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Abstract: In the present work, different aging treatments were performed to investigate the pre-aging
effect on the formation of Ω phase and mechanical properties in Al-Cu-Mg-Ag alloy. The results
showed that pre-strain could inhibit the formation of Ω phases, which was detrimental to the alloy
strength. Due to the introduction of pre-aging treatment before pre-strain, the adverse effect of
pre-strain on the precipitation of the Ω phase was reduced, and the alloy strength was increased by
at least 15 MPa. Besides this, increasing the pre-aging temperature promoted the precipitation of Ω
phases, inhibited the formation of θ′ phases, and improved the alloy strength. This was because the
higher pre-aging temperature promoted more pre-precipitated Ω phases in the pre-aging process,
and most of the pre-precipitated Ω phases could be retained and grew in the subsequent aging
process. As a result, the tensile strength of the alloy increased from 523 MPa to 540 MPa. In addition,
pre-aging with a higher temperature consumed more solute atoms, leading to less residual solute
atoms in the matrix. Thus, the adverse effects of pre-strain, which inhibit the formation of clusters by
the segregation of solute atoms, were reduced.

Keywords: pre-aging; Ω phase; Al-Cu-Mg-Ag alloy; pre-strain; pre-aging temperature; mechanical property

1. Introduction

As a heat-resistant aluminum alloy, the Al-Cu-Mg-Ag alloy is superior to conventional
alloys, such as 2124, 2219, and 2618 alloys [1–3]. Adding Ag to the Al-Cu-Mg alloy forms
hexagonal-shaped disk-like precipitations on the primary slip plane {111}a of the matrix,
known as the Ω phase [4–7]. The Ω phase, with a high aspect ratio, is responsible for
the excellent mechanical properties of the Al-Cu-Mg-Ag alloy [4,8]. Therefore, Al-Cu-
Mg-Ag alloy can meet the high temperature requirement of aircraft structural parts for
aerospace applications.

The main strengthening precipitations of Al-Cu-Mg-Ag alloy are the Ω and θ′ phases,
and the strengthening effect of the Ω phase is superior to that of the θ′ phase [9]. Ac-
cording to the works done in Refs. [6,10], the precipitation sequence in the Al-Cu-Mg-Ag
alloy is summarized as follows: αsss→GP zone→θ′ ′→θ′→θ (Al2Cu) and αsss→Mg-Ag
co-cluster→Ω→θ. There is a competitive precipitation relationship between the Ω phase
and θ′ phase, and the competitive precipitation kinetics are affected by several aspects:
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alloy composition (e.g., the Ag content [11–15]), pre-strain process [16–20] and the aging
treatment [20–22].

Extensive research works [11–14] have shown that a high Ag content is favorable for
forming the Mg-Ag cluster, which is the precursor of the Ω phase. The increase in the
Ag content facilitates the nucleation and precipitation of the Ω phase. Thus, a high Ag
content can improve the strength of the Al-Cu-Mg-Ag alloy. Based on the above results, the
Al-Cu-Mg-Ag alloy with a high Ag content was selected to carry out relevant research in
this work.

A pre-strain is usually applied in the as-quenched state to relieve quench-induced
residual stress [16–20,23–25]. It is widely recognized that the presence of dislocations
produced by pre-strain greatly affects the precipitation behavior and mechanical properties
of the Al-Cu-Mg-Ag alloy [16–20,24–30]. A study by Ringer et al. [16] suggested the aging
hardening response of the Al-Cu-Mg-Ag alloy was reduced by cold work. This was because
the number density of Ω plates was reduced, while the density of θ′ plates was increased,
due to the presence of dislocations. Li and Shenoy [17] also found that pre-strain prior to
aging resulted in a drastic reduction of Ω volume fraction and a simultaneous enhancement
of θ′ precipitation, in agreement with Refs. [18–20]. Chen et al. [18] claimed the passage
of dislocations through the α-matrix disrupted the Mg-Ag clustering, and dislocations
were the sites for the heterogeneous nucleation of θ′ phase. Bai et al. [19,20] reported that
deformation before artificial aging suppressed Mg-Ag co-clustering, leading to a decrease
in the number density of Ω plates and an increase in the number density of θ′ phases.
Gazizov and Kaibyshev [25,26] proposed that intense plastic deformation contributed to
the transformation from Ω phase to θ phase. Thus, in the mentioned studies, the alloy
strength decreased due to the introduction of the pre-strain, which decreased the number
density of Ω phase [16–20,25,26]. Ünlü et al. [24] found that a 6% pre-strain level improved
the mechanical properties of the Al-Cu-Mg ternary alloy by increasing the number density
of Ω and θ′ phases, as well as refining the size of precipitates. However, the number density
of Ω phase in the Al-Cu-Mg ternary alloy was much lower than that of Ag-containing alloy,
indicating that the mechanical properties of the Ag-free alloy were far inferior to those of
the Ag-containing alloy. Liu et al. [25] reported that with increase in the pre-strain level, the
alloy strength decreased first and then increased. The sample with a 6% pre-strain possessed
the highest tensile strength, due to the refined precipitates. Gazizov and Kaibyshev [26]
found that an increased peak hardness was achieved with increasing cold rolling strain
because cold rolling induced the formation of deformation bands. Therefore, introducing
large deformation before aging can bring in deformation bands or refine precipitate size,
thus improving the mechanical properties of the Al-Cu-Mg-Ag alloy [25,26].

However, until the present time, only a few reports have proposed methods to enhance
the mechanical properties of pre-deformed Al-Cu-Mg-Ag alloy. One effective approach of
enhancing the mechanical properties of aluminum alloy is to adopt severe plastic defor-
mation (SPD) techniques. SPD techniques are applicable processes for producing ultrafine
grained structures by introducing large deformation. In the works done by Refs. [27–30],
the mechanical properties of aluminum alloy could be improved by equal-channel an-
gular pressing (ECAP) and multi-directional forging (MDF) techniques. However, this
is not practical in commercial practice, especially for the production of aluminum alloy
sheet where a small pre-strain (~3%) is applied. Aging treatment optimizations, such as
interrupted aging, can effectively improve the mechanical properties of the Al-Cu-Mg-Ag
alloy. However, interrupted aging treatment (e.g., T6I6 treatment in Ref. [21]) costs too
much in time during lower-temperature aging in the Al-Cu-Mg-Ag alloy [21], so is not
practical either. In our previous work [22], a type of duplex aging was invented, aimed at
achieving more Ω precipitates by controlling the competitive precipitation between Ω and
θ′ phases, and thus, increasing the strength of the pre-strained Al-Cu-Mg-Ag alloy. The
present work aimed to develop a new aging treatment to assist the precipitation of the Ω
phase and reduce the unfavorable effect of pre-strain on the mechanical properties of the
Al-Cu-Mg-Ag alloy with a high Ag content.
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2. Materials and Methods

In this study, an Al-Cu-Mg-Ag hot rolling sheet (2.6 mm thick) was used. The chemical
composition of the studied alloy is listed in Table 1. The sheet was solution-treated at
520 ◦C for 2 h, water quenched, and immediately aged under different conditions. The
detailed heat treatments are shown in Table 2. Temper-0 was the usual heat treatment
of the T8 process, in which it was pre-stretched by 2.5% and aged at 165 ◦C for 16 h to
peak age. Temper-7, temper-8, and temper-9 were the proposed aging treatments to reduce
the unfavorable effects of pre-strain, which were treated as pre-aging + 2.5% pre-stretch
+ secondary aging to peak age. To clarify the effect of each heat treatment step on the
microstructure and properties of the alloy, temper-1 ~ temper-6 were applied. Temper-1,
temper-2, and temper-3 were the pre-aging steps in the treatment process, which were
165 ◦C/1 h, 180 ◦C/1 h, and 190 ◦C/1 h, respectively. Temper-4, temper-5, and temper-6
were treated with pre-stretch after corresponding pre-aging, which were 165 ◦C/1 h + 2.5%
pre-stretch, 180 ◦C/1 h + 2.5% pre-stretch, and 190 ◦C/1 h + 2.5% pre-stretch, respectively.

Table 1. Chemical composition of the studied alloy (wt. %).

Element Cu Mg Ag Mn Ti Zr Al

6.5 0.4 1.6 0.3 0.05 0.10 Bal.

Table 2. Description of heat treatments for the studied alloy.

Temper Solution Treatment Pre-Aging Pre-Strain Secondary Aging

Temper-0 520 ◦C/2 h None 2.5% 165 ◦C/16 h
Temper-1 520 ◦C/2 h 165 ◦C/1 h None None
Temper-2 520 ◦C/2 h 180 ◦C/1 h None None
Temper-3 520 ◦C/2 h 190 ◦C/1 h None None
Temper-4 520 ◦C/2 h 165 ◦C/1 h 2.5% None
Temper-5 520 ◦C/2 h 180 ◦C/1 h 2.5% None
Temper-6 520 ◦C/2 h 190 ◦C/1 h 2.5% None
Temper-7 520 ◦C/2 h 165 ◦C/1 h 2.5% 165 ◦C/16 h
Temper-8 520 ◦C/2 h 180 ◦C/1 h 2.5% 165 ◦C/12 h
Temper-9 520 ◦C/2 h 190 ◦C/1 h 2.5% 165 ◦C/6 h

Specimens for tensile testing were prepared vertical to the rolling direction of the
sheets. Tensile testing of all specimens was conducted on an electronic universal testing
machine (SANS-CMJ5105, MTS Systems (China) Co., Ltd., Shenzhen, China) at ambient
temperature with a 2 mm/min loading speed. The mechanical properties in the present
work were the average values of three samples for each tested condition.

Samples used for transmission electron microscopy (TEM, Tecnai-G2 20, FEI, Hillsboro,
OR, USA) observation were thin disks of 3 mm diameter, which were twin-jet electropol-
ished in a 70% ethanol and 30% nitric acid solution at −25 ◦C. These were then examined
by TEM at accelerating voltage of 200 kV.

Quantitative analysis of the number density and particle size of Ω plates was per-
formed using Nano Measurer software (Version 1.2.5, Fudan University, Shanghai, China).
The truncation effects of the plate-like precipitates were eliminated by a stereological cor-
rection method [31]. In the present work, the average values were reported for the number
density and particle size of the Ω phase. A minimum of 4 TEM images were chosen to
determine the number density of Ω phase, and a minimum of 500 Ω plates were measured
to determine the average particle size, to reduce statistical errors.

3. Results
3.1. Mechanical Properties of Samples with Different Heat Treatments

The results of the tensile tests of the samples with different pre-aging treatments
(temper-1, temper-2, and temper-3) are presented in Table 3. With increasing temperature
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of pre-aging from 165 ◦C to 180 ◦C, both yielded strength and tensile strength increased,
while elongation decreased from 23.4% to 9.1%. When the temperature of pre-aging further
increased to 190 ◦C, yield strength and tensile strength further increased as well, while
elongation decreased to 8.3%. When a pre-strain was applied after pre-aging (temper-4,
temper-5, and temper-6), the alloy strength decreased. In addition, when the temperature
of pre-aging before pre-strain increased from 165 ◦C to 190 ◦C, the alloy strength enhanced,
while elongation dropped.

Table 3. Tensile properties of the Al-Cu-Mg-Ag alloy with different treating tempers at room temperature.

Tempers Tensile Strength
σb/MPa

Yield Strength
σ0.2/MPa Elongation (%)

Temper-0 508 ± 5 482 ± 5 8.6 ± 0.1
Temper-1 429 ± 4 281 ± 7 23.4 ± 2.5
Temper-2 502 ± 3 470 ± 4 9.1 ± 0.2
Temper-3 527 ± 3 502 ± 1 8.3 ± 0.3
Temper-4 416 ± 6 277 ± 5 24.0 ± 1.8
Temper-5 495 ± 4 468 ± 3 9.3 ± 0.3
Temper-6 524 ± 4 502 ± 2 8.3 ± 0.2
Temper-7 523 ± 1 500 ± 1 8.1 ± 0.1
Temper-8 533 ± 3 501 ± 5 7.2 ± 0.3
Temper-9 540 ± 1 506 ± 4 6.8 ± 0.1

The tensile testing results of samples treated with secondary aging to peak age
(temper-0, temper-7, temper-8, and temper-9) are also given in Table 3. Compared to
temper-0, temper-7 was treated with a pre-aging of 165 ◦C/1 h, possessing higher strength
and similar elongation. This indicated that when a pre-aging of 165 ◦C/1 h was applied,
temper-7 possessed better tensile property than temper-1. When a pre-aging of 180 ◦C/1 h
was applied, temper-8 possessed higher strength and lower elongation, compared to
temper-0 and temper-7. Moreover, temper-9 possessed the highest yield strength, tensile
strength, and the lowest elongation of the four tempers. It can be seen that when pre-
aging was applied, the yield strength and tensile strength increased. Furthermore, when
the temperature of pre-aging increased, the yield strength and tensile strength could be
further increased.

3.2. TEM Characterization for Different Heat Treatments

Typical microstructures of the studied alloys aged with different treating tempers
(as mentioned in Table 2) were characterized by the TEM technique. In addition, the
corresponding selected area electron diffraction (SAED) patterns are also demonstrated in
the related figures. The diffraction spots at 1/3, 2/3 {220}α and the streaks along <111>α

directions were produced by Ω phases. The diffraction spot at 1/2 {220}α position and
the streaks along <100>α directions were induced by θ′ phases. Generally, the intensity of
diffraction spots and streaks in the SAED patterns could roughly reflect the volume fraction
of precipitates. Quantitative TEM analysis of the microstructures were performed to carry
out the average number density and relative frequency of corresponding Ω plates in the
related alloys.

3.2.1. TEM Characterization of the Studied Alloys after the Pre-Aging Process

Figure 1a–c shows the microstructures of the studied alloys after the pre-aging pro-
cess (temper-1, temper-2, and temper-3). As seen in Figure 1a–c, when the pre-aging of
165 ◦C/1 h was applied, the number density of θ′ precipitation in Figure 1a was the highest,
compared with those in Figure 1b,c, in which a high-temperature pre-aging was applied. It
can also be confirmed by the streaks along <100>α directions and the weak intensity of the
spots at 1/2 {220}α positions in Figure 1a. When the pre-aging temperature increased to
180 ◦C, a small quantity of θ′ phase was observed in Figure 1b. In Figure 1c, only a few
θ′ can be seen. A high density of Ω plates was seen in Figure 1a–c, in agreement with the
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clear diffraction spots at 1/3 and 2/3{220}α positions. Moreover, the number density of Ω
plates increased as the temperature of pre-aging increased from 160 ◦C to 190 ◦C. Therefore,
it can be inferred that when the alloy was treated with pre-aging for 1 h, a higher aging
temperature was favorable for the precipitation of the Ω phase, while the precipitation of
the θ′ phase was restrained.

Metals 2022, 12, 1208 5 of 14 
 

3.2.1. TEM Characterization of the Studied Alloys after the Pre-Aging Process 

Figure 1a–c shows the microstructures of the studied alloys after the pre-aging 

process (temper-1, temper-2, and temper-3). As seen in Figure 1a–c, when the pre-aging 

of 165 °C/1 h was applied, the number density of θ′ precipitation in Figure 1a was the 

highest, compared with those in Figure 1b,c, in which a high-temperature pre-aging was 

applied. It can also be confirmed by the streaks along <100>α directions and the weak 

intensity of the spots at 1/2 {220}α positions in Figure 1a. When the pre-aging temperature 

increased to 180 °C, a small quantity of θ′ phase was observed in Figure 1b. In Figure 1c, 

only a few θ′ can be seen. A high density of Ω plates was seen in Figure 1a–c, in agreement 

with the clear diffraction spots at 1/3 and 2/3{220}α positions. Moreover, the number 

density of Ω plates increased as the temperature of pre-aging increased from 160 °C to 190 

°C. Therefore, it can be inferred that when the alloy was treated with pre-aging for 1 h, a 

higher aging temperature was favorable for the precipitation of the Ω phase, while the 

precipitation of the θ′ phase was restrained. 

 

Figure 1. Bright field TEM images showing the microstructures of the studied alloys after the pre-

aging process: (a) temper-1, (b) temper-2, and (c) temper-3. All the images were taken near (110)α 

orientations. 

Figure 2 provides the average number density and relative frequency of various Ω 

plates in the studied alloys after the pre-aging process. It was found that the Ω 

precipitations were mainly composed of plates with a diameter from 0 to 20 nm, and large 

Ω plates with a diameter larger than 20 nm were not detected in temper-1. Obviously, 

when the temperature of pre-aging increased, the size of the Ω precipitations grew, as 

large Ω plates with a diameter from 20 nm to 50 nm appeared in temper-2 and temper-3. 

That is to say, compared to temper-1, pre-aging with a high temperature facilitated the 

precipitation of Ω plates with a larger diameter, ranging from 20 to 50 nm, as shown in 

Figure 2. 

 

Figure 2. Plots of (a) the average number density and (b) the relative frequency of various Ω plates 

in the studied alloys after the pre-aging process. 

Figure 1. Bright field TEM images showing the microstructures of the studied alloys after the
pre-aging process: (a) temper-1, (b) temper-2, and (c) temper-3. All the images were taken near
(110)α orientations.

Figure 2 provides the average number density and relative frequency of various Ω
plates in the studied alloys after the pre-aging process. It was found that the Ω precipitations
were mainly composed of plates with a diameter from 0 to 20 nm, and large Ω plates
with a diameter larger than 20 nm were not detected in temper-1. Obviously, when the
temperature of pre-aging increased, the size of the Ω precipitations grew, as large Ω plates
with a diameter from 20 nm to 50 nm appeared in temper-2 and temper-3. That is to say,
compared to temper-1, pre-aging with a high temperature facilitated the precipitation of Ω
plates with a larger diameter, ranging from 20 to 50 nm, as shown in Figure 2.
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Figure 2. Plots of (a) the average number density and (b) the relative frequency of various Ω plates
in the studied alloys after the pre-aging process.

3.2.2. TEM Characterization of the Studied Alloys Treated with Pre-Strain after Pre-Aging

The microstructures of samples treated with pre-strain after pre-aging are exhibited in
Figure 3a–c. As shown in Figure 3a,b, with a pre-strain applied after pre-aging at 165 ◦C
and 180 ◦C, a noticeable increase in the number density of θ′ precipitation can be seen,
as compared to Figure 1a,b. However, in Figure 3c, only a few θ′ could be seen, which
is similar to Figure 1c. The number density of θ′ precipitation in Figure 3a was higher
than those in Figure 3b,c, which could be confirmed by the corresponding SAED patterns,
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as streaks along <111>α directions were only detected in Figure 3a. In Figure 3a–c, Ω-
dominated microstructures can be seen and the number density of Ω plates increased as the
temperature of pre-aging increased from 160 ◦C to 190 ◦C. Moreover, what is interesting is
that when a pre-strain was applied, the number density of Ω plates decreased. Furthermore,
when the aging temperature increased, whether the pre-strain was applied or not, the plate
diameter of Ω phase increased. In summary, when a pre-strain was applied after the
pre-aging, the number density of the θ′ phase increased, while the number density of Ω
phase decreased. When the studied alloys were treated with pre-strain after pre-aging, a
higher pre-aging temperature contributed to the precipitation of the Ω phase while the
precipitation of the θ′ phase was suppressed.
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Figure 3. Bright field TEM images showing the microstructures of samples treated with pre-strain
after pre-aging: (a) temper-4, (b) temper-5, and (c) temper-6. All the images were taken near (110)α
orientations.

The average number density and relative frequency of various Ω plates of tempers 4–6
is displayed in Figure 4. The Ω precipitations were mainly composed of plates with a
diameter ranging from 0 to 20 nm in temper-4, similar to temper-1. It was obvious that when
the temperature of the pre-aging increased, the number density of the Ω precipitations
increased and the size of the Ω precipitations grew, again confirming that a higher pre-aging
temperature was beneficial to the precipitation of Ω phase.
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3.2.3. TEM Characterization of the Studied Alloys Treated with the Final Heat
Treatment Process

Typical microstructures of the studied alloys treated with the final heat treatment
process (temper-0, temper-7, temper-8, and temper-9) are demonstrated in Figure 5a–d. As
shown in Figure 5a, the number density of θ′ was obviously higher than those of other
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tempers. Meanwhile, the number density of Ω plates was the lowest in temper-0. When
a pre-aging of 165 ◦C/1 h was applied, the number density of θ′ decreased, as shown in
Figure 5b, which could be confirmed by the weaker intensity of the spots at 1/2 {220}α
positions. When high-temperature pre-aging was adopted, as seen in Figure 5c,d, only a few
θ′ could be seen. Corresponding SAED patterns supported this, as no spots at 1/2{220}α
positions were detected. The number density of Ω plates increased in Figure 5b,d as
compared to that in Figure 5a. Besides, compared to temper-7 with the pre-aging of 165 ◦C,
the number density of Ω plates increased as the temperature of pre-aging increased to
180 ◦C in temper-8 and 190 ◦C in temper-9. Again, this indicated that a high temperature
of pre-aging suppressed the formation of θ′ phase and facilitated the formation of Ω phase,
which is consistent with the results in Figures 1 and 3.
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taken near (110)α orientations.

Compared to temper-0, samples treated with pre-aging (temper-7, temper-8 and
temper-9) facilitated the precipitation of Ω plates as the number density of Ω plates was
higher in temper-7, temper-8, and temper-9, as shown in Figure 6. Moreover, when the
higher temperature of pre-aging was applied, the number density of Ω phase was higher. In
Figure 6b, the relative frequency of Ω plates with a diameter below 20 nm in temper-0 was
lower than those in tempers 7–9, while the relative frequency of Ω plates with a diameter
above 20 nm showed the opposite trend. This indicated that pre-aging could refine the
Ω phase size. Besides, the relative frequency of Ω plates with a diameter below 20 nm in
temper-7 was higher than those in temper-8 and temper-9, while the relative frequency
of Ω plates with a diameter above 20 nm showed the opposite trend. This indicated that
pre-aging with a high temperature increased the Ω phase size.

3.3. Quantitative TEM Results of Ω Plates for Different Heat Treatments

Corresponding quantitative TEM results of Ω plates for different heat treatments are
given in Table 4. As seen in Table 4, the number density of Ω plates in samples with
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different pre-aging treatments (temper-1, temper-2, and temper-3) increased as the pre-
aging temperature increased from 160 ◦C (2396 plates/µm2) to 180 ◦C (2475 plates/µm2)
and 190 ◦C (2765 plates/µm2). Further, the plate diameter of Ω plates increased as the
pre-aging temperature increased from 160 ◦C (11.0 nm) to 180 ◦C (16.4 nm) and 190 ◦C
(17.9 nm).
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Table 4. Summary of quantitative TEM results of Ω plates in samples with different aging treatments.

Aging Treatments Average Plate Diameter (nm) Number Density (Plates/µm2)

Temper-1 11.0 2396
Temper-2 16.4 2475
Temper-3 17.9 2765
Temper-4 10.7 1863
Temper-5 15.7 2275
Temper-6 17.8 2430
Temper-0 32.2 854
Temple-7 23.7 943
Temper-8 26.0 1330
Temper-9 26.5 1492

When the samples were treated with pre-strain after pre-aging (temper-4, temper-5,
and temper-6), the number density of Ω plates also increased as the temperature of pre-
aging increased from 160 ◦C (1863 plates/µm2) to 180 ◦C (2275 plates/µm2) and 190 ◦C
(2430 plates/µm2). When the pre-strain was applied after pre-aging at 165 ◦C, 180 ◦C, and
190 ◦C, the number density of Ω plates decreased from 2396 plates/µm2, 2475 plates/µm2,
and 2765 plates/µm2 to 1863 plates/µm2, 2275 plates/µm2, and 2430 plates/µm2, respec-
tively. Furthermore, when the aging temperature increased, the plate diameter increased.
However, when the pre-strain was applied after pre-aging, the plate diameter was similar.

Quantitative TEM results of Ω plates in the samples treated with the final heat treat-
ment process (temper-0, temper-7, temper-8, and temper-9) are also presented in Table 4.
When a pre-aging of 165 ◦C/1 h was applied, the number density of Ω plates increased
from 854 plates/µm2 to 943 plates/µm2. When the temperature of pre-aging increased
to 180 and 190 ◦C, the number density of Ω plates further increased to 1330 plates/µm2

and 1492 plates/µm2, respectively. Further, the plate diameter of Ω plates decreased from
32.2 nm in temper-0 to 23.7 nm in temper-7, then increased to 26.0 and 26.5 nm in temper-8
and temper-9, respectively. This indicated that, compared with temper-0, the Ω phase
size was refined by pre-aging and the size increased with the pre-aging temperature. In
addition, it can be seen from Table 4 that when secondary aging was applied (temper-7,
temper-8, and temper-9) after pre-aging and pre-strain (temper-4, temper-5, and temper-6),
the Ω plate diameter increased, while the number density of Ω plates decreased.
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4. Discussion

The competitive precipitation kinetics between Ω and θ′ precipitates in the Al-Cu-
Mg-Ag alloy is influenced by several factors: (e.g., the Ag content [11–15], pre-strain
process [16–20] and aging treatment [20–22]). For a given Al-Cu-Mg-Ag alloy with a high
Ag content, since pre-strain is applied in the as-quenched state to relieve residual stress,
the following aging process needs to adjust to modify the precipitation behavior between
Ω and θ′ precipitates.

4.1. The Effect of Pre-Strain on the Precipitation Behavior of the Studied Alloy

Comparing the number density of Ω phase in temper-1 and temper-4, temper-2 and
temper-5, temper-3 and temper-6, it clearly indicated that when a pre-strain was applied,
the number density of Ω plates decreased, as shown in Table 4. That is to say, the formation
of Ω phase was inhibited as the pre-strain was applied. This was because the concentration
of vacancies and Cu atoms in the matrix was changed by the dislocations which were
introduced by the pre-strain.

After solid-solution and water quenching, Cu, Mg, and Ag solute atoms in the matrix
were in a supersaturated state. At the same time, due to the rapid cooling of quenching,
a large number of vacancies were retained in the matrix. Therefore, when the alloy was
artificially aged after quenching, the high concentration of solute atoms could form clusters
in the matrix. The diffusion of solute atoms to form clusters depended on vacancy, so the
vacancy concentration in the matrix determined the nucleation of clusters. This was because
solute atoms could be combined with vacancies to form solute-vacancy clustering (such
as Mg/Ag/vacancy clustering and Cu/Mg/vacancy clustering), which could minimize
the elastic strain energy [32–34]. Generally, due to the strong interaction between the
vacancy and Mg and Ag atoms, the formation of Mg-Ag clusters at the beginning of aging
was promoted in the Al-Cu-Mg-Ag alloy [20]. However, when pre-strain was applied,
the number density of dislocation increased, leading to the loss of vacancies [16,18–20].
Ringer [16] found that the response of Al-Cu-Mg, Al-Cu-Mg-Ag and Al-Cu-Li-Mg-Ag
alloys to hardening during natural aging were reduced by pre-strain. This phenomenon
arose because the vacancy would be annihilated at dislocation lines and tangles. Work
done by Chen [18] pointed out that the formation rates of Al-Cu and Mg-Ag clustering
were restrained by dislocations, which acted as sinks for vacancies. Bai’s results [19,20] by
APT analysis proved that Mg-Ag co-clusters were restrained by pre-strain. It was due to
the annihilation of vacancies at dislocation lines and tangles because excessive vacancies
tended to eliminate at dislocations. Combined with the above research results, it can be
inferred that the concentration of vacancies reduced as pre-strain was applied. The loss of
vacancies inhibited the formation of Mg-Ag clustering.

In addition, extensive research work has proposed that dislocations were the hetero-
geneous nucleation sites for θ′ phase [15–20]. That is to say, dislocations introduced by
pre-strain favored the precipitation of θ′ phase. This can be found in Figure 3 of tempers 4–6,
where the number density of θ′ phase increased after the pre-strain was applied. The nucle-
ation and precipitation process of θ′ phase consumed Cu atoms, which were also required
by the formation of Ω phases. Ringer pointed out that Mg-Ag clusters grew into MgCuAg
complexes with the involvement of Cu atoms, and then formed Ω phases [6]. Thus, the
formation of Ω phase was inhibited due to the lack of Cu atoms, which were consumed
by forming the θ′ phases. The decrease in the number density of Ω phase in Figure 3
and Table 4 of tempers 4–6 supported this opinion. It is consistent with the results in
Refs. [19,20]. Therefore, pre-strain favored the precipitation of θ′ phase and consumed Cu
atoms, leading to a decrease in the number density of Ω phase.

In conclusion, pre-strain inhibited the clustering of Mg-Ag atoms, because the dislo-
cation reduced the concentration of vacancies. In addition, the dislocations promoted the
precipitation of θ′ phase and consumed Cu atoms. The combination of these two factors
meant the formation of Ω phases was inhibited as pre-strain was applied.
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4.2. The Effect of Pre-Aging on the Precipitation Behavior and Mechanical Properties of the
Studied Alloy

Comparing the number density of Ω phase in temper-7, temper-8, and temper-9 with
that in temper-0, it evidently showed that when pre-aging was applied, the number density
of Ω plates increased while the number density of θ′ phases decreased, as shown in Figure 5
and Table 4. In the meantime, when pre-aging was applied, the yield strength and tensile
strength increased, as given in Table 3. That is to say, introducing the pre-aging process
promoted the precipitation of Ω phases, inhibited the formation of θ′ phases, and improved
the alloy strength.

The alloys after pre-aging treatment (temper-1, temper-2, temper-3) were still in an
under-aged state. As shown in Figure 1, Ω and θ′ phases were formed after pre-aging. In
addition to Ω and θ′ phases, Mg-Ag clusters, Cu-Mg clusters, G.P. zones, and the remaining
solute atoms also existed in the matrix [20]. Though the subsequent pre-strain process
inhibited the clustering of Mg-Ag atoms and the formation of Ω phases, as mentioned in
Section 4.1, the pre-precipitated Ω phases still existed in the matrix and grew during the
following secondary aging process, thus reducing the adverse effect of pre-deformation
on the precipitation of Ω phase. As a result, the number density of Ω phase in temper-7,
temper-8, and temper-9 was more than that in temper-0, while the number density of
θ′ phase in temper-0 was more than those in temper-7, temper-8, and temper-9. As the
contribution of Ω relative to the alloy strength was stronger than that of θ′ phase [35–37],
the tensile properties of the alloy treated with temper-7, temper-8, and temper-9 were better
than the alloy treated with temper-0.

In conclusion, due to the introduction of the pre-aging treatment before pre-deformation,
most of the precipitated Ω phase could be retained and grew in the subsequent aging
process, thus reducing the adverse effect of pre-deformation on the precipitation of Ω phase.

4.3. The Effect of the Pre-Aging Temperature on the Precipitation Behavior and Mechanical
Properties of the Studied Alloy

Comparing the number density of Ω phase in temper-7, temper-8, and temper-9, it was
evident that when the pre-aging temperature was increased, the number density of Ω plates
increased, while the number density of θ′ phases decreased, as shown in Figures 5 and 6,
and Table 4. In the meantime, when the pre-aging temperature was increased, the yield
strength and tensile strength increased, as shown in Table 3. That is to say, increasing the
pre-aging temperature promoted the precipitation of Ω phases, inhibited the formation of
θ′ phases and improved the alloy strength.

According to the analysis in Section 4.2, the pre-aging treatment before pre-deformation
was favorable for the precipitation of Ω phase and the alloy strength due to the pre-
precipitated Ω phase. Therefore, one effect of the pre-aging temperature was that it deter-
mined the number density of the precipitated Ω phase during the pre-aging process. From
Figure 1, it is obvious that a higher aging temperature was favorable for the precipitation
of Ω phase while the precipitation of θ′ phase was restrained. This could be explained by
the following four aspects.

First of all, it is well known that vacancy concentration is related to temperature, and
the vacancy concentration increased with temperature increase. Since Mg-Ag clusters were
formed by combining Mg and Ag atoms with vacancies [6,38], the increase in the vacancy
concentration was favorable for the formation of Mg-Ag clusters. Thus, the increase in aging
temperature was conducive to the formation of Mg-Ag clusters, which could provide more
nucleation sites for Ω phase. Second, the nucleation of Ω phase was a diffusion process in
which supersaturated solute atoms combined with vacancies. Obviously, increasing the
aging temperature could accelerate the diffusion of solute atoms and vacancies, which was
more conducive to the nucleation of Ω phase. Third, there was a large mismatch between
the Ω phase and the matrix in the direction perpendicular to {111}Al [39], resulting in a large
phase transition resistance. Increasing the temperature could increase the driving force
for the phase transformation and facilitate Ω phase precipitation from the matrix. Fourth,
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the formation of Ω phase required the diffusion of Cu atoms into Mg-Ag clusters [4,40,41].
Increasing the temperature could promote the migration rate of Cu atoms, which was also
conducive to improving the nucleation rate of Ω phases.

All the factors mentioned above indicate that increasing the pre-aging temperature
would promote the precipitation of Ω phase and increase the number density of precipitated
Ω phases. The precipitation of Ω phase consumed a large number of Cu atoms in the
matrix, inhibiting the precipitation of θ′ phase. This is consistent with the results of TEM
observation in Figure 1 and quantitative analysis in Figure 2 and Table 4. Though the alloy
is still in an under-aged state after pre-aging treatment, a higher temperature of pre-aging
could make the aging more sufficient. As a result, the size of precipitated Ω phase increased
with increasing aging temperature, consistent with the results in Figure 2 and Table 4.

After pre-aging, pre-strain was applied, resulting in a decrease in the number density
of Ω phase. However, the number density of Ω phase in the deformed alloy still increased
with increase in the pre-aging temperature. This was mainly because most of the Ω phases
precipitated by pre-aging could be retained, and the number density of Ω phase was higher
in the alloy treated with a higher pre-aging temperature. Finally, secondary aging was
applied to peak aging, and the remaining Ω phase grew, so the number of Ω phases in the
alloy increased with increase in the pre-aging temperature.

In addition, the alloys were still in an under-aged state after pre-aging treatment
(temper-1, temper-2, temper-3). However, with a higher pre-aging temperature, alloy
aging was more sufficient, and the number density of clusters and Ω phases was higher.
The formation of these clusters and the growth of the phase consumed solute atoms in
the matrix. Obviously, the higher aging temperature consumed more solute atoms, so
the residual solute atoms in the matrix became less. Since pre-deformation inhibited the
formation of clusters by affecting the segregation of solute atoms, the residual solute atoms
in the matrix with a high pre-aging temperature were less, so the adverse effects of pre-
deformation were reduced. Conversely, the alloy with a low pre-treatment temperature
(especially 165 ◦C/1 h) had more solute atoms in the matrix, which was more adversely
affected by pre-deformation.

In conclusion, increasing the pre-aging temperature promoted the precipitation of Ω
phases, inhibited the formation of θ′ phases, and improved alloy strength. This was due to
the higher pre-aging temperature promoting a more precipitated Ω phase in the pre-aging
process, and most of the precipitated Ω phase could be retained and grew in the subsequent
aging process. In addition, pre-aging with a higher temperature consumed more solute
atoms, leading to less residual solute atoms in the matrix. These two factors contributed to
reducing the adverse effect of pre-deformation on the precipitation of Ω phase.

5. Conclusions

The pre-aging effect on the Ω phase formation and mechanical properties of the
Al-Cu-Mg-Ag alloy was investigated in this work. The results are summarized below.

(1) Pre-strain decreased alloy strength. This negative effect could be reduced by introduc-
ing pre-aging treatment. Furthermore, pre-aging with a higher temperature was more
beneficial to alloy strength.

(2) Pre-strain inhibited the formation of Ω phases. When pre-aging was applied, the
pre-precipitated Ω phase could be retained and grew in the subsequent aging process.
This reduced the adverse effect of pre-strain.

(3) A higher pre-aging temperature could promote more pre-precipitated Ω phase, finally
increasing the number density of Ω phases in the matrix. Moreover, the precipitated
Ω phase consumed solute atoms, which indicated that a higher pre-aging temperature
could expend more solute atoms and less residual solute atoms remained in the matrix.
Thus, the formation of clusters by the segregation of solute atoms were less affected
by pre-strain.
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