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ABSTRACT

Si addition is commonly used to modify the iron-rich intermetallics in AlI-Cu—Mn—Fe al-
loys, which is beneficial to increasing the use of recycled aluminum. Most of the available
research has focused on the effect of Si content on the room-temperature mechanical
properties of Al-Cu—Mn—Fe alloys. To expand the application of Al-Cu—Mn—Fe—Si alloys
as light heat-resistant structural components in the automotive and aerospace industries,
it is of great importance to investigate the evolution of iron-rich intermetallics and its
effect on the fracture behavior of Al-Cu—Mn—Fe—Si alloys after thermal exposure and
high-temperature tensile testing. In this work, the evolution of iron-rich intermetallics and
the high-temperature mechanical properties of heat-treated Al-6.5Cu-0.6Mn-0.5Fe alloys
with different Si contents after thermal exposure and high-temperature tensile testing
were assessed by tensile tests, image analysis, scanning electron microscopy, X-Ray
diffraction, transmission electron microscopy, and atomic probe tomography. The results
indicate that the Al-6.5Cu-0.6Mn-0.5Fe alloys with 0.1Si and 0.5Si additions have excellent
and stable high-temperature mechanical properties after long thermal exposure, which are
better than those of most heat-resistant Al alloys. The high performance of the high-
temperature mechanical properties is attributed to the high heat resistance of secondary
intermetallics and precipitated particles. The addition of Si is detrimental to the strength of
Al-6.5Cu-0.6Mn-0.5Fe alloys after long thermal exposure. This can be attributed to the
solid-state phase transformation of iron-rich intermetallics from o-Fe to B-Fe, which
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results in the increase of needle-like Fe-rich phases and Si particles, the agglomeration of

secondary intermetallics, and the consumption of Al,Cu phases.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Al—Cu alloys have been widely used as light heat-resistant
structural components in the automotive and aerospace in-
dustries due to their low specific weight, higher strength, and
heat resistance [1,2]. To obtain heat-resistant Al—Cu alloys
with high strength and toughness, the strict control of the Fe
and Si contents is required [3]. For instance, the maximum Fe
and Si content in 206.0 Al-Cu alloys for general purpose use is
usually limited to 0.15% and 0.10%, respectively. For aerospace
applications, the Fe and Si content in A206.2 Al—Cu cast alloys
needs to be below 0.07% and 0.05%, respectively [4]. Never-
theless, the strict control of the Fe and Si contents in heat-
resistant Al-Cu alloys increases their cost and limits their
industrial applications. To this end, it is important to develop
low cost and thermally stable Al—Cu alloys that function well
under elevated temperature conditions.

With the increasing requirements of environmental pro-
tection and green manufacturing, the recycling of Al alloys
has become an important development direction of the
aluminum industry [5]. Recycled Al alloys usually contain high
amounts of Fe and Si impurities, which can even accumulate
during recycling [6]. Consequently, expanding the acceptable
range of the Fe and Si contents in heat-resistant Al-Cu alloys
would be beneficial to the higher use of recycled Al alloys. In
addition, it has been found that, if Fe is added in some heat-
resistant Al alloy systems, thermally stable iron-rich in-
termetallics can be formed. For instance, Fe has been added in
order to increase the high-temperature strength of
Al-Cu—Mg—Fe—Ni alloys, such as AA2219 and AA2618 [7,8].
Several studies have suggested that Si has a significant
modification effect on the formation of Chinese script Fe-rich
intermetallics in Al-Cu—Mn alloys [9-11]. Most of these
studies have focused on the effect of Si content on the room-
temperature mechanical properties of Al-Cu—Mn—Fe alloys
[9—11]. For example, Kamaga et al. investigated the effect of
the Si/Fe ratio on the room-temperature mechanical proper-
ties of B206 alloys and reported that the best mechanical
properties can be obtained when the Fe/Siratio is as close to 1
as possible [9]. Liu et al. investigated the effect of the Fe and Si
contents on the room-temperature mechanical properties of
A206 alloys and found that the solid-state transformation of a-
Fe to B-Fe (abbreviated hereinafter as a-Fe to B-Fe) deteriorated
the mechanical properties of A206 alloys with high Fe and Si
contents [10]. Zhao et al. studied the effect of Si content on the
evolution of the iron-rich intermetallics in heat-treated
Al-Cu—Mn-Fe alloys. They reported that the Si addition
promoted the formation of «-Fe (Al;s(FeMn)s(CuSi),) and led to
the a-Fe remaining thermodynamically stable after TS heat
treatment [11]. In our previous works, the effect of Si on the
room temperature mechanical properties on Al-Cu—Mn—Fe

alloys has been studied, and it has been found that the addi-
tion of Si maintains the o-Fe stable after T7 heat treatment,
and promotes the formation of nano-sized «-Fe in
Al—-Cu—Mn-Fe alloys, which may be beneficial to improving
the mechanical properties at elevated temperatures [12]. Ex-
periments including high-temperature thermal exposure and
high-temperature tensile testing of Al alloys are commonly
used to mimic the actual heat-resistant service conditions.
Thus far, the evolution of iron-rich intermetallics and its ef-
fect on the high-temperature mechanical properties of
Al—-Cu—Mn alloys with high Fe and Si content has rarely been
investigated. In this study, the evolution of iron-rich in-
termetallics and its effect on the mechanical properties of
Al-Cu—Mn-—Fe alloys with different Si contents are assessed
through thermal exposure and elevated temperature tensile
tests. After the samples were thermally exposed for different
times followed by tensile testing at 300 °C (abbreviated here-
inafter as TETT), solid-state transformation of iron-rich in-
termetallics from a«-Fe to B-Fe occurred in Al-Cu—Mn-—Fe
alloys with high Si content. This study is beneficial to the
potential use of recycled Al for the manufacture of light heat-
resistant structural components, and provides support to
development of low cost and thermally stable Al-Cu alloys
with high Fe and Si contents.

2. Materials and methods

Alloys were prepared using commercially available pure Al
(99.5%), Al-50% Cu, Al-10% Mn, Al-20%Si, and Al-5% Fe master
alloys. The compositions of the alloys were determined using
optical emission spectrometry, and the results are listed in
Table 1. The melting process has been described in detail in
our previous work [12]. The T7 heat treatment condition was
used here to stabilize the microstructure and decrease the
stress corrosion during elevated tempereture service [10]. The
samples were then solution-treated at 535 °C for 12 h before
being quenched in warm water at 100 °C. The samples were
then aged using T7 conditions at 215 °C for 16 h [12]. After T7
heat treatment, the round bars were machined into standard
tensile test bars. Subsequently, the tensile test bars were
thermally exposed in a heat treatment furnace at 300 °C for
different holding times of 0.5 h, 10 h, and 100 h. Then, tensile
testing was performed on an MTS CMT5105 standard testing

Table 1 — Chemical composition of the alloys.
Cu (%) Mn (%) Fe (%) Si (%) Al (%)
Al-6.5Cu-0.6Mn-0.5Fe-0.1Si  6.60 0.63 0.50 0.08 92.19

Al-6.5Cu-0.6Mn-0.5Fe-0.551 6.48 0.61 048 0.51 91.92
Al-6.5Cu-0.6Mn-0.5Fe-1.0Si 6.48 0.61 047 1.03 9141

Alloys
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Fig. 1 — Morphology and SEM-EDS mapping of the iron-rich intermetallics in the Al-6.5Cu-0.6Mn-0.5Fe alloys with different
Si contents after T7 heat treatment: (a) 0.1Si; (b) 0.5Si; (c) 1.0Si; (d) EDS of point A; (e) EDS of point B; (f) EDS of point C.

machine with a constant temperature box; the reported
values were the average values of at least three samples. It
should be noted that the thermal exposure and tensile test
samples were all tested after T7 heat treatment. The heating
rate was 15 °C/min, and the displacement rate was 2.0 mm/
min for thermal exposure experiments. Samples for micro-
hardness testing and metallographic observation were cut
from the gauge length portion of selected tensile specimens.
The micro-hardness testing location was controlled within
the center of a (Al) dendrite near the center of the etched
specimens. The micro-hardness was measured on a micro-
hardness tester equipped with a Vickers diamond indenter
under an indentation load of 50 g; more than 10 readings were
obtained for each sample and the values were averaged. The
samples used for metallographic observations were etched for
30 s in a mixture containing 1 mL of HF, 16 mL of HNO3, 3 g of
CrOs, and 83 mL of H,0. The iron-rich intermetallics and the
fracture surfaces were analyzed using a scanning electron
microscope (SEM; Nova Nano SEM 430) with energy dispersive
X-ray spectroscopy (EDS). The evolution of the iron-rich in-
termetallics was analyzed by X-ray diffraction (XRD; Bruker-
AXS D8 Advance) with Cu-K, radiation at a speed of 5°/min
and scanning range of 20°—90°. The Transmission samples
with a diameter of 3 mm and a thickness of less than 100 um
were taken from the surface layer of the sample, and then ion-
milled by an ion-thinning apparatus for finer characterization.
Precipitates in the o(Al) matrix were analyzed using a trans-
mission electron microscope (TEM; JEOL JEM-3010) at 200 kV.
The Atom probe tomography (APT) samples with dimensions
of 0.5 mm x 0.5 mm x 15 mm were prepared by two-step
electropolishing, APT measurements were conducted using
a Cameca-LEAP 4000 HR instrument in voltage probe mode at
55 K, a pulse rate of 200 kHz, and a target detection rate of
0.5%. The reconstruction of APT data was performed with the
AP Suite 6 software.

3. Results

3.1.  Microstructure of Al-6.5Cu-0.6Mn-0.5Fe alloys
with different Si contents after T7 heat treatment

Fig. 1 depicts the morphology and SEM-EDS mapping of the
iron-rich intermetallics in the Al-6.5Cu-0.6Mn-0.5Fe alloys
with different Si contents after T7 heat treatment. According
to the EDS mapping of point A-C (Fig. 1d—f) the iron-rich in-
termetallics were all B-Fe (Al,Cuy(FeMn)) phases in the 0.1Si
alloys (Fig. 1a). The results indicate that the metastable iron-
rich intermetallics a-Fe (Al;s(FeMn);Cu,) in the 0.1Si alloys
changed into stable B-Fe (Al,Cu,(FeMn)) phases after T7 heat
treatment [13,14]. In the 0.5Si and 1.0Si alloys (Fig. 1b—c), the
iron-rich intermetallics were still a-Fe (Al;s(FeMn)s(CusSi),),
which indicates that the presence of Si maintained the o-Fe
stable after T7 heat treatment. In general, o-Fe remains stable
and reduces the Cu consumption in alloys with high Si con-
tent, which leads to an increase in the Al,Cu phase at the grain
boundaries.

In Fig. 2, the 3-D morphology of the iron-rich intermetallics
at the fracture surface of the Al-6.5Cu-0.6Mn-0.5Fe alloys with
different Si contents after T7 heat treatment can be observed.
In the 0.1Si alloys, the B-Fe (Al;Cu,(FeMn)) existed in cylinder-
shaped or cluster-like forms (Fig. 2a), which is in accord with
the findings of our previous works [15]. In alloys with high Si
content, the a-Fe (Al;5(FeMn);(CuSi),) exhibited a dendritic
shape (Fig. 2b—c), further proving that «-Fe was stable after T7
heat treatment [12].

3.2.  Microstructure of Al-6.5Cu-0.6Mn-0.5Fe alloys
with different Si contents after TETT

Fig. 3 shows the morphology and EDS mapping of the iron-rich
intermetallics in the Al-6.5Cu-0.6Mn-0.5Fe alloys with high Si
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Fig. 2 — 3-D morphology of iron-rich intermetallics in the fracture surfaces of Al-6.5Cu-0.6Mn-0.5Fe alloys with different Si

contents after T7 heat treatment: (a) 0.1Si; (b) 0.5Si; (c) 1.0Si.

content after TETT for 100 h. Table 2 shows the EDS data of the
iron-rich phases in high-Si-content alloys after TETT for 100 h.
It was found that most of the iron-rich intermetallics were
Chinese script a-Fe phase. However, a portion of a-Fe was
transformed into needle-like B-Fe phase and a small amount
of Si particles, which indicates that the o-Fe phases were
unstable after TETT for 100 h. The EDS mapping and EDS data
of the iron-rich intermetallics revealed that the newly formed
B-Fe contained a significant amount of Cu in its chemical
compositions. As a result, it can be deduced that the a-Fe to B-

Fe occurred after TETT for 100 h. The solid-state trans-
formation relationship for the iron-rich intermetallics can be
expressed as Eq. (1):

a —Fe((Al;s(FeMn),(CuSi),) +4ALCu — 38

~ Fe(Al,Cu, (FeMn)) + 2Si + 2a(Al)) @

From the EDS mapping and EDS data, as well as the solid-
state transformation equation, it can be concluded that the
solid-state transformation of iron-rich intermetallics from a-
Fe to B-Fe, including the formation of needle-like B-Fe, the

Fig. 3 — Morphology and EDS mapping of iron-rich intermetallics in the Al-6.5Cu-0.6Mn-0.5Fe alloys with different Si
contents after TETT for 100 h: (a) microstructure of the 0.5Si alloy; (b) EDS mapping of Fe element; (c) EDS mapping of Si
element; (d) EDS mapping of Cu element; (e) microstructure of the 1.0Si alloy; (f) EDS mapping of Fe element; (g) EDS mapping

of Si element; (h) EDS mapping of Cu element.
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Table 2 — Chemical compositions of the iron-rich

intermetallics in high Si content alloys after TETT for
100 h.

Source Phase Al (%) Cu (%) Mn (%) Fe (%) Si(%)
0.5Si B-Fe 73.82 17.78 2.08 6.32 -
0.5Si a-Fe 77.71 3.59 3.42 7.00 8.28
1.0Si a-Fe 77.12 2.90 3.35 7.01 9.62
1.0Si p-Fe 73.33 18.28 1.96 6.43 -

consumption of Al,Cu strengthening phases, and the forma-
tion of Si particles, may deteriorate the high-temperature
mechanical properties of the alloy. In addition, by
comparing the microstructures of alloys with different Si
content (Fig. 3a and e), it can be found that the increase of the
Si content may promote this solid-state transformation of the
iron-rich intermetallics from a-Fe to B-Fe significantly.

To further prove the a-Fe to B-Fe, XRD analysis was per-
formed. Fig. 4 reveals the XRD patterns of the Al-6.5Cu-0.6Mn-
0.5Fe-1.0Si alloy after T7 heat treatment or TETT for 100 h. The
samples treated only with T7 heat-treatment contained Al,
Al,Cu, and o-Fe phases. On the other hand, the samples after
TETT for 100 h contained Al, Al,Cu, «-Fe, and B-Fe phases. The
XRD analysis results further proved the a-Fe to B-Fe after T7
heat treatment and TETT for 100 h.

Fig. 5 demonstrates the microstructure of Al-6.5Cu-0.6 Mn-
0.5 Fe alloys with different Si contents after TETT. In the 0.1Si
alloy, only Chinese script-like B-Fe was observed, which can
be attributed to the full «-Fe to B-Fe after T7 heat treatment
(Fig. 5a—c). In addition, the morphology of the Chinese script-
like B-Fe remained stable, which indicates the high heat
resistance of the B-Fe phases [16]. When the Si content was
increased to 0.5% and 1.0% (Fig. 5d—i), the microstructure of
the alloys with high Si content contained «-Fe, p-Fe, Al,Cu,
and Si particles, which indicates that the a-Fe phases in high-
Si-content alloys are unstable and undergo solid-state phase
transformation after TETT. Moreover, with the increase of the
thermal exposure time and Si content, the «-Fe to B-Fe

e AlpCu
¢ o-Fe
Q B-Fe
T [ | Al
=
<
A
£ |
wn
2 Mk ?
=
o
L 1 s | L I s s s r
20 25 30 35 40 45 50 55
20 (deg.)

Fig. 4 — XRD patterns of Al-6.5Cu-0.6Mn-0.5Fe-1.0Si alloy
after T7 treated or TETT for 100 h.

becomes more severe, and the newly formed Si particles
agglomerate with the Al,Cu phases [12].

Fig. 6 and Fig. 7 reveal the precipitated particle
morphology, selected electron diffraction patterns, and en-
ergy spectrums results of the 0.5Si alloy after TETT for 0.5 h.
From Fig. 6, it seems that the SADP results confirm the nano-
sized needle shaped like precipitated particles are 6 (Al,Cu)
phases (Fig. 6a—c) [1]. The EDS result of the needle shaped like
precipitated particles contains Al and Cu elements, further
confirms that these phases are ¢ (Al,Cu) phases (Fig. 6d). And it
finds that the SADP results confirm this rod shaped like
precipitated particles are T (Al,oCu,Mns) phases (Fig. 6e—g)
[17]. The EDS result of the needle shape like precipitated
particles contains Al, Cu and Mn elements, further confirming
that these phases are T (Al,oCu,Mns) phases (Fig. 6h). From
Fig. 7, the SADP results confirm the nano-sized cubic shaped
like precipitated particles are a-Fe (Al;s(MnFe);(CuSi),) phases
(Fig. 7a—b). The EDS result of the needle shaped like precipi-
tated particles contains Al, Cu, Mn, Fe, Si elements, further
confirming that these phases are «-Fe (Aljs(MnFe)s(CusSi),)
phases (Fig. 7c—h) [18].

Fig. 8 presents the precipitated particles of Al-6.5Cu-0.6
Mn-0.5 Fe alloys with different Si contents after TETT. The
size of the precipitated particles was measured using the
image ] software. In the 0.1Si alloy (Fig. 8a—c), the size of ¢
(Al,Cu) was determined to be about 500 nm and that of a-Fe
about 200 nm, while no changes were observed with thermal
exposure time. In the 0.5Si alloy (Fig. 8d—f), the size of § (Al,Cu)
was determined to be about 225 nm and that of a-Fe about
88 nm, and nearly no changes were observed with thermal
exposure time. In the 1.0Si alloy (Fig. 8g—i), the size of § (Al,Cu)
was determined to be about 332 nm and that of «-Fe about
106 nm. Besides, the amounts of 6 (Al,Cu) decrease obviously
with thermal exposure time in the 1.0Si alloys, which could be
attributed to the transformation «-Fe to B-Fe. The size of T
(Al,oCusMn3) was measured to range between 0.5 and 2 um,
and exhibited nearly no changes for different thermal expo-
sure times and Si contents. The size of the precipitated par-
ticles, including the 6 (Al,Cu), T (Al,0Cu,Mn3), and a-Fe phases,
exhibited nearly no changes with increasing thermal expo-
sure time, which indicated the high heat resistance of these
precipitated particles. When the Si content increased from
0.1% to 0.5%, the 6 (Al,Cu) and a-Fe phases were significantly
refined and the contents of the 4 (Al,Cu) and o-Fe phases
increased significantly, while that of T (Al,,Cu,Mnj3) decreased
slightly. It seems that the addition of Si promotes the forma-
tion of 4 (Al,Cu) and a-Fe phases [12,19,20]. Furthermore, it has
been found that the Si addition causes the contents of 6
(Al,Cu) to decrease with increasing thermal exposure time.

3.3. Mechanical properties

Fig. 9 illustrates the micro-hardness of the Al-6.5Cu-0.6Mn-
0.5Fe alloys with different Si contents after TETT. It was
found that the micro-hardness of the Al-6.5Cu-0.6Mn-0.5Fe
alloys with different Si contents decreased significantly
when the time of TETT was increased from 0.5 h to 100 h.
However, the micro-hardness reduction rate increased when
the Si content was increased from 0.1 to 1.0, especially for the
1.0Si alloy. After TETT for 0.5 h, the micro-hardness increased


https://doi.org/10.1016/j.jmrt.2023.01.172
https://doi.org/10.1016/j.jmrt.2023.01.172

2532 JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;23:2527-2541

100h

0.5 Si 0.1 Si
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Fig. 5 — Microstructures of Al-6.5Cu-0.6 Mn-0.5 Fe alloys with different Si contents after TETT: (a) 0.1Si, 0.5 h; (b) 0.1Si 10 h; (c)
0.1Si, 100 h; (d) 0.5Si, 0.5 h; (e) 0.5Si, 10 h; (f) 0.5Si, 100 h; (g) 1.0Si, 0.5 h; (h) 1.0Si, 10 h; (i) 1.0Si, 100 h.

from 95.4 HV in the 0.1Si alloy to 111.2 HV in the 1.0Si alloy. phases [12,19,20]. After TETT for 10 h, the micro-hardness
The increase of the micro-hardness with increasing Si content increased from 93.4 HV in the 0.1Si alloy to 97.3 HV in the
can be attributed to the increased content of nano-sized a-Fe 0.5Si alloy, while it decreased to 82.7 HV in the 1.0Si alloy. The
and ¢ (Al,Cu), as well as to the refinement of the # (Al,Cu) evolution of micro-hardness can be attributed to the
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Fig. 6 — Morphology, SADPs, and EDS of ¢ and T phases: (a) morphology of the ¢ phase: (b) and (c) the SADP of the 4 phase
with the zone axis of [0 1 0] and [—1 1 0], respectively; (d) the EDS of ¢ phase; (€) morphology of the T phase; (f) and (g) the
SADP of the T phase with the zone axis of [-1 0 1] and [0 1 0], respectively; (h) the EDS of T phase.
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Fig. 7 — Morphology, SADP, and EDS of «-Fe phase: (a) morphology of the a-Fe phase; (b) the SADP of the a-Fe phase with the
zone axis of [0 0 1J; (c) the EDS of the «-Fe phase; (d) EDS mapping of Al element; (e) EDS mapping of Cu element; (f) EDS
mapping of Mn element; (g) EDS mapping of Fe element; (h) EDS mapping of Si element.

comprehensive effects caused by the addition of Si, which
include the increased content of nano-sized a-Fe and ¢ (Al,Cu),
as well as the refinement of the # (Al,Cu) phase. Moreover, the
consumption of the Al,Cu phases resulted from the solid-state
transformation of a-Fe to B-Fe. After TETT for 100 h, the micro-
hardness decreased from 82.9 HV in the 0.1Si alloy to 67.7 HV
in the 1.0Si alloy, which can be attributed to the consumption
of the Al,Cu phases due to the solid-state transformation of «-
Fe to B-Fe.

Fig. 10 demonstrates the mechanical properties of the Al-
6.5Cu-0.6Mn-0.5Fe alloys with different Si contents after
TETT. With the increase of the thermal exposure time, the
ultimate tensile strength (UTS) and yield strength (YS) (Fig. 10a
and b) of the 0.1Si and 0.5Si alloys decreased slightly, and
those of the 1.0Si alloy decreased sharply, while the ultimate
elongation (EL) (Fig. 10c) of all alloys with different Si contents
increased significantly, especially that of the 1.0Si alloys. For
example, when TETT for 0.5 h, the UTS decreased from
154 MPa in the 0.1Si alloy to 137 MPa in the 1.0Si alloy, the YS
increased from 123 MPa in the 0.1Si alloy to 130 MPa in the
1.0Si alloy, and the EL decreased from 5.0% in the 0.1Si alloy to
3.6% in the 1.0Si alloy. When TETT for 100 h, the UTS
decreased from 137 MPa in the 0.1Si alloy to 78 MPa in the 1.0Si
alloy, the YS decreased from 108 MPa in the 0.1Si alloy to
70 MPa in the 1.0Si alloy, and the EL increased from 8.3% in the
0.1Si alloy to 11.1% in the 1.0Si alloy.

To evaluate the obtained high-temperature UTS values, the
UTS values of experimental alloys with different Si content
were compared to those of heat-resistant Al alloys, which are
presented in Table 3 [21—-29]. The UTS values of the experi-
mental alloys with different Si content were higher than most
of the heat-resistant Al alloys, including cast Al-Si alloys, cast

Al—Cu alloys, and the commercial wrought Al alloys. For
instance, the UTS values of the Al-6.5Cu-0.6Mn-0.5Fe-0.1Si
alloy after TETT for 0.5 h, 10 h, and 100 h were 154 MPa,
140 MPa, and 137 MPa, respectively. The UTS values of the Al-
6.5Cu-0.6Mn-0.5Fe-0.1Si alloy were almost two-fold higher
than those of commercial wrought Al alloys. It is remarkable
that the UTS value of the Al-Si—Cu—Mn—Fe alloy after TETT
for 0.5 h was close to that of the Al-6.5Cu-0.6Mn-0.5Fe-0.1Si
alloy; however, the UTS values of the Al-Si—Cu—Mn-Fe
alloy after TETT for 10 h and 100 h were far lower than those of
the Al-6.5Cu-0.6Mn-0.5Fe-0.1Si alloy, and even lower than
those of the Al-6.5Cu-0.6Mn-0.5Fe-0.5Si alloy. Although the
UTS values of the experimental alloys developed in this study
decreased significantly with increasing Si content, especially
when the time of TETT was increased to 100 h, the UTS values
of the Al-6.5Cu-0.6Mn-0.5Fe-1.0Si alloys after TETT for 0.5 h,
10 h, and 100 h were 137 MPa, 110 MPa, and 78 MPa, respec-
tively. The UTS values of the Al-6.5Cu-0.6Mn-0.5Fe-1.0Si alloys
were higher than or close to those of commercial Al alloys.

3.4. Fracture surface characterization

Fig. 11 shows the fracture surfaces of Al-6.5Cu-0.6Mn-0.5Fe al-
loys with different Si content after TETT. Several dimples and
tearing ridges were observed in the fracture surfaces of all al-
loys, which indicated that the Al-6.5Cu-0.6Mn-0.5Fe alloys with
different Si content present ductile fracture characteristics.
When the thermal exposure time was increased, the ductile
fracture characteristics became slightly less apparent in the
0.1Si alloy, indicating a more stable microstructure (Fig. 11a—c).
Cylinder-shaped or cluster-like B-Fe (Al,Cu,(FeMn)) was found
in the fracture surfaces of the 0.1Si alloy. In general, the


https://doi.org/10.1016/j.jmrt.2023.01.172
https://doi.org/10.1016/j.jmrt.2023.01.172

2534

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;23:2527-2541

0.1 Si

0.5 Si

1.0 Si

Fig. 8 — Precipitated particles of Al-6.5Cu-0.6Mn-0.5Fe alloys with different Si contents after TETT: (a) 0.1Si, 0.5 h; (b) 0.1Si,
10 h; (c) 0.1Si, 100 h; (d) 0.5Si, 0.5 h; (e) 0.5Si, 10 h; (f) 0.5Si, 100 h; (g) 1.0Si, 0.5 h; (h) 1.0Si, 10 h; (i) 1.0Si, 100 h.
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Fig. 9 — Micro-hardness of the Al-6.5Cu-0.6Mn-0.5Fe alloys
with different Si contents after TETT.

heat-resistant B-Fe can prevent the sliding of the grain
boundary. With increasing thermal exposure time, the ductile
fracture characteristics became more apparent in the 1.0Si
alloy. A large amount of dimples and Si particles appeared on
the fracture surface of the 0.5Si and 1.0Si alloys when the TETT
time was increased (Fig. 11d—i), which indicated that solid-state
transformation of «-Fe to B-Fe became more severe. The
consumption of Al,Cu resulted from the fact that the solid-
state transformation of iron-rich intermetallics worsens the
reinforcement of the Al matrix, and further leads to the sliding
of the Al matrix after long thermal exposure time. In Fig. 11f,
some cylinder-shaped or cluster-like B-Fe were found in the
1.0Si alloy, proving the solid-state transformation of a-Fe to
B-Fe.

To assess the effects of Si addition on the microstructure
and fracture failure of experimental alloys, the morphologies
of intermetallics on or beneath the fractured surfaces of the
experimental alloys in the longitudinal direction are exhibited
in Fig. 10. In the 0.1Si alloys (Fig. 12a—c), only B-Fe was
observed on or beneath the fractured surfaces, indicating that
the brittle B-Fe can lead to crack formation and propagation,
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Fig. 10 — Mechanical properties of the Al-6.5Cu-0.6Mn-0.5Fe alloys with different Si contents after TETT: (a) Engineering
Stress; (b) Ultimate Tensile Strength; (c) Yield Strength; (d) Ultimate Elongation.

and finally to fracture failure under tensile loading. Chinese 1.0Si alloys (Fig. 12d—i), which suggests that these particles are
script-like a-Fe, needle-like B-Fe, Al,Cu, and Si particles were the main crack sources that lead to the formation and prop-
found on or beneath the fractured surfaces of the 0.5Si and agation of cracks during tensile loading.

Table 3 — UTS value of experimental alloys with different Si contents were compared to those of the heat resistant

aluminum alloys [21-29].

Source Alloys Temperature (°C) UTS (MPa)
05h 10h 100 h

This study Al-6.5Cu-0.6Mn-0.5Fe-0.1Si(T7) 300 154 + 3 140 + 4 137 +3

Al-6.5Cu-0.6Mn-0.5Fe-0.5Si(T7) 300 140+ 3 135+5 131+4

Al-6.5Cu-0.6Mn-0.5Fe-1.0Si(T7) 300 137 2 110+ 5 78 +£3
Reference [21] 2024(Tb6) 315 110 85 69
Reference [21] 6061(T6) 315 85 62 41
Reference [21] 7075(T6) 315 70 62 59
Reference [21] 356.0(T6) 315 52 45 38
Reference [21] 319.0(T6) 315 20 75 66
Reference [22] Al-6.72Si-3.90Cu-0.59Mn-0.59Fe(T6) 300 150 84 80
Reference [23] Al-6.825i-3.86Cu-0.58Mn-0.61Fe(T6) 300 132 77 73
Reference [24] Al—-Si—Cu—Fe—Mn(T6) 300 144 = =
Reference [25] Al—12Si—4Cu—2Ni—0.8 Mg(T6) 300 109.5 = =
Reference [26] Al-12Si—4Cu—2Ni—0.8 Mg(T6) 300 140 = =
Reference [27] Al-13.00Si—4Cu—0.92Mg—1.90Ni—0.16V(T6) 300 93 = =
Reference [27] Al-13.725i—2Cu—1.08Mg—2.36Ni—0.20V (T6) 300 94 = =
Reference [28] Al-13.0Si-3.3Cu—1.3Mg—1.6Zn (T5) 315 132—145 = =
Reference [29] Al-Cu—1Mn-0.098Fe(T6) 300 116 = =

Reference [29] Al-Cu—1Mn-0.5Ni-0.097Fe(T6) 300 141 = =
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1.0 Si

100h

Fig. 11 — Fracture surfaces of the Al-6.5Cu-0.6Mn-0.5Fe alloys with different Si contents after TETT: (a) 0.1Si, 0.5 h; (b) 0.1Si,
10 h; (c) 0.1Si, 100 h; (d) 0.5Si, 0.5 h; (e) 0.5Si, 10 h; (£)0.5 Si, 100 h; (g) 1.0Si, 0.5 h; (h) 1.0Si, 10 h; (i)1.0 Si, 100 h.

4, Discussion
4.1.  The o-Fe to 3-Fe after TETT

Si is considered to be the most harmful impurity in cast
Al—Cu—Mn alloys. On the other hand, the addition of Si has
been used to promote the formation of Chinese script Fe-rich
intermetallics in Al-Cu—Mn alloys with high Fe content
[9—11]. Most studies have reported that the addition of Si
promotes the formation of a-Fe (Al;s(FeMn);(CuSi),) and helps
the «-Fe to remain thermodynamically stable after heat
treatment [11,12]. However, it has been found that a-Fe to -Fe
occurs in Al-Cu—Mn—Fe—Si alloys after TETT. According to
the solid-state phase-transformation thermodynamics of
metallic materials, B-Fe is considered as the most stable iron-
rich intermetallic, and a-Fe (Al;s5(FeMn)3(CuSi),) can be trans-
formed into B-Fe, which has been reported by several studies
[13,14]. According to the solid-state phase-transformation ki-
netics of metallic materials, a high density of dislocations
results from the brittle iron-rich intermetallics within the Al
matrix, and atomic matching between a-Fe and B-Fe proved
the high potential nucleation locations during thermal expo-
sure and tensile testing [30,31]. It has been proved that the
o-Fe to B-Fe in Al-Cu—Mn—Fe alloys is a diffusion trans-
formation [14]. The thermal exposure temperature and time,

the stress developed during the tensile test, and the Si content
in a-Fe can affect the nucleation and growth of solid-state
phase transformation [30,31]. Consequently, according to the
thermodynamics and kinetics of solid-state phase trans-
formation, this solid-state transformation of iron-rich in-
termetallics can occur during TETT.

4.2.  Mechanical properties of the Al-6.5Cu-0.6Mn-0.5Fe
alloys with different Si contents after TETT

As mentioned above, the UTS values of the experimental al-
loys with different Si content were higher than those of most
heat-resistant Al alloys, especially the 0.1Si alloys. The high-
performance mechanical properties after high-temperature
thermal exposure can be attributed to the high heat resis-
tance of secondary intermetallics and precipitated particles
including the B-Fe, a-Fe, ¢ (Al,Cu), T (Al,0Cu,Mns), and nano-
sized o-Fe phases. In general, it is an efficient method for
forming thermally stable intermetallics that prevent grain
boundary sliding, and enable the development of heat-
resistant Al alloys. It has been reported that the iron-rich
intermetallic B-Fe phases are considered to be thermally
stable due to their high melting points in 2XXX and 7XXX Al
alloys [16]. Certain studies have reported that the micro-
hardness of a-Fe remains stable when the temperature is
below 350 °C, which indicates that the presence of heat-
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Fig. 12 — Morphologies of intermetallics on or beneath the fractured surfaces of the Al-6.5Cu-0.6Mn-0.5Fe alloys with
different Si contents in the longitudinal direction: (a) 0.1Si, 0.5 h; (b) 0.1Si, 10 h; (c) 0.1Si, 100 h; (d) 0.5Si, 0.5 h; (e) 0.5Si, 10 h;

(f) 0.5Si, 100 h; (g) 1.0Si, 0.5 h; (h) 1.0Si, 10 h; (i) 1.0Si, 100 h.

resistant a-Fe phases is beneficial to the improvement of the
mechanical properties at elevated temperatures [22—24]. In
cast Al-Si alloys, the «-Fe precipitated around the grain
boundary has been found to improve the mechanical prop-
erties at elevated temperatures due to grain boundary
strengthening [22—24]. As it can be observed in Fig. 14a, there
were a lot of dislocations around the iron-rich intermetallics,
which indicates that iron-rich intermetallics can prevent
dislocation movement, further improving the high-
temperature mechanical properties.

The formation of thermally stable precipitated particles in
the Al matrix to prevent dislocation movement can also
facilitate the development of high-strength heat-resistant Al
alloys. Most studies have reported that the nano-sized a-Fe
and T (Al,0Cu,Mnj3) are thermally stable precipitated particles
in Al-Si and Al—Cu alloys that are beneficial to the improve-
ment of the mechanical properties at elevated temperatures
[32,33]. In general, the ¢ (Al,Cu) phases are considered to be
less thermally stable and grow rapidly when the temperature
is above 250 °C. Recently, some researchers found that the
addition of Mn, Zr, Si, and Sc can make the ¢ (Al,Cu) phases
thermally stable at 300 °C, which can be attributed to the
element agglomeration between the 6 (Al,Cu) phases [34,35].
In this study, it was found that the size of the ¢ (Al,Cu) phases

remained nearly unchanged after TETT, indicating that the 6
(Al,Cu) phases in Al-6.5Cu-0.6Mn-0.5Fe alloys with different Si
contents alloys are thermally stable. In order to reveal the
source of this problem, the APT results of the 0.5Si alloy after
TETT for 100 h are presented in Fig. 13. It can be found that the
Mn atoms segregate at the infterface between 4 (Al,Cu) phases
and Al matrix, which can prevent their growth during long
thermal exposure times and tensile testing conditions [35,36].
The TEM image in Fig. 14b displays the interactions between
precipitated particles and dislocations in the 0.1Si alloy after
TETT for 100 h. These results indicate that the ¢ (Al,Cu) and T
(Al,oCu,Mns) phases, as well as the a-Fe dispersoids can effi-
ciently prevent dislocation motion and consume strain energy
during tensile deformation, even after thermal exposure for
100 h.

4.3. Effect of Si content on the mechanical properties of
Al-6.5Cu-0.6Mn-0.5Fe alloys after TETT

Under all thermal exposure times (0.5 h, 10 h, or 100 h), the UTS
decreased slightly when the Si content was increased from
0.1% to 0.5%, and then decreased dramatically when the Si
content was increased to 1.0%. The decrease of UTS with
increasing Si content can be attributed to the solid-state phase
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Fig. 13 — APT reconstruction; (a—e) elements distribution; (f) the cylinder position for concentration profile; (g) 1-dimensional
elements concentration profile; (h) magificaion of Mn and Si elements line distribution.

transformation of iron-rich intermetallics after TETT. The particles, the agglomeration of secondary intermetallics, as
solid-state phase transformation of iron-rich intermetallics well as the consumption of Al,Cu phases, which are harmful to
resulted in the increase of needle-like Fe-rich phases and Si alloys with high Si content. A number of studies have reported

Fig. 14 — TEM image of interactions between iron-rich intermetallics, precipitates and dislocations in 0.1Si alloy after TETT
for 100 h.
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Fig. 15 — Evolution of secondary intermetallics and the high-temperature fracture of Al-Cu—Mn—Fe—Si alloys after TETT for

different times.

that the needle-like Fe-rich phases and Si particles can deteri-
orate the UTS [12,22—24]. According to Fig. 5, the a-Fe to p-Fe
intensifies with increasing thermal exposure time and Si con-
tent, which may have caused the sharp decrease of the UTS.

When the TETT time was 0.5 h, the YS increased slightly
with the increase of Si content. When TETT for 100 h, the YS
decreased with the Si content, especially in 1.0Si alloy. The
increase of the YS with Si addition and short thermal exposure
time can be attributed to the refinement of the ¢ (Al,Cu) and a-
Fe phases in the Al matrix, as well as to the increase of their
contents due to the addition of Si. However, when the thermal
exposure time was increased to 100 h, the o-Fe to B-Fe as well
as the consumption of Al,Cu intensified, leading to the further
decrease of the YS.

When the TETT time was 0.5 h, the EL decreased slightly
with the increase of Si content. When the TETT was 100 h, the
EL increased with the Si content, especially in 1.0Si alloy. The
decrease of EL can be attributed to the increase of the iron-rich
intermetallics with increasing Si content. On the other hand,
the increase of EL after long thermal exposure can be

attributed to the o-Fe to B-Fe. In general, the solid-state
transformation decreases the Al,Cu phases in the Al matrix,
causing the sliding of the Al matrix, and further increasing the
EL.

Fig. 15 unfolds the evolution of secondary intermetallics
and the high-temperature fracture of AlI-Cu—Mn—Fe—Si al-
loys after TETT for different times based on the above results.
In this study, the Si addition is detrimental to the high-
temperature mechanical properties of Al-6.5Cu-0.6Mn-0.5Fe
alloys, which is attributed to the o-Fe to B-Fe. It is very
important to obtain heat-stable phases in order to develop
heat-resistant Al alloys. As a result, the presence of unstable
o-Fe makes the development of heat-resistant Al-Cu alloys
with high Fe and Si content a great challenge. This result
implies that Si is not suitable for modifying the iron-rich in-
termetallics in Al-Cu—Mn—Fe alloys used as important light
heat-resistant structural components. Nevertheless, the UTS
values of the Al-6.5Cu-0.6Mn-0.5Fe with high Si content were
higher than or close to those of commercial Al alloys, which
indicates that these alloys can be used as unimportant heat-
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resistant structural parts operating under short-time high-
temperature conditions in civil applications.

5. Conclusions

(1) A solid-state transformation of iron-rich intermetallics
from a-Fe to B-Fe occurred in the Al-6.5Cu-0.6Mn-0.5Fe
alloys with high Si content after thermal exposure fol-
lowed by tensile testing at 300 °C. This solid-state
transformation can be expressed as follows: «-Fe
((Al;s(FeMn)s(CusSi),) + 4 AlLCu — 3 B-Fe (Al,Cuy(-
FeMn)) + 2 Si + 2 a(Al)). With the increase of the thermal
exposure time and Si content, the solid-state trans-
formation from a-Fe to B-Fe intensifies, and the newly
formed Si particles agglomerate with Al,Cu phases.

(2) The addition of Si in Al-6.5Cu-0.6Mn-0.5Fe alloys pro-
motes the formation of nano-sized ¢ (Al,Cu) and o-Fe
phases in the Al matrix and refines the precipitated
particles drastically.

(3) The UTS values of the Al-6.5Cu-0.6Mn-0.5Fe-0.1Si alloy
after thermal exposure for 0.5 h, 10 h, and 100 h, fol-
lowed by tensile testing at 300 °C were 154 MPa,
140 MPa, and 137 MPa, respectively, which are higher
than those of most heat-resistant Al alloys. The high-
performance mechanical properties at elevated tem-
peratures can be attributed to the high heat resistance
of secondary intermetallics and precipitated particles,
including the ¢ (Al,Cu), B-Fe, a-Fe, T (Al,oCu,Mns), and
nano-sized a-Fe phases.

(4) The UTS values of the Al-6.5Cu-0.6Mn-0.5Fe-0.5Si alloy
after thermal exposure for 0.5 h, 10 h, and 100 h, fol-
lowed by tensile testing at 300 °C were 140 MPa,
135 MPa, and 131 MPa, respectively, which are also
higher than or close to those of most heat-resistant Al
alloys. These alloys with high Fe and Si contents can be
used as unimportant heat-resistant structural parts
operating under short-time high-temperature condi-
tions in civil applications, which provides theoretical
basis and technical support for promoting the efficient
utilization of recycled Al alloys.

(5) The addition of Si deteriorates the strength of Al-6.5Cu-
0.6Mn-0.5Fe alloys after long thermal exposure. This
can be attributed to the solid phase transformation of
iron-rich intermetallics from a-Fe to B-Fe, which results
in the increase of needle-like Fe-rich phases and Si
particles, the agglomeration of secondary in-
termetallics, and the consumption of Al,Cu phases.
This result implies that Si is not suitable for modifying
the iron-rich intermetallics in Al-Cu—Mn-Fe alloys
used as important light heat-resistant structural com-
ponents in military and aerospace industries.
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