si alloy under various deformation conditions: (a) 10 s�1, 400 �C, (b) 0.01 s�1, 400 �C
and (c) 0.01 s�1, 500 �C. White lines are 1-5�, blue lines are 5-15� and black lines are >15�

Table 5 Evolution of the mean misorientation angle and
the subgrain size under various deformation conditions in
the Al-0.1Fe-0.1Si alloy

Deformation
condition

Mean
misorientation

angle, �
Subgrain size,

lm

400 �C/10 s�1 7.42 3.58
400 �C/0.01 s�1 9.27 7.29
500 �C/0.01 s�1 13.27 16.52
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Fig. 12 Orientation imaging maps of the (a) Al-0.3Fe-0.1Si, (b) Al-0.5Fe-0.1Si, (c) Al-0.1Fe-0.25Si and (d) Al-0.5Fe-0.25Si alloys deformed at
500 �C and 0.01 s�1

Fig. 13 Effect of the Fe and Si content on (a) the mean misorientation angle and (b) the subgrain size of 1xxx alloys deformed at 500 �C and
0.01 s�1

Fig. 14 Relationship between (a) the reciprocal subgrain diameter (d�1) and the logarithm of the Zener-Hollomon parameter (Z) and (b) the
steady-state flow stress (r) and the reciprocal subgrain diameter (d�1)
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indicating a slowing of the DRV with increased Fe content. On
the other hand, when comparing Fig. 11(c) with 12(c) and (b)
with (d), it is found that the high-Si alloys exhibited finer
subgrain structures relative to the low-Si alloys. At the same Fe
content, the higher the Si level, the lower the mean misorien-
tation angle and the smaller the subgrain size were (Fig. 13).
These results indicate a decreased level of DRV as the Si
content increases. To find a quantitative relationship between
the average subgrain diameter and the deformation conditions,
three alloys (Al-0.1Fe-0.1Si, Al-0.1Fe-0.25Si and Al-0.5Fe-
0.1Si) were selected for analysis. Figure 14(a) shows the
relationship between the deformation conditions (Z) and the
subgrain diameter (d). It is apparent that the subgrain size
became smaller as the Zener-Hollomon parameter increased,
and a good linear fit between the reciprocal subgrain diameter
and the logarithm of the Zener-Hollomon parameter is found, as
expressed in Eq 14:

d�1 ¼ 0:0193 ln Z � 0:3598: ðEq 14Þ

Figure 14(b) illustrates the relationship between the steady-
state flow stress and the subgrain diameter. It is evident that the
flow stress increases with decreasing subgrain diameter, and a
linear function between the steady-state flow stress and the
reciprocal subgrain diameter, based on the equation proposed
by McQueen et al. (Ref 35) and Jonas et al. (Ref 36), is
established (Eq 15):

rs ¼ 191:35d�1 � 7:53: ðEq 15Þ

The deformation conditions (Z), such as the temperature and
strain rate define the steady-state subgrain size, which in turn
determines the flow stress. As the temperature decreased and
the strain rate increased, a high flow stress was induced as a
result of the fine subgrain size generated during hot deforma-
tion. It should be mentioned that this relation could not be used
at very high temperatures where the subgrain size becomes very
large (>25 lm).

Based on the microstructural observations in Fig. 11 and 12,
it is clear that DRV is the sole softening mechanism that
operates during hot deformation of the dilute Al-Fe-Si alloys.
The subgrain structures in these figures were the result of the
mutual annihilation of many dislocations and the rearrangement
of the remaining dislocation into regular low/medium-angle
boundaries. This phenomenon is commonly observed during
deformation in metals and alloys with high stacking fault
energies (Ref 4, 18, 21). The relatively high rate of DRV
significantly offsets the work-hardening effect and reduces the
driving force for DRX (Ref 21, 22). It is evident that the level
of DRV increases when the deformation temperature increases
and the strain rate decreases, which is associated with an
increase in the mean misorientation angle of the boundaries and
the subgrain size (Table 5). Furthermore, the addition of Fe and
Si enhances the strain hardening and impedes DRV during hot
deformation, leading to a finer subgrain structure (Fig. 12 and
13). In the case of Fe addition, Fe-rich intermetallic particles
greater than several lm in length cannot be sheared or bypassed
by the moved dislocations (Ref 21). The plastic deformation is
performed by the flow of the aluminum matrix around them,
which is associated with a local lattice rotation in the vicinity of
the intermetallic particles (Ref 22). This results in an increased
deformation resistance and the formation of smaller subgrains
near the intermetallic particles (Ref 21, 22). With a higher Fe

content, the increased amount of Fe-rich intermetallic particles
acts as a stronger barrier to deformation and thus results in a
further increase in the flow stress and a decrease in the overall
subgrain size. On the other hand, Si addition increases both the
amounts in Si solute atoms and intermetallic particles. The
deformation resistance is increased due to the solute-drag effect
and the enhanced barrier to plastic flow (Ref 21, 22, 37).
Therefore, at a given Fe addition, the alloy with a higher Si
content demonstrates an increase in the flow stress and a
decrease in the level of DRV.

The use of extruded 1xxx alloys is commercially important
for the production of thin-walled tubing for refrigeration, heat
transfer and conductor applications. Given the perceived
simplicity of this alloy family, there is a surprisingly wide
range of alloys in commercial use just for extruded applica-
tions, including AA1050, AA1060, AA1235, AA1100, and
AA1350, with many compositional variants within the regis-
tered AA specifications. Extrudability is a term used to capture
the ability to process an alloy at high speed into thin-walled
shapes; for 1xxx alloys, for which the extrusion ratios are high
even with multistranding, this is primarily controlled by the
flow stress. In general, this alloy family is considered to have
good extrudability due to its dilute nature and high melting
point. However, the current work has indicated that small
changes in the iron and silicon content can have a significant
impact on the flow stress and thus on the extrusion productivity
and cost, which is an important aspect that should be
considered for alloy selection and design.

4. Conclusions

In the present study, the hot deformation behavior of dilute
Al-Fe-Si alloys with a systematic variation in the Fe and Si
contents was studied. From the results obtained, the following
conclusions can be drawn.

(1) Increasing the iron content increased the high tempera-
ture flow stress for all of the alloys studied. In the case
of low Si (0.10%) alloys, increasing the iron level from
0.1 to 0.7% produced 11 to 32% increase in the flow
stress over the range of deformation conditions investi-
gated. However, for high Si (0.25%) alloys, by increas-
ing the iron level from 0.1 to 0.5%, the flow stress
increased only 4 to 16%.

(2) The addition of silicon also increased the high tempera-
ture flow stress. Increasing the silicon level from 0.1 to
0.25 % in the Al-0.1Fe and Al-0.5Fe alloys increased
the flow stress by 4-14% and 2-8%, respectively, over
the range of deformation conditions investigated.

(3) The materials constants and activation energies for hot
deformation as a function of the Fe content were deter-
mined from the experimental compression data obtained.
The applied constitutive equations yielded an excellent
predication of the flow stress over wide temperature and
strain-rate ranges of 1xxx alloys with various Fe and Si
contents.

(4) The activation energy for hot deformation gradually in-
creased with increasing Fe and Si contents. Increasing
the Fe content from 0.1 to 0.7% in low Si alloys in-
creased the activation energy from 167.2 to 181.9 kJ/
mol, whereas increasing the Si level from 0.1 to 0.25%
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in the Al-0.1Fe-Si alloy raised the activation energy
from 167.2 to 171.2 kJ/mol.

(5) DRV is the sole softening mechanism operating during
the hot deformation of dilute Al-Fe-Si alloys. The rate
of the DRV increased with increasing deformation tem-
perature and decreasing strain rate. Increasing the Fe
and Si contents promoted the retardation of the DRV
due to the increased amounts of intermetallic particles
and Si solute atoms in the aluminum matrix.

(6) The impact of small changes in the Fe and Si contents
on the flow stress and resulting extrudability of 1xxx al-
loys is significant, and this fact should be considered in
alloy selection and design for extruded applications.
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