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Abstract: It is unavoidable that Fe impurities will be mixed into Al alloys during recycling of
automotive aluminum parts, and the Fe content has a significant effect on the mechanical properties
of the recycled Al alloys. In this work, hot compression tests of two Fe-containing Al alloys were
carried out at elevated temperatures within a wide strain rate range from 0.01 s−1 to 10 s−1. The effect
of Fe content on the peak stress of the stress vs. strain curves, strain rate sensitivity and activation
energy for dynamic recrystallization are analyzed. Results show that the recycled Al alloy containing
0.5 wt % Fe exhibits higher peak stresses and larger activation energy than the recycled Al alloy
containing 0.1 wt % Fe, which results from the fact that there are more dispersed AlMgFeSi and/or
AlFeSi precipitates in the recycled Al alloy containing 0.5 wt % Fe as confirmed by SEM observation
and energy spectrum analysis. It is also shown that the Fe content has little effect on the strain rate
sensitivity of the recycled Al alloys.

Keywords: Al alloy; remanufacturing; hot rolling; activation energy

1. Introduction

Energy saving and emission reduction are the motivations of remanufacturing Al alloys recycled
from automotive parts. The energy consumption of remanufacturing recycled Al alloys is only about
2.8 kWh/kg [1], compared to 45 kWh/kg in producing Al alloys from pure Al. Additionally, the
emission of CO2 in remanufacturing of recycled Al alloy is only 5% of that when using pure Al to
produce Al alloys. As reported by Das [2], there are four challenges in remanufacturing recycled
automotive Al alloys: (1) improvement of the recycling efficiency of Al alloy parts; (2) wide application
of automatic shredding and sorting technologies; (3) development of new Al alloys which can be
directly remanufactured from the recycled automotive Al alloys; and (4) investigation of the effect
of impurity elements (e.g., Fe) on the Al alloy properties; where aspect (3) is the most challenging.
During the recycling and remanufacturing of automotive Al alloys, it is unavoidable that a certain
amount of Fe will be mixed into the original Al alloys [3]. Das et al. [4] and Adam et al. [5] reported
that the Fe content in Al alloy sheets remanufactured from recycled Al alloys can reach up to 1.0 wt %.

Fe has been regarded as harmful to the mechanical properties of Al alloys, especially to casting
Al alloys. This is mainly due to the fact that the solubility of Fe in Al is very low and Fe exists as
brittle AlFe phase or AlFeSi phase in Al alloys. Nevertheless, Fe is a natural impurity to Al alloys,
since Fe can be mixed in to Al alloys during electrolytic Al production, metallurgy melting, casting,
alloying processes etc. [6]. During automotive recycling, steel parts may be mixed into Al alloys due
to non-prompt sorting, which could be the main reason contributing to rich Fe in recycled Al alloys.
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At present, many efforts have been made to control or eliminate the impact of Fe-rich phases in Al
alloys [7,8]. For example, physical methods, e.g., precipitation method, dilution method, filtration
method, centrifugal removal method, electromagnetic removal method etc., have been applied to
decrease the Fe content in recycled Al alloys during melting process; other possible approaches are to
change the forms of Fe-rich phases in Al alloys to decrease the formation of acicular or lath Fe-rich
phases, or to improve the morphologies of Fe-rich phases in Al alloys to reduce the harmful effects
of Fe impurities. As an extensive process that is mainly employed in the recycling of vehicles, it is
difficult to further reduce the Fe content in remanufactured Al alloys. In addition, the current Al alloy
purification methods are difficult to apply in industry. Matsubar et al. [9] decreased the Fe content
from 2.07 wt % to 0.27 wt % in Al alloys by using the centrifugal removal method in the laboratory.
However, this method is complicated and difficult to control. The electromagnetic removal method
was also applied in decreasing the Fe content from 1.13 wt % to 0.41 wt % in Al alloys [10], but it
exhibited low cost performance.

The effect of Fe impurities on the deformation behavior as well as mechanical properties of
recycled Al alloys will be studied in this work. Hot compression tests at various strain rates and
elevated temperatures are performed to acquire stress vs. strain curves and therefore analyze the effect
of Fe content on strain rate sensitivity and activation energy of the recycled Al alloys, which are helpful
to design rolling process for recycled Al alloys containing Fe.

2. Materials and Methods

Table 1 lists the chemical compositions of the two recycled Al alloys containing 0.1 wt % Fe and
0.5 wt % Fe, respectively. Casting ingots were prepared first for the two recycled Al alloys. After
homogenizing treatment, cylindrical specimens with a diameter of 10 mm and a length of 15 mm were
machined from each ingot. For all specimens, a groove with a depth of 0.2 mm and a diameter of
9 mm was machined at each end to contain a certain of lubricant composed of 75% graphite, 20% oil
and 5% trimethyl nitrate, which minimized the friction effect on measuring flow stress during hot
compression. The detailed geometries of the specimen are illustrated in Figure 1a.

Table 1. The chemical composition of the recycled Al alloys with different contents of Fe (unit in wt %).

Si Mg Fe Mn Al

1.05 0.54 0.10 0.069 Balance
0.97 0.56 0.50 0.071 Balance
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Hot compression tests were conducted on a MMS300 thermo-mechanical simulator (Northeastern
University, Shenyang, China), which is capable of automatically recording compressive true stress,
true strain, etc. Temperatures were measured by a thermocouple as shown in Figure 1b and controlled
by a feed-back program. Specimens were heated by applying direct current, namely, resistance heating,
where the heating rate was set at 10 K/s. Each specimen was soaked at the preset deformation
temperature for 3 min to make the temperature of the tested specimen uniform. The deformation
temperatures were 673 K, 723 K, 773 K and 823 K. At each temperature, four groups of specimens were
tested at nominal strain rates (

.
εN) of 0.01 s−1, 0.1 s−1, 1 s−1 and 10 s−1. Each test was stopped when

the specimen was compressed to a strain level of 0.6, and then the specimen was water quenched to
room temperature. The temperature history of each specimen is plotted in Figure 2.
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3. Results

3.1. Flow Curves

The compressive true stress vs. true strain curves of the 0.1 wt % Fe and 0.5 wt % Fe containing
Al alloys are presented in Figures 3 and 4, respectively. For both Al alloys, most curves indicate that
typical dynamic recrystallization, especially discontinuous dynamic recrystallization (DDRX), occurred
during hot compression, which is evident from work hardening occurred at the initial deformation
stage firstly, followed by a peak stress, then the flow stress decreases due to recrystallization. After
recrystallization, the newly formed grain work hardens, and recrystallization occurs again, which is
repeated as deformation proceeds and results in wavy true stress vs. true strain curves in later stages.
Beyond the peak stress, the overall trend is that the flow stress decreases as the true strain increases,
which could result from dynamic recovery, as dynamic recovery is always regarded to be accompanied
by dynamic recrystallization during hot deformation of metals. Both dynamic recrystallization and
dynamic recovery are softening mechanisms during hot deformation. At the larger

.
εN, i.e., 10 s−1

(Figures 3d and 4d), the phenomenon of DDRX, especially at lower temperatures (i.e., 673 K and
723 K), is not as obvious as that observed from the true stress vs. true strain curves tested under other
conditions, and continuous dynamic recrystallization (CDRX) and dynamic recovery may dominate
the softening mechanism in those specimens. This may be due to the fact that time was limited for
DDRX during hot compression at

.
εN = 10 s−1, e.g., there was only 0.06 s when the specimen was

deformed to a strain of 0.6, in particular, at lower deformation temperatures. A similar phenomenon
was noted by Haghdadi et al. [11] when they investigated the DRX phenomenon in the ferrite phase of
austenite/ferrite steel.
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Figure 3. Compressive true stress vs. true strain curves of the recycled Al alloy containing 0.1 wt % Fe
at nominal strain rates (a)

.
εN = 0.01 s−1; (b)

.
εN = 0.1 s−1; (c)

.
εN = 1 s−1; and (d)

.
εN = 10 s−1.
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.
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.
εN = 10 s−1.



Metals 2017, 7, 262 5 of 11

3.2. Strain Rate Sensitivity

The peak stresses (σP) of the Fe-containing recycled Al alloys are summarized in Figure 5a, where
the data of the 0.1 wt % Fe containing Al alloy and the 0.5 wt % Fe containing Al alloy are indicated by
solid and dashed curves, respectively. It is observed that the Al alloy containing 0.5 wt % Fe exhibited
greater σP than that containing 0.1 wt % Fe at all testing conditions except the test at 823 K and 0.01 s−1.
At all tested temperatures, σP of both Fe-containing Al alloys increases with increasing strain rate;
with increasing temperature, σP decreases. The approach following Min et al. [12] and Sung et al. [13],
as expressed by Equation (1), was used to evaluate the strain rate sensitivity of σP.

M =
∆ ln(σP)

∆ ln
( .
εN

) (1)

where M is the strain rate sensitivity exponent. A difference method was here applied to calculate the
average M at each temperature, M(T), by considering the σP values at four strain rates from 0.01 s−1

to 10 s−1.

M(T) =
ln
(
σP(10)

)
+ ln(σP(1)) + ln(σP(0.1)) + ln(σP(0.01))

2 ln(100)
, (2)

where σP(0.01), σP(0.1), σP(1) and σP(10) are the peak stresses at strain rates of 0.01 s−1, 0.1 s−1, 1 s−1 and
10 s−1, respectively. M values of both Al alloys are presented in Figure 5b as a function of temperature.
Although the 0.5 wt % Fe containing Al alloy exhibits greater σP, Fe content does not have an obvious
effect on M. Both Al alloys exhibit nearly identical M at 673 K. For the 0.1 wt % Fe containing Al alloy,
M increases from 8.68 × 10−2 s−2 to 1.01 × 10−1 s−2 when T increases from 673 K to 723 K; beyond
723 K, M decreases as T increases. M of the 0.5 wt % Fe containing Al alloy exhibits a different behavior
as the temperature increases, e.g., M changes little as T increases from 673 K to 773 K, and increases to
1.03 × 10−1 s−2 at T = 823 K.
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3.3. Activation Energy for Dynamic Recrystallization and Peak Stress Model

The peak stress is of significance to the design of rolling processes and predicting the maximum
rolling forces. The peak stress (σP) is the result of dynamic balance between work hardening
and softening mechanisms (e.g., dynamic recrystallization) of the material during hot deformation.
Dynamic recrystallization is regarded to be related to the activation energy (Q). In this section, Q will
be calculated for the Fe-containing recycled Al alloys, and a model will be deduced to predict σP as a
function of strain rate (

.
εN) and deformation temperature (T).
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3.3.1. Governing Equations

According to Jonas et al. [14], Huang et al. [15], and Shi et al. [16], the strain rate (
.
ε) can be

expressed as a function of flow stress (σ) by Equation (3)

.
ε = A1σ

m, (3)

or by Equation (4).
.
ε = A2 exp(βσ), (4)

where A1, m, A2, and β are material parameters non-related to temperature. To describe the relationship
between

.
ε and σ in a wider temperature range, Zener et al. [17] proposed a temperature-compensated

strain rate factor as there is a thermal activation process during hot deformation, i.e., the
Zener-Hollomon parameter Z, which is expressed as

Z =
.
ε exp(Q/RT), (5)

where A and n are material parameters, and R is the air constant (8.314 J·mol−1·K−1). In addition,
Jonas et al. [14] proposed a hyperbolic sine function, Equation (6), which includes Q and T compared
to Equations (3) and (4), to describe the relationship between

.
ε and σ.

.
ε exp(Q/RT) = A[sinh(ασ)]n, (6)

where
α = β/m. (7)

As a result, the flow stress (σ) can be expressed as a function of strain rate (
.
ε) and temperature (T)

by Equation (8)

σ =
1
α

sinh−1
[ .
ε

A
exp(Q/RT)

] 1
n

. (8)

3.3.2. Identification of Parameters

As the peak stress (σP) is an important parameter to the rolling process, σ and
.
ε in Equation (8)

will be replaced by σP and
.
εN, respectively. Therefore, σP is expressed as a function of

.
εN and T by

following Equation (8). The material parameters in Equation (8) will be identified for the investigated
Fe-containing recycled Al alloys.

According to Jonas et al. [14], Huang et al. [15], and Shi et al. [16], it is assumed that the relationship
between σP and

.
εN at temperatures 673–723 K and 773–823 K follows Equations (4) and (3), respectively.

After applying logarithmic function to both sides of Equations (3) and (4), we have

ln
.
εN = ln A1 + m lnσP, (9)

ln
.
εN = ln A2 + βσP. (10)

By performing linear regression analysis, β and m are calculated as the average slopes of the ln
.
εN

vs. lnσP data at 673–723 K and 773–823 K as presented in Figures S1 and S5, respectively. Then α is
calculated by Equation (7). By applying logarithm function to both sides of Equation (6), we have

ln
.
εN = n ln[sinh(ασP)] + ln A−Q/RT, (11)

or

ln[sinh(ασP)] =
Q
nR

T +
ln

.
εN − ln A

n
. (12)



Metals 2017, 7, 262 7 of 11

Then n and Q/nR can be obtained as the average slope from linear regression analysis on the
ln

.
εN vs. ln[sin h(ασP)] and ln[sin h(ασP)] vs. 1/T data at the four temperatures, respectively, which

refer to Figures S2, S6, S3 and S7. Consequently, the activation energy Q can be solved. By noting
Equation (5), Equation (11) can be rewritten as

ln[sin h(ασP)] =
1
n

ln Z− 1
n

ln A. (13)

By substituting the known α, n, Q,
.
εN, T and σP data at all test conditions into Equation (13),

we can plot ln[sin h(ασP)] vs. ln Z as Figures S4 and S8. Apparently, ln[sin h(ασP)] has a linear
relationship with ln Z, and the slope of the fitted line is very close to 1/n. Thus, A can be solved from
the intercept, i.e., − 1

n ln A.
To this end, not only the activation energies for dynamic recrystallization of the Fe-containing

recycled Al alloys are calculated, but also all material parameters in the model predicting σP (refer to
Equations (14) and (15)) are identified, which are listed in Table 2.

σP|0.1Fe = 56.14sin h−1
[

2.817× 10−10 .
εN exp

(
1.690× 104

T

)]0.1142

, (14)

σP|0.5Fe = 46.95sin h−1
[

4.161× 10−10 .
εN exp

(
1.858× 104

T

)]0.1245

. (15)

Based on Equations (14) and (15), the predicted peak stresses (σP(pre)) and experimentally
measured peak stresses (σP(exp)) are listed and compared in Table 3. It is seen that the maximum error

(δ) defined by
σP(pre)−σP(exp)

σP(exp)
× 100% occurs at

.
εN = 0.01 s−1 and T = 823 K, which is −9.87%, while

most of the errors are smaller than 5%.

Table 2. Material parameters of the Fe-containing recycled Al alloys.

Al Alloys m β α n Q [kJ mol−1] A

0.1 Fe 1 11.02 0.1963 0.01781 8.760 140.5 3.550 × 109

0.5 Fe 1 9.452 0.2013 0.02130 8.030 154.5 2.569 × 109

1 “0.1 Fe” and “0.5 Fe” indicate the recycled Al alloys containing 0.1 wt % Fe and 0.5 wt % Fe, respectively.

Table 3. Comparison between the predicted peak stresses (σP(pre)) and experimental peak stresses
(σP(exp)) at the investigated strain rates (

.
εN) of the two Fe-containing Al alloys.

Alloys
.
εN [s−1] T [K] σP(exp) [MPa] σP(pre) [MPa] δ [%]

0.1 Fe

0.01

673 45.0 43.0 −4.38%
723 34.0 36.3 6.69%
773 31.0 31.1 0.26%
823 30.0 27.0 −9.87%

0.1

673 53.0 53.3 0.48%
723 42.0 45.4 8.13%
773 39.5 39.2 −0.64%
823 34.0 34.4 1.05%

1

673 65.5 64.8 −1.11%
723 54.0 56.0 3.66%
773 48.5 48.9 0.80%
823 42.5 43.2 1.53%

10

673 81.0 77.3 −4.53%
723 67.0 67.8 1.16%
773 61.0 59.9 −1.80%
823 53.0 53.4 0.75%
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Table 3. Cont.

Alloys
.
εN [s−1] T [K] σP(exp) [MPa] σP(pre) [MPa] δ [%]

0.5 Fe

0.01

673 46.5 47.8 2.90%
723 38.5 39.8 3.31%
773 34.0 33.6 −1.29%
823 28.5 28.7 0.86%

0.1

673 58.0 58.8 1.37%
723 48.5 49.6 2.33%
773 43.0 42.4 −1.46%
823 35.5 36.6 3.13%

1

673 71.5 70.8 −0.94%
723 58.5 60.8 3.90%
773 51.5 52.6 2.16%
823 43.5 46.0 5.65%

10

673 84.0 83.7 −0.39%
723 70.0 73.0 4.25%
773 63.0 64.1 1.71%
823 58.0 56.7 −2.28%

4. Discussion

Although the effects of temperature and strain rate on the flow stress of commercialized Al alloys
have been extensively reported, the effect of Fe content on hot deformation behavior has rarely been
investigated. From Figure 5a, increasing the Fe content in the recycled Al alloy results in an increase
of the peak stress, which suggests that the recycled Al alloy containing higher Fe content is more
difficult to deform. Nevertheless, the strain rate sensitivity is nearly independent on the Fe content, as
compared in Figure 5b.

Before reaching the peak stress, the flow stress increases rapidly first, and then more slowly as
the strain increases, which is different from the continuous work hardening of most metals deformed
at room temperature. In this stage, dislocation accumulation is the main hardening mechanism and
the main softening mechanism is dynamic recovery, which is due to dislocation annihilation and/or
dislocation rearrangement. During the competition of work hardening and softening, dislocation
cells and walls were formed. When the flow stress reached the peak stress, the grains were elongated
and recrystallization occurred. The grains nucleated preferably at the original grain boundaries,
and the newly formed sub-grain boundaries evident by dislocation cells/walls. The recycled Al
alloy containing 0.5 wt % Fe requires larger activation energy for dynamic recrystallization of the
alloy with a lower Fe content, which may be due to the fact that the Al alloy containing a higher Fe
content exhibits larger flow stress. This result is consistent with the report from Jeniski et al. [18]:
Fe-containing dispersed precipitates can increase the resistance for dislocation movements and
dynamic recrystallization. It is noted that the activation energy of recycled Al alloy containing
0.1 wt % Fe is very close to the activation energy for bulk self-diffusion of pure aluminum, 142
kJ·mol−1. However, the activation energies of both investigated Al alloys are much lower than those of
both AA2026 [19] and AA7150 [20], but close to that of cast A356 Al alloy [21], during hot compression.
Figure 6 presents the SEM images of the as-cast recycled Al alloys. There are two types of precipitates
in both alloys: rod precipitates (denoted by solid arrows) and round precipitates (denoted by hollow
arrows). According to energy spectrum analysis, the rod precipitates are either AlMgFeSi or AlFeSi
phases, while the round precipitates are mainly Mg2Si phase. By applying the Image-Pro plus 6.0
software, the statistical analysis results of the precipitates having a size range from 1 µm to 200 µm
shown in Figure 6 are listed in Table 4. Note that the precipitates smaller than 1 µm are ignored here.
It is seen that the maximum diameter and average diameter of the precipitates in both recycled Al
alloys are similar, while the number density and the area density of the precipitates in the 0.5 wt %
Fe containing Al alloy are two times that in the 0.1 wt % Fe containing Al alloy. As there are more
dispersed precipitates in the 0.5 wt % Fe containing Al alloy and the deformation of the dispersed
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precipitates is also dependent on the Fe content, the resistance of dynamic recrystallization is larger,
and the required activation energy is higher in the 0.5 wt % Fe containing Al alloy than in the 0.1 wt %
Fe containing Al alloy.
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Figure 6. SEM images showing constituent particles in the as-cast recycled Al alloys containing
(a) 0.1 wt % Fe and (b) 0.5 wt % Fe.

Table 4. Statistical analysis result of the precipitates limited to a size range from 1 µm to 200 µm.

Fe Content (wt %) 0.1 0.5

Numbers of lager intermetallic particles (1–200 µm) in Figure 6 [mm−2] 2068 4826
Area [%] 1.839 3.706

Max diameter [µm] 18.20 18.04
Average diameter [µm] 3.425 3.339

It is of significance to control the microstructure of Fe-containing Al alloys before annealing and
cold rolling. Lee et al. [22] discussed how the microstructure and texture after hot rolling affected the
microstructure, texture and surface roughness of the cold rolled sheet. As the Fe-containing phases can
be dissolved in the Al matrix during hot rolling, breaking the relatively larger Fe-containing phases by
hot rolling becomes more important. The recycled Al alloy containing higher Fe content exhibits larger
peak stress and activation energy than that containing lower Fe content; therefore, the recycled Al alloy
containing a higher Fe content needs larger forming force and/or rolling reduction in the hot rolling
process, which is beneficial to breaking the larger Fe-containing dispersed phases and can contribute
to the higher strength and greater ductility of the cold rolled recycled Al alloy sheet containing higher
Fe content. The effect of the Fe content on the mechanical properties of the cold rolled recycled Al alloy
sheet will be reported elsewhere in future.

5. Conclusions

Casting ingots of recycled Al alloys containing 0.1 wt % Fe and 0.5 wt % Fe were prepared for
hot compression tests in a temperature range from 673 K to 823 K and a wide strain rate range from
0.01 s−1 to 10 s−1. Both Al alloys exhibited dynamic recrystallization during hot compression, which is
evident from the wavy true stress vs. true strain curves with a decreasing trend after reaching the peak.
A model is established for the peak stress and the parameters in the model have been identified. A
higher Fe content leads to a larger peak stress in the recycled Al alloy, which results from the following
two aspects: (1) more/larger Fe-containing dispersed phases in the Al alloy containing higher Fe
content; and (2) the deformation of Fe-containing dispersed phase is more difficult to deform at higher
Fe content. These two aspects also increase the resistance of dislocation movement and dynamic
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recrystallization, and therefore, the 0.5 wt % Fe containing Al alloy requires greater activation energy
(154.5 kJ·mol−1) than the 0.1 wt % Fe containing Al alloy (140.5 kJ·mol−1). As a result, the Al alloy
containing higher Fe content needs larger rolling force and/or rolling reduction in hot rolling, which
may help to break the Fe-containing dispersed phases and consequently to increase the strength and
ductility of the cold rolled Fe-containing recycled Al alloy sheets. The mechanical properties of the
cold rolled recycled Al alloy sheets containing different Fe contents will be published elsewhere.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4701/7/7/262/s1,
Figure S1: (a) ln

.
εN vs. σP curves at 673 K and 723 K and (b) ln

.
εN vs. lnσP curves at 773 K and 823 K of the

recycled Al alloy containing 0.1 wt % Fe, Figure S2: ln
.
εN vs. ln[sin h(ασ P)] curves of the recycled Al alloy

containing 0.1 wt % Fe, Figure S3: ln[sin h(ασ P)] vs. 1/T curves of the recycled Al alloy containing 0.1 wt % Fe,
Figure S4: Correlation between ln[sin h(ασ P)] and ln Z of the recycled Al alloy containing 0.1 wt % Fe, Figure S5:
(a) ln

.
εN vs. σP curves at 673 K and 723 K and (b) ln

.
εN vs. lnσP curves at 773 K and 823 K of the recycled Al alloy

containing 0.5 wt % Fe, Figure S6: ln
.
εN vs. ln[sin h(ασ P)] curves of the recycled Al alloy containing 0.5 wt % Fe,

Figure S7: ln[sin h(ασ P)] vs. 1/T curves of the recycled Al alloy containing 0.5 wt % Fe, Figure S8: correlation
between ln[sin h(ασ P)] and ln Z of the recycled Al alloy containing 0.5 wt % Fe.
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