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Abstract: The creep behavior and microstructural evolution of three Al–Cu–Mg–Ag alloys with Cu
content around its solid solubility limit in Al (5.65 wt %) were investigated at 180–240 ◦C and applied
stress of 150–300 MPa. The creep resistance of aged alloy, which is mainly determined by the number
density of Ω phase, is the best for 6.00 wt % Cu, better for 5.30 wt % Cu, and the worst for 5.65 wt %
Cu. After solid-solution treatment, the lowest Cu content in the Al matrix for the alloy with 5.65 wt %
Cu is observed due to the existence of more residual phases. It results in the lowest number density of
Ω phase the following aging and poor creep resistance. Increasing temperature from 180 to 240 ◦C at
the same stress (225 MPa), the steady creep rate of alloys increases by 225 times, which is apparently
larger than that (26 times) for increasing stress from 225 to 300 MPa at the same temperature (180 ◦C).
It indicates that the coarsening of the Ω phase with increasing temperature should be more serious
than that with increasing stress. The creep mechanism of Al–Cu–Mg–Ag alloy can be attributed to
the dislocation climb with the existence of threshold stress.

Keywords: Al–Cu–Mg–Ag alloy; creep behavior; high Cu content; solid solubility limit; Ω phase

1. Introduction

With the fast development of aerospace industries, the requirements of the high-
temperature performance of supersonic aircraft are increasing [1,2]. The temperature for
the covering skin of supersonic aircraft can reach 150 ◦C in service and even reach 300 ◦C
in some extreme cases, and then it is prone to creep fracture [3,4]. The Al–Cu–Mg–Ag
alloy precipitates a fine and uniformly distributed plate-like Ω phase on the {111} planes
of the matrix during the aging process, which can significantly enhance the mechanical
properties and thermal stability of the alloy [5–10]. Compared to the materials, such as
titanium alloys and metal matrix composites, the Al–Cu–Mg–Ag alloy has characteristics
of good performance/price ratio [11]. Therefore, the Al–Cu–Mg–Ag alloy can meet the
elevated-temperature mechanical properties and economic requirements of supersonic
aircraft and has broad application prospects.

It is generally accepted that the Ω phase has the same composition as θ′(Al2Cu) phase,
and the nucleation and precipitation of the Ω phase are affected by the diffusion of Cu
atoms [12,13]. As the main alloying element, the Cu element plays an important part in
improving the mechanical properties of Al–Cu–Mg–Ag alloy [11]. Xiao et al. [14] reported
that the tensile strength at room temperature and high-temperature both increased with
the increase of Cu content from 4 to 8 wt %. In recent years, much research has been
carried out on the creep behavior of Al–Cu–Mg–Ag alloy. Reddy et al. [15] found that the
creep-resistant property of Al–Cu–Mg alloy was significantly improved by Ag addition.
The results from Skrotzki [16] revealed that the stable microstructure of Ω and θ’ phases
under the creep conditions of 135 ◦C/207 MPa and 107 ◦C/276 MPa resulted in excellent
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creep resistance of the Al–Cu–Mg–Ag alloy. As reported by Gazizov [17], increasing the
strain of plastic deformation of Al–Cu–Mg–Ag alloy prior to artificial aging led to an
improvement of the static mechanical properties and reduction of creep resistance. In
addition, it was found that the under-aged Al–Cu–Mg–Ag alloy had much superior creep
resistance than the peak-aged alloy, which was related to the secondary precipitation of
the main strengthening phases Ω and θ’ in the under-aged sample during the creeping
process [18–20]. It is generally believed that the excess Cu atoms in the alloy will form the
residual phases and reduce the number of solid-solution Cu atoms, resulting in a decrease
in the number density of strengthening precipitates, such as Ω and θ’. It has been reported
that Al–Cu–Mg–Ag alloy containing Sc with Cu content above its limit solid solubility in
Al forms the residual phases, such as Al8-xCu4-xSc [21], also noted as W phase in [22], and
AlCuFeMn phase in [23]. Lee et al. [24] found that Al–Cu–Mg–Ag-Sc-Zr alloy had lower
tensile strength and hardness compared to Al–Cu–Mg–Ag alloy, which should be caused
by the decreasing Cu concentration in the Al matrix due to the formation of the W (AlCuSc)
phase. Lower Cu solute atoms in the Al matrix could result in the lower density of Ω and
θ’ strengthening precipitates. Therefore, the mechanical properties of the alloys with Cu
content close to its solid solubility limit are considered to be reduced, and the effects of Cu
content on the creep behavior of Al–Cu–Mg–Ag alloy for the Cu content near or above its
solid solubility limit in Al (5.65 wt %) have not received much attention.

The objective of this study is to investigate the effects of Cu content (5.30 wt %,
5.65 wt %, 6.00 wt %) near its solid solubility limit on the creep behavior of Al–Cu–Mg–Ag
alloy. It is well-known that the creep behavior of the material is determined by the creep
temperature and applied stress. Therefore, the difference in creep resistant property of
three Al–Cu–Mg–Ag alloys and the effects of creep temperature and external stress on the
creep behavior were studied using creep tests. Transmission electron microscopy (TEM)
was introduced to clarify the microstructure evolution of three alloys. In addition, the creep
mechanism and threshold stress of the Al–Cu–Mg–Ag alloy were investigated in detail.
This work can provide an important basis for the development and engineering application
of the new heat-resistant alloy with high Cu content.

2. Materials and Methods
2.1. Material

The experimental materials Al–xCu–0.4Mg–0.4Ag–0.3Mn–0.1Ti–0.2Zr–0.1Sc with dif-
ferent content of Cu (x = 5.30 wt %, 5.65 wt %, 6.00 wt %) were prepared with pure Al,
pure Mg, and Al–50.2Cu, Al–9.71Ag, Al–4.52Zr, Al–10.13Mn, Al–5.05Ti, Al–2.02Sc master
alloys by ingot metallurgy in a crucible furnace. The chemical compositions for three alloys
are listed in Table 1. The ingot was homogenized at 500 ◦C for 24 h and then extruded
to a round bar with the extrusion ratio of 7:1 at 430 ◦C. The specimens were cut into the
tensile dog-bone-shaped specimens with a gauge cross-section of 4.0 mm × 3.0 mm and
a gauge length of 20.0 mm. Finally, these creep specimens were solid solution treated at
515 ◦C for 2 h; subsequently, water quenched and immediately aged at 180 ◦C for 8 h
(under-aged condition).

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

Cu Mg Ag Mn Ti Zr Sc Al

5.30 wt % Cu Alloy 5.30 0.40 0.40 0.30 0.10 0.20 0.10 Bal.
5.65 wt % Cu Alloy 5.65 0.40 0.40 0.30 0.10 0.20 0.10 Bal.
6.00 wt % Cu Alloy 6.00 0.40 0.40 0.30 0.10 0.20 0.10 Bal.

2.2. Creep Tests and Microstructural Analysis

The creep tests were performed on the MTS GWT1304 at 180 ◦C, 200 ◦C, 220 ◦C and
240 ◦C and the stress range from 150 to 300 MPa, for dwell time up to 50 h unless the
specimens were ruptured within 50 h. During the creep testing, the samples were tested
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with temperature stability of ±1 ◦C after a soak at the testing temperature for 0.5 h to
ensure a uniform temperature.

Microstructural characterizations were conducted by transmission electron microscope
(TEM, JEM-2100 F, Japan) operating at 200 kV. The specimens were mechanically thinned to
60 µm and then electro-polished using twin-jet equipment with a mixture of 70% methanol
acid and 30% nitric, operated at about−30 ◦C, and a voltage of 15 V. Quantitative measures
of the average diameter and number density of Ω phases were determined by the Image-Pro
Plus (IPP) software, and at least 10 fields for each sample were analyzed. The backscattered
electron images were observed by scanning electron microscope (SEM, Helios G4 CX),
and the compositions of residual particles were distinguished by an energy-dispersive
spectrometer (EDS).

3. Results and Discussion
3.1. Creep Behavior

Figure 1 shows the creep curves of three Al–Cu–Mg–Ag alloys test at 180 ◦C and
240 ◦C with the same stress of 225 MPa, 175 MPa and 250 MPa with the same temperature
of 220 ◦C, respectively. It can be seen that when the creep temperature or creep stress is
low, the creep curves show the occurrence of a short primary stage of creep, which lasts for
about 10 h, followed by the steady creep stage (Figure 1a,c). When the creep temperature
or creep stress is high, three alloys all fracture at different times (Figure 1b,d).

Figure 1. Creep curves of three Al–Cu–Mg–Ag alloys under different creep conditions: (a) 180 ◦C/225 MPa,
(b) 240 ◦C/225 MPa, (c) 220 ◦C/175 MPa, and (d) 220 ◦C/250 MPa.

The corresponding creep properties of three alloys under different creep conditions
are summarized in Table 2. It can be seen that the alloy with 6.00 wt % Cu exhibits the best
creep resistant properties due to the lowest creep strain and longest creep life compared to
the alloys with 5.30 wt % Cu and 5.65 wt % Cu.
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Table 2. Creep properties of three Al–Cu–Mg–Ag alloys under different creep conditions indicated
in Figure 1.

Creep Strain (%) Creep Life (h)

180 ◦C/225 MPa 220 ◦C/175 MPa 240 ◦C/225 MPa 220 ◦C/250 MPa

5.30 wt % Cu alloy 0.078 0.504 6.9 16.7
5.65 wt % Cu alloy 0.099 0.647 4.9 10.7
6.00 wt % Cu alloy 0.039 0.236 9.2 28.0

During the creep process, the plastic deformation of the alloy mainly occurs in the
steady stage, and temperature and stress have an important influence on the steady creep
rate. Table 3 lists the steady creep rates of three Al–Cu–Mg–Ag alloys creeping at different
conditions. It can be seen that the steady creep rates increase with increasing external stress
or creep temperature and maintain at 1 × 10−8 ~1 × 10−5 s−1. Besides, the steady creep
rate of the alloy with 6.00 wt % Cu is 9.67 × 10−8 s−1 at 180 ◦C under 225 MPa. It increases
to be 2.59 × 10−6 s−1 with increasing stress to 300 MPa at the same temperature of 180 ◦C,
which increases by 26 times. With increasing temperature to 240 ◦C instead of increasing
stress, it is 2.19 × 10−5 s−1, which increases by 225 times. Similar results are obtained for
alloys with 5.30 wt % Cu and 5.65 wt % Cu, indicating that the creep temperature has
greater effects on the creep resistance than the external stress.

Table 3. Steady creep rates (s−1) of three Al–Cu–Mg–Ag alloys under different creep conditions.

180 ◦C 200 ◦C

5.30 wt % Cu 5.65 wt % Cu 6.00 wt % Cu 5.30 wt % Cu 5.65 wt % Cu 6.00 wt % Cu

225 MPa 1.90 × 10−7 3.29 × 10−7 9.67 × 10−8 200 MPa 3.61 × 10−7 6.75 × 10−7 1.98 × 10−7

250 MPa 5.04× 10−7 8.65 × 10−7 2.71 × 10−7 225 MPa 1.19 × 10−6 2.20 × 10−6 6.08 × 10−7

275 MPa 1.48 × 10−6 2.40 × 10−6 8.35 × 10−7 250 MPa 2.87 × 10−6 4.18 × 10−6 1.29 × 10−6

300 MPa 3.75 × 10−6 5.19 × 10−6 2.59 × 10−6 275 MPa 6.69 × 10−6 9.46 × 10−6 5.07 × 10−6

220 ◦C 240 ◦C

5.30 wt % Cu 5.65 wt % Cu 6.00 wt % Cu 5.30 wt % Cu 5.65 wt % Cu 6.00 wt % Cu

175 MPa 7.26 × 10−7 1.37 × 10−6 3.85 × 10−7 150 MPa 1.19 × 10−6 2.66 × 10−6 5.23 × 10−7

200 MPa 1.79 × 10−6 4.34 × 10−6 9.71× 10−7 175 MPa 4.15 × 10−6 6.40 × 10−6 2.54 × 10−6

225 MPa 4.98 × 10−6 9.63 × 10−6 3.95 × 10−6 200 MPa 1.25 × 10−5 2.09 × 10−5 4.99 × 10−6

250 MPa 1.40 × 10−5 2.02 × 10−5 9.59 × 10−6 225 MPa 2.81 × 10−5 4.23 × 10−5 2.19 × 10−5

It can also be seen from Table 3 that the steady creep rates of the alloy with 6.00 wt %
Cu are always the lowest, which are 26–151% lower than those of the alloy with 5.30 wt %
Cu and 87–408% lower than those of the alloy with 5.65 wt % Cu under different creep
conditions, respectively. Therefore, according to the creep strain, steady creep rate and
creep life, the order of the creep resistance of three alloys is the alloy with 6.00 wt % Cu>
the alloy with 5.30 wt % Cu> the alloy with 5.65 wt % Cu.

3.2. Microstructural Evolution
3.2.1. The Effect of Cu Content on the TEM Microstructure

Figure 2 reveals the TEM images of three Al–Cu–Mg–Ag alloys before and after
the creep test at 200 ◦C under 250 MPa, and the electron beam is close to <110>α. The
corresponding quantitative analysis results of the Ω phases evolution are given in Figure 3.
Before the creep test, a large number of fine and uniformly distributed Ω phases are
dominant in three Al–Cu–Mg–Ag alloys, and strong diffraction spots are observed at the
1/3 and 2/3{022} α-Al positions in corresponding selected-area electron diffraction (SED)
patterns. As shown in Figure 3, there is almost no difference in the average diameter of the
Ω phase in three alloys (about 50 nm), but the number density of the Ω phases has a big
difference before the creep test, the number density of Ω phases in the alloy with 6.00 wt %
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Cu is the largest in three alloys, followed by the alloy with 5.30 wt % Cu, and the lowest is
that of the alloy with 5.65 wt % Cu. The order of number density of Ω phases in the alloy is
consistent with the creep resistance, as shown in Tables 2 and 3.

Figure 2. Bright-field TEM images and corresponding selected-area electron diffraction patterns of
three Al–Cu–Mg–Ag alloys. All images are taken with the electron beam closed to the <110>α zone
axis. Before the creep test: (a) 5.30 wt % Cu alloy, (b) 5.65 wt % Cu alloy, and (c) 6.00 wt % Cu alloy.
After the creep test at 200 ◦C under 250 MPa: (d) 5.30 wt % Cu alloy, (e) 5.65 wt % Cu alloy, and
(f) 6.00 wt % Cu alloy.

Figure 3. Statistical results of (a) average diameter and (b) number density of the Ω phase evolution
of three Al–Cu–Mg–Ag alloys before and after the creep test at 200 ◦C under 250 MPa.
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Therefore, the creep resistance of alloy has a close relationship with the Ω phases. In
the creep test, the Ω phases in the alloy will be coarsening or partially dissolved, which
is affected by the creep temperatures and the applied stresses. As shown in Figure 3, the
average diameter of the Ω phases increases to 98 nm, 101 nm and 95 nm in three alloys
with 5.30 wt % Cu, 5.65 wt % Cu and 6.00 wt % Cu after 50 h of creep at 200 ◦C and
250 MPa, respectively. Meanwhile, the number density of the Ω phases rapidly drops
to 211 ± 7 µm−2, 107 ± 17 µm−2 and 314 ± 7 µm−2 in three alloys, respectively. By
contrast, the thickness of the Ω phase remains stable during the creep test. It increases
from about 2 nm to about 3–4 nm, which can be confirmed from the high-resolution TEM
(HRTEM) images in Figure 4, indicating that the Ω phases have good thermal stability at
high temperatures, and this is consistent with some research results [25–28].

Figure 4. HRTEM images of Ω phases of the alloy with 6.00 wt % Cu (a,b) before, and (c,d) after the
creep test at 200 ◦C under 250 MPa.

In addition to good thermal stability, the Ω phases, as an aging strengthening phase,
also have a strong pinning effect on the dislocation and impede the deformation during
the creep process [14–20]. Therefore, the good thermal stability and high deformation
resistance of Ω phases make the Al–Cu–Mg–Ag alloy possess good creep resistance. The
more the Ω phases in the alloy, the better the creep resistance of the alloy. The number
density of the Ω phases in the alloy with 6.00 wt % Cu is higher than that in the other two
alloys. As a result, the alloy with 6.00 wt % Cu exhibits the best creep resistant properties
compared to the alloy with 5.30 wt % Cu and the alloy with 5.65 wt % Cu, as shown in
Figure 1 and Tables 2 and 3. Therefore, the order of the creep resistance of alloy consistent
with the number density of the Ω phases in the alloy is: the alloy with 6.00 wt % Cu> the
alloy with 5.30 wt % Cu> the alloy with 5.65 wt % Cu. However, these orders are not
consistent with the Cu content in the alloy. Compare with the alloy with 5.65 wt %, the
alloy with 5.30 wt % Cu has the lowest Cu content but has a higher number density and
better creep resistance.

3.2.2. The Effect of Cu Content on the SEM Microstructure

In order to investigate the cause of the inconsistency between the orders of the Cu
content and the number density of Ω phases of three alloys, the backscattered electron
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(BSE) images of three Al–Cu–Mg–Ag alloys after solid solution treatments are presented in
Figure 5. Less residual phases form in the alloy with 5.30 wt % Cu. With the Cu content
increase to 5.65 wt % Cu and 6.00 wt % Cu, a larger number of residual phases are clearly
found in the alloys. Compared with the alloy with 5.65 wt % Cu, the alloy with 6.00 wt % Cu
has smaller and fewer residual phases. The EDS analysis of these residual phases is listed
in Table 4 and indicates they are mainly composed of two phases: W phase (Al8−xCu4+xSc)
(signed A and C in Figure 5) and AlCuMnFe phase (signed B and D in Figure 5).

Figure 5. Backscattered electron (BSE) images of three Al–Cu–Mg–Ag alloys before the creep
test: (a) 5.30 wt % Cu alloy, (b) 5.65 wt % Cu alloy, and (c) 6.00 wt % Cu alloy ( A-G are EDS
analysis points).

Table 4. EDS results of the phases indicated in Figure 5 (in wt %).

Spot Al Cu Mg Ag Mn Fe Sc Ti Zr

A 79.0 18.0 0.3 0.3 0.1 0.1 1.5 0.1 0.7
B 60.8 28.4 0.0 0.0 8.1 2.7 0.0 0.0 0.0
C 84.6 13.2 0.1 0.2 0.1 0.1 1.1 0.1 0.5
D 69.4 22.2 0.2 0.2 6.3 1.5 0.0 0.0 0.2
E 93.7 ± 0.3 4.3 ± 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
F 93.8 ± 0.3 4.0 ± 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
G 94.0 ± 0.4 4.8 ± 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0

The W phase (Al8−xCu4+xSc) and AlCuMnFe phase in the solid solution alloys are
transformed from the AlCu phase containing Sc, Zr or Mn, Fe, which form during non-
equilibrium solidification [21–23,29]. During the homogenization and solid solution treat-
ment, most of this AlCu phase dissolves into the matrix and leads to the increase of Cu,
Sc, Zr, Mn Fe content in the matrix. Meanwhile, part of the AlCu phases with higher
alloy content will be transformed into W phases (Al8−xCu4+xSc) or AlCuMnFe phases by
supplying alloy atoms from the matrix. Moreover, Sc and Zr addition in Al alloys will
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form secondary Al3(Sc, Zr) precipitates with a diameter of about 10 nm during aging at a
temperature higher than 300 ◦C, which can apparently increase the mechanical property at
both ambient and relatively high temperatures [30,31]. The absence of nanosized Al3(Sc, Zr)
precipitates in the present work should be caused by the low aging temperature. Therefore,
the contribution of the Al3(Sc, Zr) phase to creep resistance cannot be the dominating
strengthening factor.

Due to the Cu content in the alloy with 5.30 wt % Cu below the solid solubility limit
of Cu in Al, fewer residual phases remain in the alloy, as shown in Figure 5a. However,
when the Cu content in the alloy increases to 5.65 wt % Cu, which is about the solid
solubility limit of Cu in Al, a large number of AlCu phases will be formed during the
solidification process. These AlCu phases cannot be completely dissolved in the subsequent
heat treatment process, which results in more residual phases and less solid-solution Cu
atoms, as shown in Figure 5b and Table 4. Therefore, the lower number density of Ω phases
can be formed in the alloy with 5.65 wt % Cu, compared with the alloy with 5.30 wt % Cu,
as shown in Figure 3b.

However, the alloy with higher Cu content (6.00 wt % Cu) forms fewer residual phases
than that in the alloy with lower Cu content (5.65 wt % Cu). This abnormal residual phase
content in the alloys with 5.65 wt % Cu and 6.00 wt % Cu closely relates to the dissolubility
of the AlCu phases. During the solidification process, the alloy with a higher Cu content
(6.00 wt % Cu) should form more AlCu phases than the alloy with a lower Cu content
(5.65 wt %). However, because the contents of other alloying elements (Sc, Zr, Mn, Fe) in
the alloy are equal, as shown in Table 1. Therefore, more AlCu phases form in the alloy
with 6.00 wt % Cu will lead to a lower content of Mn, Fe and Sc, Zr in the AlCu phases, as
shown in Table 4. Therefore, compared with an alloy containing 5.65 wt % Cu, AlCu phase
in alloy with 6.00 wt % Cu has good dissolubility and is easy to dissolve in the matrix
during both homogenization (500 ◦C for 24 h) and solid solution process (515 ◦C for 2 h),
resulting in less and smaller W phases (Al8−xCu4+xSc) or AlCuMnFe phases, as shown in
Figure 5c. Therefore, the Al matrix of the alloy with 6.00 wt % Cu has a higher Cu content.
Correspondingly, the low Cu content in the Al matrix of the alloy with 5.65 wt % Cu is due
to the residual phase with relatively high alloy content, which is difficult to dissolve, as
shown in Figure 5b.

In this way, the Cu content in the alloy determines the characteristics of the residual
phases in the alloy (that is, the size and the content of insoluble alloying elements) and
the dissolubility of the residual phases, which determines the level of Cu content in Al
matrix after solution treatment. As a result, the Cu content in the Al matrix is 4.3 wt %,
4.0 wt % and 4.8 wt % in three alloys with 5.30 wt % Cu, 5.65 wt % Cu and 6.00 wt %
Cu, respectively (signed E in Figure 5a, F in Figure 5b and G in Figure 5c, respectively).
Therefore, the order of number density of Ω phases in the alloy is consistent with the Cu
content in the Al matrix in the solid solution alloys, as follows: the alloy with 6.00 wt %
Cu> the alloy with 5.30 wt % Cu> the alloy with 5.65 wt % Cu, so as the order of the creep
resistance, as shown in Figure 3 and Tables 2 and 3. In summary, the higher the Cu content
in the Al matrix in the solid solution alloy, the higher the number density of Ω phases after
aging, the better creep resistance of the alloy.

3.2.3. The Effect of Creep Temperature and Creep Stress on the TEM Microstructure

Figure 6 exhibits the TEM images of the alloy with 6.00 wt % Cu tests at 180 ◦C
under 225 MPa, 180 ◦C under 300 MPa, 240 ◦C under 225 MPa and the corresponding
quantitative analysis of the Ω phases. It can be seen that the Ω phases have various degrees
of coarsening and reduction in number density under three creep conditions. As shown in
Figure 6d, the average diameter of the Ω phases increases by 27% (from 78 nm to 99 nm)
when the alloy creeps from 225 MPa to 300 MPa under 180 ◦C, while it increases by 88%
(from 78 nm to 147 nm) when the alloy creeps from 180 ◦C to 240 ◦C under 225 MPa.
Moreover, the number density of the Ω phases drops dramatically for the alloy tests at
higher temperatures.



Metals 2021, 11, 487 9 of 13

Figure 6. Bright-field TEM images of the alloy with 6.00 wt % Cu creeps under different conditions:
(a) 180 ◦C/225 MPa, (b) 180 ◦C/300 MPa, (c) 240 ◦C/225 MPa, and (d) the corresponding statistical
results of the Ω phases of the alloy with 6.00 wt % Cu creeps under different conditions.

From the results of Table 3 and Figure 6, it can be concluded that both the high-
temperature and external stress can cause the growth and dissolution of Ω phases during
the creep process. The coarsening of the Ω phase accelerates, and its effect on hindering
the movement of dislocations weakens with the increase of creep temperature or external
stress, which leads to poor creep resistant property of Al–Cu–Mg–Ag alloy. The work
of Liu [20] shows that the creep temperature has fewer effects on the creep resistance of
Al–Cu–Mg–Ag alloy creeps at 100–150 ◦C compared to the external stress, which profits
from the good thermal stability of Ω phase at these temperatures. However, the creep
temperature has greater effects on the creep behavior than the external stress in the present
experimental conditions (180–240 ◦C). This is mainly due to the fact that the coarsening of
the Ω phase is more sensitive to the temperature than to the stress when the alloy creeps at
elevated temperature, as shown in Figure 6.

3.3. Creep Mechanism and Threshold Stress

The relationship between the steady creep rate and applied stress can be described by
a power-law equation as follows [20]:

.
ε = Aσnexp

(
−Qa

RT

)
(1)

where
.
ε is the steady creep rate, A is a structure-dependent constant, σ is the applied stress,

n and Qa are the apparent stress exponent and apparent activation energy, respectively, R
and T are the gas constant and absolute temperature, respectively.

Figure 7a presents the variation of the steady creep rate with the applied stress for
three Al–Cu–Mg–Ag alloys at 180 ◦C, 200 ◦C, 220 ◦C and 240 ◦C, respectively. The values
of the apparent stress exponent can be calculated from the slopes of the linear regression
lines for the logarithmic plots of

.
ε versus σ, as indicated by Equation (1). The apparent



Metals 2021, 11, 487 10 of 13

stress exponents of three alloys with 5.30 wt % Cu, 5.65 wt % Cu and 6.00 wt % Cu at
180 ◦C, 200 ◦C, 220 ◦C and 240 ◦C are 10.4, 9.1, 8.3, 7.9; 9.7, 8.1, 7.5, 7.0 and 11.4, 9.8, 9.3,
8.8, respectively. Figure 7b displays the linear relation between the logarithm of the steady
creep rate and the reciprocal of temperature for three Al–Cu–Mg–Ag alloys at a constant
stress of 225 MPa. The Qa

(
Qa = −R

(
∂ln

.
ε/∂ (1/T)

))
of three alloys can be obtained as

162.2 kJ/mol, 155.4 kJ/mol and 175.3 kJ/mol, respectively.

Figure 7. (a) The steady creep rate (logarithmic scale) as a function of applied stress (logarithmic
scale) of three Al–Cu–Mg–Ag alloys at 180 ◦C, 200 ◦C, 220 ◦C and 240 ◦C. (b) Variation of the steady
creep rate (logarithmic scale) with the reciprocal of the temperature of three Al–Cu–Mg–Ag alloys
at 225 MPa.

It is noted that the apparent stress exponents and apparent activation energies of
three Al–Cu–Mg–Ag alloys are much larger than those of pure Al (4.4 and 142 kJ/mol,
respectively), which suggests the existence of a threshold stress σth [32–34]. The driving
force for creep deformation is the effective stress (σ-σth), so the power-law Equation (1) can
be modified by introducing threshold stress as:

.
ε = A(σ− σth)

n exp
(
− Q

RT

)
(2)

where σth is the threshold stress, n is the true stress exponent, Q is the true activation energy,
the rest symbols in Equation (2) have the same meanings as indicated in Equation (1).

Assuming that σth independent of the creep stress, if an appropriate value of n can be
fitted to a straight line through the data points in the plot of

.
ε

1/n versus σ, the threshold
stress σth at each temperature can be obtained by extrapolating the linear regression line to
the zero-creep rate [32–34]. The value of the true stress exponent n can indirectly reflect the
creep mechanism [32–36]: n = 1 for diffusional creep, n = 2 for creep controlled by the grain
boundary sliding, n = 3 for creep controlled by the dislocation viscous glide process, and
n = 5 for creep controlled by the dislocation climb. Figure 8 shows the

.
ε

1/n-σ plots of the
alloy with 6.00 wt % Cu for n = 1, 2, 3 and 5. The results reveal that the stress exponent of
5 yields the best linear fit of

.
ε

1/n versus σ (Pearson’s correlation coefficient r = 0.98~0.99).
Similar results are obtained for the alloy with 5.30 wt % Cu and the alloy with 5.65 wt %
Cu. It suggests that the creep behavior of the Al–Cu–Mg–Ag alloys are controlled by the
dislocation climb mechanism.
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Figure 8. Plots of
.
ε
1/n versus σ for (a) n = 1, (b) n = 2, (c) n = 3, and (d) n = 5 on linear scales for the alloy with 6.00 wt % Cu.

Figure 9 shows the relationship between σth and T. It can be seen that the threshold
stresses decrease with the increase of temperatures. Moreover, the threshold stresses of
three alloys are ranked as the alloy with 6.00 wt % Cu> the alloy with 5.30 wt % Cu>
the alloy with 5.65 wt % Cu. This is in good accordance with the results of Figure 1 and
Tables 2 and 3.

Figure 9. Plots of the threshold stress versus temperature of three Al–Cu–Mg–Ag alloys.
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4. Conclusions

The creep behavior and microstructural evolution of three Al–Cu–Mg–Ag alloys with
various high Cu contents around its solid solubility limit in Al (5.65 wt %) were investigated.
The following conclusions can be drawn:

(1) The creep resistance of the aged alloy is the best for 6.00 wt % Cu, better for 5.30 wt %
Cu, and the worst for 5.65 wt % Cu. It is mainly determined by the difference of
density number of Ω phase;

(2) The density number of the Ω phase depends on the content of Cu in Al matrix in solid
solution alloys, rather than the total Cu content in alloys. The difference of the content
of Cu in the Al matrix should be determined by both the content and solubility of
residual phases formed during non-equilibrium solidification;

(3) Both high temperature and external stress have significant effects on the creep behav-
ior of aged alloys. The coarsening of Ω phase is more sensitive to the temperature
between 180 and 240 ◦C and has a greater effect on the creep behavior compared to
the applied stress;

(4) By introducing the threshold stress into the power-law equation, the true stress expo-
nent n is confirmed to be 5. It suggests that the creep mechanism of Al–Cu–Mg–Ag
alloy can be attributed to being the dislocation climb mechanism with the existence of
threshold stress.
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