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Abstract: The effects of the synergistic addition of Er and Sc on the aging and interfacial segregation behaviors of
alloys were systematically studied using transmission electron microscopy (TEM) and high-angle annular dark field
(HAADF) imaging. The TEM results show that Al3(Sc,Zr) with a core-shell structure can act as nucleation particles for
0’ to promote uniform and fine precipitation. The STEM results show that Er solute atoms were preferentially enriched
inside the 6’ precipitate during thermal exposure at 225 °C for 150 h. However, Sc and Mn solute atoms segregated at
the 6'/a-Al matrix interface were observed at 300 °C. Due to the early enrichment of Er in the 8’ precipitate, the slowly
diffusing Sc and Mn were segregated to the interface of the 6’ precipitate before the severe coarsening of the 6’
precipitate, thus further stabilizing the 6’ precipitate at higher temperatures.
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1 Introduction

Precipitation-strengthened Al—Cu alloys are
important lightweight engineering materials for
applications in the aerospace and automotive
industries because of their excellent specific
strength ratios and good casting ability [1,2]. The
strength of Al—Cu alloys mainly originates from
the formation of metastable phases such as 68"/6’
plates with a high number density and high aspect
ratio during heat treatment [3—5]. However, at
elevated working environment temperatures
(~200 °C), the transformation of the 6’ phase
into the 6-Al,Cu phase is favored [6,7]. This
transformation is accompanied by a loss of strength,
which leads to the failure of components such as

aircraft skins, fuselages, and wings, as well as
automobile engine cylinders, during their service
life [8]. Consequently, determining how to improve
the stability of the metastable 6" phase at high
temperatures is the key to expanding the work
temperature range (200—300 °C) of Al-Cu alloys.
In recent years, the segregation of micro-
alloyed solutes (such as Mn, Fe, Sc, and Zr [9]) at
the Al/@' interface, which lowers the interfacial
energy, has attracted great interest. The segregation
of microalloying elements at the ' interface
improves the stability of 8’ plate. GAO et al [10]
constructed a triple segregation interface structure
of Sc—Fe—Si at the 67a-Al matrix interface. The
thermal stability of 6-AlL,Cu phases was further
optimized by inhibiting interfacial migration.
The strongest interfacial Sc segregation leads to the
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greatest promotion of " precipitation [11].
POPLAWSKY et al [12] found that Mn of
Al7CuMnZr alloy was segregated more rapidly to
the @' coherent interface, preventing the migration
of the @' interface. Similar results were reported
by SHYAM et al [13] and SUN et al [14]. NIU
et al [15] found that Ce atoms could enter the lattice
of the @' precipitates, impeding the movement of
interstitial Cu atoms. However, the slow diffusion
of Mn and Zr below 300 °C cannot stabilize the 6’
plate in time, resulting in rapid deterioration of the
mechanical properties of the Al—Cu alloys after
long-term aging below 300 °C. Comparatively, the
diffusion rates of Er and Sc are faster than that of
Mn between 200 and 300 °C. The enrichment of Er
in @' precipitates was observed in AlI-Cu—Mg alloys
by LIANG et al [16].

Previous studies have shown that the addition
of microalloying elements (Sc, Ta, Zr, Nb, and Hf)
can form nano-stable Al3Sc/Al3(Sc,Zr) [17-19],
(Al,Cu)s(Zr,Ta) [20], AlsZr [21], and (ALSi);Hf [22]
phases with L1, structure. The introduction of these
nano-precipitated phases is also a feasible method
to improve the thermal stability and mechanical
properties of Al-Cu alloys. However, Sc is
extremely expensive, and the solid solubility of Sc
in o-Al matrix is very low, resulting in a limited
volume fraction of Al3(Sc,Zr) precipitates. In fact,
this strength effect appears to be even more
pronounced when Er is microalloyed with Sc and
Zr [23-25]. LIU et al [24] added Er to Al-Sc—Zr
alloy and found that Er promoted the nucleation
rate of L1,-structured nanoparticles, resulting in a
higher density and more homogeneous dispersion.
Si and metallic solutes (M) can form M-Si—V
clusters (where V is a vacancy), which accelerates
the diffusion of isolated M atoms in the fcc-Al
matrix [26]. The Si-vacancy clusters may act as
heterogeneous nucleation sites to promote the
precipitation of Al;Sc and increase the number
density and volume fraction, as observed in

Table 1 Compositions of experimental alloys (wt.%)

Al-Sc—Zr and Al-Sc—Er—Zr alloys [27,28]. The
formation of Als(Sc,Zr) core/shell dispersions also
provides heterogeneous nucleation sites by reducing
the energy barrier of ' nucleation, resulting in fine
6’ precipitates to improve the mechanical properties
of the Al-Cu alloy [19,29].

To the best of our knowledge, we suspected
that Er and Sc could effectively segregate at the 6’
plate interface at low temperature or early in the
thermal exposure process to improve the room-
temperature and high-temperature properties.
Therefore, this work aims to study Er and Sc
co-addition to further improve the mechanical
properties of Al—Cu alloys and stabilize &'
precipitates. Following the heat treatment route
designed by MAKINENTI et al [21], the hardness
during artificial aging at 175°C and 150h of
thermal exposure at 225 and 300 °C was measured.
Combined with TEM and differential correction
HAADF imaging, the coarsening process of 6’
precipitation and the segregation of specific
elements at the O’ interface were quantitatively
evaluated. This study will contribute to the
development of new Al-Cu materials with solute
element segregation at the 6/a-Al interface and
provide ideas for new alloy design strategies to
further expand the temperature range for the use of
Al—Cu alloys.

2 Experimental

The  chemical compositions of  the
experimental Al—Cu alloys are listed in Table 1. The
alloys were melted in an electric resistance furnace
using high purity aluminum (99.99%Al),
Al-10wt.%Mn, Al-20wt.%Si, and Al-50wt.%Cu
master alloys at 780°C. The Al-10wt.%Zr,
Al-6wt.%Er and Al-2wt.%Sc master alloys were
added at 760 °C after melting. After removing
the surface slag, C,Cls was added to remove the
slag and gas, and the mixture stood for 10—15 min

Alloy Cu Mn Si Er Sc Zr Al
Al-4.0Cu—0.25i 4.24 0.34 0.19 - - 0.15 Bal.
Al-4.0Cu—0.1Er-0.2Si 4.02 0.32 0.18 0.10 - 0.17 Bal.
Al-4.0Cu—0.1Er—0.1Sc—0.2Si 3.98 0.33 0.19 0.10 0.10 0.18 Bal.
Al-4.0Cu—0.1Sc—0.2Si 3.93 0.34 0.19 - 0.10 0.12 Bal.
Al-4.0Cu—0.1Sc 3.90 - - - 0.10 - Bal.
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before being poured into an iron mold. Each of the
as-cast alloys was homogenized at 450 °C for 8 h in
order to obtain a homogeneous microstructure. The
ingot of 30mm x 15 mm X 150 mm plate was
rolled into a plate with a 5 mm (width) x 32 mm
(thickness) square cross-section at 450 °C. The
rolled alloy sheets were solution treated at
(400 °C, 10 h) + (540 °C, 0.5 h), followed by water
quenching to room temperature. The water
quenched alloy sheets were subjected to aging
treatment at 175°C in an air furnace for time
periods ranging from 30 min to 200h. Some
samples aged to peak-hardness at 175 °C were
thermally exposed at 225 and 300 °C respectively
to study their high-temperature behaviors and the
thermal stability.

The hardness was measured by the HXD—-1000
Vickers hardness (HV) tester. The loading force was
0.98 N, the holding time was 15 s, and an average
value was obtained from 7 test points. The
microstructure was observed by TEM and an
atomic  resolution HAADF-STEM providing
Z-contrast images. Twin-jet electrochemical
equipment was used for preparing thin discs, and
the discs were 3 mm in diameter. The twin-jet
equipment was operated at voltage of 12—15V in a
solution composed of 25vol.% HNOs; acid and
75 vol.% CH30H, and in a temperature condition of
—20°C. TEM and HAADF-STEM observations
were performed by transmission electron
microscopy of model Cs-corrected Titan-G2
operated at accelerating voltage of ~300 kV with a
probe convergence semi-angle of 21.4 mrad and
collection semi-angle from 53 to 200 mrad. All the
prepared samples were plasma cleaned for 8§ min
before TEM observation.

3 Results

3.1 Hardness evolution with addition of Er and

Sc

Figure 1 presents the hardness evolution
during artificial aging at 175 °C for all the tested
alloys. The Al—Cu—Er—Sc—Si alloy was found to
have almost reached peak hardness (HV ~126.4)
after only 6h at 175°C. Such a fast aging
response rate was not observed for the other alloys.
In contrast, it took approximately 12 and 24 h for
the Al-Cu—Sc—Si and Al-Cu—Sc alloys to reach
peak hardness, respectively. Comparing the

Al-Cu—Sc—Si and Al-Cu—Sc alloys, the addition of
Si reduced the time required for the Al-Cu—Sc
alloy to reach peak hardness and increased the peak
hardness by HV ~13.7. After 12 h at 175 °C, the
hardness of the Al-Cu—Er—Sc—Si alloy was not
significantly different from that of Al-Cu—Sc—Si
alloy (HV ~125.8), but it was higher than that of the
Al-Cu—-Si and Al-Cu—Er-Si alloys. The peak
hardness of the Al-Cu—Er—Sc—Si alloy was found
to be HV ~28.2 higher than that of the AlI-Cu—Si
alloy and HV ~21.3 higher than that of the
Al-Cu—Er—Si alloys. This condition was selected
for the further study of the heat resistance and
high-temperature performance of the Al-Cu—Er—
Sc—Si alloy. The hardness was observed to
continuously decrease for the AlI-Cu—Er—Sc—Si and
Al-Cu—Sc—Si alloys as the aging time was
extended to 200 h, which is a sign of growth and
coarsening of the @' precipitates. However, the
hardness of the Al-Cu—Er—Sc—Si alloy decreased
only slightly (HV ~14.7). The final hardness
remained higher than that of the Al-Cu—Sc—Si
alloy, which was approximately HV ~6.2. This
indicates further enhancement of the coarsening
resistance of the 8’ precipitates in the AlI-Cu—Sc—Si
alloy with the combined addition of Er and Sc.
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Fig. 1 Hardness evolution of alloys during isothermal
aging at 175 °C

Figure 2 shows the hardness curves of the
experimental alloys exposed to temperatures of 225
and 300 °C for various time after aging at 175 °C
for 12 h. An increase in the hardness of Al-Cu—
Er—Si alloys was observed between 0.5 and 3 h
during thermal exposure at 225 °C (Fig. 2(a)). This
indicated that the hardness of the alloy did not reach
its maximum after aging at 175 °C for 12 h, and
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Fig. 2 Hardness evolution curves of alloys aged at
175 °C for 12 h after thermal exposure at 225 °C (a) and
300 °C (b)

@' precipitates continued to form at 225 °C. The
hardness of the Al-Cu—Er—Sc—Si and Al-Cu—
Sc—Si alloys decreased obviously in the early stage
of thermal exposure, which is a sign of over aging.

The combined addition of Er and Sc significantly
improves the thermal stability of the Al-Cu alloy.
The hardness of the resulting alloy remained
relatively stable after aging for 12 h at 225 °C, and
its hardness (HV ~114.8) was significantly higher
than that of the Al-Cu—Si alloy with only Er or
only Sc during long-term thermal exposure for up
to 192 h. Compared with the peak hardness, the
hardness only decreased by HV ~11.6. Figure 2(b)
shows the evolution of hardness as a function of
time at 300 °C. The hardness evolution of the
Al—Cu—Si alloy shows a similar trend to that during
the thermal exposure at 225 °C. However, no
increase in hardness was observed in Al-Cu—Si and
Al-Cu—Er—Si alloys during thermal exposure at
300 °C, which was related to the rapid growth and
coarsening of 6’ precipitates at higher temperatures.
In summary, the Al-Cu—Er—Sc—Si alloy exhibited
both the highest hardness (HV ~99.7) and best
stability during thermal exposure. The stabilization
effect of the combined addition of Er and Sc in the
Al-Cu-Si alloy during thermal exposure is superior
to those with only Er or only Sc.

3.2 TEM characterization of microstructure
Al-Cu alloys with added Er and Sc after
artificial aging at 175 °C for 12 h were characterized
by TEM. Figure 3 shows the 8’ precipitate distribution
and selected area electron diffraction (SAED)
pattern along the [010]a1 zone axis in all the studied

Fig. 3 TEM bright-field images (a—d) and SAED patterns (e—h) along [010]4; zone axis of &' precipitates in alloys after
12 h of artificial aging at 175 °C: (a, ¢) AlI-Cu—Si; (b, f) Al-Cu—Er—Si; (¢, g) AlI-Cu—Er—Sc—Si; (d, h) Al-Cu—Sc—Si
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alloys. The statistical results for the average length
and thickness of the @' precipitates in the
experimental alloys are presented in Table 2. After
treatment at 175 °C for 12 h, the diameter of the '
precipitates in the Al-Cu—Si alloy (249.5 nm) is
higher than that in the AlI-Cu—Er—Sc—Si (180.1 nm)
and Al-Cu—Sc—Si alloys (170.2 nm). Additionally,
with the addition of Er and Sc, the number density
of O’ precipitates in the Al—Cu—Er—Sc—Si and
Al-Cu—Sc alloys increased (Fig.3(c)), which
explains its highest hardness. Figures 3(f—h) show
the SAED patterns along the [010]a1 zone axis,
which all contain superlattice sites corresponding to
the L1, ordering, marked with yellow circles.
Further, the additional superlattice spots around the
L1, spots correspond to the 6" phase, which are
marked with green circles.

The dark-field TEM images shown in Fig. 4
were obtained from L1, spot in the SAED pattern. It
shows the coexistence of the globular L1,-ordered
precipitates and ' plates. Some of 6’ plates nucleate

Table 2 Average length, thickness and aspect ratio of 8’
precipitates in alloys treated at 175 °C for 12 h

Alloy Lerrllrith/ Thi(;l;rlless/ Arilzieoct
Al-Cu-Si 249.5+65.4 7.0£2.0 35.6
Al-Cu—Er-Si 209.1+82.2 6.5+1.9 323
Al—Cu—Er—Sc—Si  180.1+40.2 6.2+2.3 29.3
Al-Cu—Sc—Si 171.3£55.5 6.0+1.5 28.4

Fig. 4 Dark-field TEM images from L1, spot in SAED
pattern of alloys after being treated at 175 °C for 12 h:
(a) AI-Cu—Er—Sc—Si; (b) Al-Cu—Sc—Si

on pre-existing Ll,-ordered precipitates in the
matrix. In the Al—-Cu—Sc—Si alloy, the number
density of spherical precipitates was lower than that
in the Al—Cu—Er-Sc—Si alloy (Fig.4(b)). The
uniform distribution of fine ' precipitates with high
number density in the Al-Cu—Er—Sc—Si and
Al-Cu—Sc—Si alloys is consistent with the
refinement of the 8’ precipitates as they nucleate on
the previously reported Als(Sc,Zr) [29] or
Als(Er,Sc,Zr) dispersions. The statistical results for
the average length and thickness of the 6’
precipitates in experimental alloys are presented in
Table 2.

3.3 Microstructural stability of ' plates

The peak-aged Al—Cu—Si, Al-Cu—Er—Sc—Si
and Al-Cu—Sc—Si alloys were exposed to
temperatures of 225 and 300°C for 150h to
evaluate the synergistic effects of the addition of Er
and Sc on the stability of the microstructures.
Figure 5 shows the corresponding statistical results
for the length and thickness of 8’ plates and the
TEM images after thermal exposure at 225 °C. The
coarsening resistance of 6’ precipitates at elevated
temperatures can be evaluated by the variation in
their length, thickness, and number density.
Thermal exposure of the peak-aged Al-Cu—Si alloy
at 225 °C led to a 30% increase in the length of the
0" precipitates. With the addition of Sc, the length
and thickness of the @' precipitates increased
slightly, by 16% and 17%, respectively. This
indicates that the growth of ' precipitates at high
temperatures is hindered by the addition of Sc.
Obviously, after the combined addition of both Er
and Sc to the trinary Al-Cu—Si alloy, the decrease
in the number density and the increase in the length
and thickness of the plates were the smallest. The
average length and thickness of the thermally
exposed Al-Cu—Er—Sc—Si alloy were 173.5 and
6.79 nm, respectively. Compared with the
parameters of the alloy after peak aging at 175 °C
for 12 h, the average thickness was only increased
by 10%, which indicates that the
strengthening phase 0’ in the Al—Cu—Er—Sc—Si
alloy does not coarsen significantly after 225 °C
thermal exposure.

After thermal exposure at 300 °C for 150 h,
the length and thickness of 8’ plates decreased with
increasing temperature in the three alloys (Fig. 6).

main
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Fig. 5 TEM bright-field images of alloys after thermal exposure at 225 °C for 150 h, and corresponding length and
thickness of 6’ plates: (a) AI-Cu—Si; (b) Al-Cu—Er—Si; (c) Al-Cu—Er—Sc—Si; (d) AI-Cu—Sc—Si

The average length of the Al-Cu—Si alloy increased evident that the low number density of the
by only 9%, which was mainly due to the Al-Cu—Si alloy led to weak precipitation
segregation of Mn at 300 °C at the semi-coherent strengthening. With the addition of Sc, the number
interface of the @' plates, which improved its density of the Al-Cu—Sc—Si alloy increased
anti-coarsening ability [12,13]. However, it is significantly, and the average length and thickness
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Fig. 6 TEM bright-field images of alloys after thermal exposure at 300 °C for 150 h, and corresponding length and
thickness of 0’ plates: (a) AI—-Cu—Si; (b) AlI-Cu—Er—Sc—Si; (¢) AI-Cu—Sc—Si

increased by 29% and 86%, respectively. With the
further co-addition of Er and Sc, thermal exposure
at the same temperature caused increase of only
22% in length and 60% in thickness. The results
clearly show that the co-addition of Er and Sc can
improve the coarsening resistance of #' plates in
Al—Cu alloy at high temperatures.

4 Discussion

4.1 Precipitation of ordered L1; and &’ precipitates
with addition of Er and Sc
The addition of Si to Al-Cu—Sc alloy
significantly increases the age-hardening of the
alloys after artificial aging at 175 °C. The hardness

of Al-Cu alloys is mainly related to the number
density, volume fraction, and aspect ratio of 6’
precipitates in the Al-matrix. Higher number
densities and greater maximum aspect ratios of '
precipitates can better disrupt dislocation motion
during stress, thereby increasing the hardness of the
alloy [30]. The diffraction patterns from the peak-
aged Al-Cu—Er—Sc—Si and Al-Cu—Sc-Si alloys
(aged at 175 °C for 12 h) along the [001]ai zone
axis of the matrix contain superlattice reflection
corresponding to L1, ordering and reflection of 6’
phases (Figs. 3(c, d)). BOOTH-MORRISON et al
[26] found that the alloy with added Si had larger
number density and volume fraction of precipitates
than the Si-free alloy, which could explain the
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higher peak hardness in the Al-Cu—Sc alloy with
added Si. The addition of Si accelerated the Er and
Sc diffusion kinetics and increased the driving force
for L1, precipitation. Si—vacancy—Sc clusters could
potentially form during the pre-aging at 400 °C, and
these could later act as the nucleation sites for the
L1, precipitates. The binding of Si to Sc atoms
reduces both the vacancy formation energy in the
vicinity of Sc and the Sc migration energy in Al,
which further accelerates the precipitation kinetics
of the L1, precipitates [31,32]. The preferential
nucleation of @' plates on the Lls-ordered
precipitates in the matrix can decrease the size of
the precipitates and make them uniformly
distributed, which results in more significant
precipitate strengthening. Similar observations have
been reported in previous studies. For example,
Lls-ordered (Al,Cu)s(Zr,Ta) precipitates in
Al-2Cu—0.15Zr—0.12Ta have been shown to act as
precipitation sites for Cu-enriched ' and 8" plates
[20]. POPLAWSKY et al [12] found that the L1,
precipitate exhibited a mixture of Ti and Zr on the B
sites, with a higher Zr content (Aly(Zr,Tii-x)).
BANSAL et al [22] reported that the (AlSi);sHf
precipitated phase and the 6"/0' plates have a
synergistic coupling effect on enhancing the
strengthening effect of the precipitated phase.

HAADF-STEM mapping was used to
characterize the Lls-ordered precipitates and 6’
plates. Figures 7 and 8 show the EDS composition
maps of the Al-Cu—Er—Sc—Si and Al-Cu—Sc—Si
alloys after artificial aging at 175°C for 12h,
respectively. The pre-existing L1,-ordered spherical
precipitates (marked with yellow arrows) were
randomly distributed. Some of the spherical
precipitates provide additional nucleation sites for
the precipitation of 6" plates and refine the size.
Moreover, some of the spherical precipitates are in
broad faces in contact with the 8’ plates, resulting in
lower interfacial coherent strains. Thus, a high
number density of 6’ plates can be seen in the
matrix. According to the EDS mapping results, the
elemental distribution of the #’ plates did not exhibit
partitioning of Si, Er, Sc, and Mn. The spherical
dispersions were, instead, found to be rich in Sc and
Zr, with no detectable Si, Mn, or Cu. We confirmed
that the spherical dispersion was an Als(Sc,Zr)
precipitate with a core-shell structure.

Direct aging at 400 °C prior to the solid
solution treatment has been reported to pre-
precipitate L1,-ordered precipitates. LIU et al [24]
and BOOTH-MORRISON et al [25] found that
the addition of Er significantly improved the
hardness of Al-Sc—Zr alloys, with the effect being

Fig. 7 HAADF-STEM micrograph and corresponding EDS maﬁs of Al, Cu, Er, Sc and Zr for AI-Cu—Er—Sc—Si alloy
after treatment at 175 °C for 12 h
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more obvious for aging at 400 °C. The density of
L1,-structure nanoparticles was higher and the
dispersion was uniform. Only a limited number of
Sc atoms remained in the solid solution due to the
early precipitation of the Als(Sc,Zr) dispersion. In
addition, the Zr-rich shell acts as a dynamic
diffusion barrier, causing the majority of Sc atoms
to be intercepted. As a result, we did not detect
segregation of Sc at the 6’ precipitate interface.
Similarly, Mn and Zr did not segregate at the
interface of the 6’ precipitates. This can be mainly
explained by the low mobility of Mn and Zr at
175 °C. The addition of Er to Al—Sc binary alloys
was reported to accelerate the precipitation of L1,
structures [24], but this was not observed in our
work. Surprisingly, we found that the addition of Er
resulted in a slight decrease in the size of the
Als(Sc,Zr) dispersion. The co-addition of Er and Sc
also improved the coarsening resistance ability
of the 6’ precipitates during subsequent thermal
exposure at 225 and 300 °C.

4.2 Synergistic effect of Er and Sc stabilizing

coarsening of ' phase

The synergistic effect of Er and Sc was found
to improve the coarsening resistance of 6’
precipitates in Al-Cu alloys at elevated
temperatures, as a comparison of the hardness
results showed that the hardness values of
Al-Cu—Si and AI-Cu—Sc-Si alloys were more
destabilized at 225 and 300 °C. As described above,

Fig. 8 HAADF-STEM micrograph and corresponding EDS maps of Cu, Mn, Sc and Zr for AI-Cu—Sc—Si alloy after
treatment at 175 °C for 12 h

it is the formation of Als(Sc,Zr) particles that
promote the precipitation of the 8’ phase, and there
is no significant difference in the number density of
the 6" phase between the Al-Cu—Er—Sc—Si and the
Al-Cu—Sc—Si alloys. However, the corresponding
statistical results for the length and thickness of 6’
precipitates showed that these parameters were
slightly decreased in the Al-Cu—Er—Sc—Si alloy
matrix compared to those in the AI-Cu—Sc—Si alloy
matrix after thermal exposure at 225 and 300 °C for
150 h.

HAADF-STEM mapping analyses show that
after exposing the artificially aged Al—Cu—Er-
Sc—Si and Al-Cu—Sc—Si alloys to a temperature of
225°C for 150 h, only Er is enriched around or
inside the 8’ plates, as indicated by the white dashed
lines in Fig. 9(a). This indicates that the segregation
of Er in the ' precipitate helps to improve the
interfacial stability of the coherent Cu-rich 8"/a-Al.
When the temperature is increased to 300 °C, the
hardness values of Al-Cu—Er—Sc—Si and Al-Cu-—
Sc—Si alloys decrease rapidly in the early stage of
aging (see Fig. 2(b)), which may be related to rapid
coarsening of the 8’ precipitates. CHEN et al [33]
studied the coarsening kinetics of the ' phase and
found that the Liftshitz—Slyozov—Wagner (LSW)
coarsening model is the dominant coarsening
mechanism for the 8’ precipitates in the temperature
range of 230-320°C. A modified coarsening
equation for the precipitation kinetics of the discoidal
phase can be expressed as follows:
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(@)

(b)

Fig. 9 HAADF-STEM micrograph and corresponding EDS maps of Cu, Mn, Er, Sc, and Zr for alloys after thermal
exposure at 225 °C for 150 h: (a) Al-Cu—Er—Sc—Si; (b) Al-Cu—Sc—Si

d; —di{=K-(t,-1,) (1)

where the rate constant K depends on the
temperature as per the Arrhenius relationship, and
dy and d, are the average precipitate diameters at
time ¢ and £, respectively. The coarsening rate
increases with increasing aging temperature. The
higher solubility and diffusion rate of the Cu solute
atoms in the Al matrix at 300 °C result in a
lower activation energy for the coarsening of
the 6’ precipitates. Thus, the 8’ precipitates coarsen
rapidly.  Additionally, interfacial segregation
depends on kinetic factors such as solute diffusivity.
The diffusion rates of the Er and Sc solute atoms
are increased, but are slower compared with
that of Cu solute atoms (Dg=(4+2)x10"m?-s! at
300 °C [34]). They cannot effectively segregate to
0'/a-Al interface, and thus do not act as a barrier for
the diffusion of Cu atoms in the early stage of
300 °C thermal exposure. Therefore, a decrease in
the HV was observed during the initial few hours
(~4 h).

The relatively rapid diffusion of Er solute
atoms in the Al matrix is closely related to
vacancies. The high diffusion rate of Er corresponds
to the strong binding energy (~0.1 eV) between Er
atoms and vacancies [24]. The bond energy
between Er atoms and vacancies is higher than that
of Sc vacancy binding. Due to the high diffusivity
and the strong attraction between Er atoms, the
presence of Er atoms in the matrix can combine
with more vacancies by forming Er vacancy
clusters, The Er atoms in the Er vacancy clusters

can remain in the ' structure after thermal exposure
at 300 °C. A similar vacancy mechanism has been
reported [26,35]. NIU et al [15] proposed the
substitution of Ce for coherent Cu-rich 67a-Al
interface. After Ce substitution, the Cu-rich 8/a-Al
interface is more stable, which makes the
movement of interstitial Cu atoms relatively
difficult; thus, the ' phase is more stable. Our
results also indicate the segregation of Er in the '
precipitates. In short, the addition of Er further
stabilizes the #' phase at higher temperatures.
Interestingly, the HAADF-STEM results
demonstrated that the elements Sc and Mn were
enriched around the @' particles after 300 °C
thermal as shown in Fig. 10. The
distribution of Sc was similar to that of Mn.
However, the distributions of Sc and Mn around the
0' particles were not uniform, in sharp contrast to
the uniform distribution of Er. Mn was more likely
to segregate at the semi-coherent interface of 6’ in
the AI-Cu—Mn—Zr alloy. The segregation of a large
number of Mn solute atoms at the semi-coherent
interface may inhibit that of Sc to the semi-coherent
interface, resulting in easier segregation of Sc
solute atoms at the coherent interface. Therefore,
during thermal exposure at 300 °C, Sc and Mn
atoms are enriched in front of the 8’/a-Al interface,
forming a Sc/Mn-rich layer, which further hinders
the coarsening of 6" at higher temperatures. The
diffusion rates of Sc and Mn in Al solution are
slower than that of Er. Therefore, Sc and Mn cannot
diffuse to the &' interface at low temperature in a
short time, which explains the rapid decrease in the

exposure,
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hardness of AI-Cu—Sc—Si alloy in the early stage of
225 °C thermal exposure.

As the thermal exposure time increases, the
hardness gradually tends to decrease, indicating that
more Sc and Mn solute atoms begin to segregate at
the 87a-Al interface and stabilize the 8’ precipitate.
The diffusion rates of the Sc and Mn atoms
increase at 300 °C [13,25] (Dsc=9.1x1072° m?s7!,
and Dyn=7.03x10"22m?-s™! at 300 °C). Although the
segregation of Sc and Mn elements at the 6"/a-Al
interface was also observed in the Al-Cu—Sc—Si

alloy (Fig. 11), the @' plate rapidly coarsened,
as shown in Fig. 6. The Er solute atoms are
preferentially enriched in the @' plates, which
provides thermal stability for 8’ and inhibits the
rapid coarsening of the €' microstructure in the
early stage of thermal exposure. Thus, elements
with slow diffusion rates, such as Sc and Mn have
sufficient time to segregate to the O’ interface.
Without the addition of Er, the combination of
Sc and Mn cannot effectively stabilize the 8’ plate.
This is not the first report in which elements with

Fig. 10 HAADF-STEM micrograph and corresponding EDS maps of Cu, Mn, Si, Er, Sc and Zr for AlI-Cu—Er—Sc—Si

alloy after thermal exposure at 300 °C for 150 h

Fig. 11 HAADF-STEM micrograph and corresponding EDS maps of Cu, Mn, Sc, Zr and Si for Al-Cu—Sc—Si alloy

after thermal exposure at 300 °C for 150 h
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slow diffusion to the 6’ interface have been used to
increase the stability of the microstructure.
POPLAWSKY et al [12] reported the cooperative
use of Mn, Zr and Ti to increase the service
temperature to 350 °C.

Based on the above analysis, the segregation
of Er in the @’ structure in the early stage of thermal
exposure helps to form a stable intermediate
interface, which improves the microstructure
stability of Al-Cu—Er—Sc—Si alloy at 225 °C. With
further increase in exposure temperature, Sc and
Mn play a relay role, segregating at the coherent
and semi-coherent interface of §’, which hinders the
coarsening of the @' particles during high
temperature thermal exposure. Therefore, the
strength of the AlI-Cu—Er—Sc—Si alloy after thermal
exposure is much higher than that of the AlI-Cu—Sc
alloy.

5 Conclusions

(1) The co-addition of Er and Sc significantly
accelerates age-hardening kinetics and improved
the peak hardness (HV ~28.2) of the Al-Cu—Si
alloy. This is attributed to the fact that the
pre-existing Al3(Sc,Zr) provides nucleation sites for
the precipitation of @' plates, stimulating their
preferential nucleation. The fine distribution of 8§’
plates can explain the increased hardness of the
Al—Cu—Er—Sc-Si alloy.

(2) Due to the significant difference in the
diffusion rates of the elements Er, Sc and Mn, the
Er solute atoms are preferentially enriched in the 6’
plates, which inhibits the diffusion of Cu atoms and
stabilizes the coarsening of §' in the early stage of
thermal exposure (225 °C).

(3) In the high-temperature (300 °C) or long
thermal exposure processes, the slow diffusing
elements Sc and Mn have sufficient time to
segregate to the @' coherent interface and semi-
coherent interface. This interface segregation
greatly reduces the interface energy and nucleation
energy barrier, thus further enhancing the structural
stability of the 8’ plates.
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