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In order to examine the effect of surplus phase on the microstructure and mechanical properties, different
compositions with high Cu/Mg ratio of the T6-temper extruded Al-Cu-Mg-Ag alloys were studied in this
investigation. The results show that the Al-5.6Cu-0.56Mg-0.4Ag alloy obtains superior mechanical prop-
erties at room temperature, while the yield strength of Al-6.3Cu-0.48Mg-0.4Ag alloy is 378 MPa at 200 �C,
which is 200 MPa higher than that of Al-5.6Cu-0.56Mg-0.4Ag alloy. Although the excessive Cu content
causes the slight strength loss and elongation decrease in the Al-6.3Cu-0.48Mg-0.4Ag alloy at room tem-
perature, the surplus phases and recrystallized microstructure will play an effective role in strengthening
the alloy at elevated temperature.
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1. Introduction

The precipitation hardened Al-Cu-Mg-Ag alloy exhibits
certain excellent properties, such as high strength and good
creep resistance, due to the formation of the fine and uniform
distribution precipitate X (Ref 1-3). As a result, these alloys are
considered to be commercially available and currently being
developed as potential materials for future applications in the
aerospace industry (Ref 4, 5).

In the past decades, the Al-Cu-Mg-Ag alloys with various
compositions are designed and studied; the study is helpful for
understanding the effect of element content on the microstruc-
ture and mechanical properties in the alloys. For example,
several studies indicated that increasing the Ag content from
0.4 to 0.8 wt.% had few effects on the enhancement of the X
phase precipitation (Ref 6, 7). While Zhou et al. (Ref 8)
reported that the age-hardening response and mechanical
properties of the Al-Cu-Mg alloys were enhanced as the Ag
content increased from 0.14 to 0.57 wt.%. Besides, the alloy
system with high Cu:Mg ratios is proved to be beneficial for the
precipitation of X phase (Ref 9). However, due to the important
role of Mg in the precipitation of X phase, the Cu:Mg ratios are
often adjusted through changing the Cu content (Ref 6, 10). In
addition, when the Mg content remained the same, with
increasing the Cu content, the strength of the alloy was
improved, whereas the elongation decreased (Ref 11), and the
changed Mg content made the similar trend when the Cu

content stayed unchanged (Ref 12). As a result, the appropriate
Cu and Mg content plays a key role in obtaining the superior
mechanical properties in the alloy.

As is known, the solid solution limit of Cu in Al is 5.6 wt.%
at 548 �C, therefore, when the Cu content exceeds the largest
solubility, there are residual phases after solid solution treat-
ment (SST). Although the surplus phases can strengthen the
alloys, the nonuniform coarse phases have a remarkably
negative effect on the elongation of the alloy (Ref 13).
However, as a severe plastic deformation method, hot extrusion
can make the elements uniform and compact the alloy,
moreover, the secondary phases will distribute uniformly in
the matrix after the hot extruding, which will be beneficial for
improving the ductility in the alloy (Ref 14, 15). Nevertheless,
most of the studies focus on the effect of the precipitates on the
microstructure and mechanical properties in the Al-Cu-Mg-Ag
alloy. There are few studies about the influence of surplus
phases on the precipitation and mechanical behavior of the
alloy. Based on the problems above, the Al-Cu-Mg-Ag alloy
will be studied in this paper.

2. Experimental

The experimental material Al-Cu-Mg-Ag alloys were pre-
pared with pure Al, pure Cu, pure Mg, pure Ag and Al-5Zr, Al-
15Mn, Al-5Ti-B master alloys by ingot metallurgy in a crucible
furnace. The nominal compositions of the alloys are shown in
Table 1. After casting, the ingot rods were homogenized at
500 �C for 24 h, processed to 80 mm and then extruded to
8 mm thin plate with the extrusion ratio of 16.5 at about
400 �C, then cooled in the air. To obtain the optimized solid
solution temperature, the dissolving temperature of secondary
phases of the extruded samples was determined using differ-
ential scanning calorimetry (DSC) at heating rate of 10 �C/min.
Vickers microhardness was measured with a load of 50 g for a
holding time of 10 s. At least 10 points were measured for each
sample. The tensile specimens were got parallel to the
extruding direction, and at least 3 specimens were tested for
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each condition. Tensile tests were carried out at a strain rate of
10�3 s�1 at room and elevated temperature. Microstructure
characterizations were performed on optical microscope (Carl
Zeiss Axio Imager A2m, Germany). The specimens for
transmission electron microscope (TEM) observation were
prepared by the standard twin-jet electropolishing method with
a voltage of 10-15 V in 80% ethanol and 20% perchloric acid at
�30 �C. The TEM observations were carried out on a JEM-
2100F and operated at 200 kV.

3. Results and Discussion

Figure 1 presents the DSC traces of the alloys after hot
extrusion. Two exothermal peaks are apparent in each DSC
thermogram, and the first peak indicates the dissolving
reactions of the secondary phase. The solution temperature
indicates a slight increasing trend with improving the Cu
content. It should be noted that the dissolving temperature of
the second-phase can be reduced by the alloying elements. To
ensure the second-phase having enough time to dissolve in the
matrix, the solid solution time was confirmed as 2 h. On
account of the dissolving temperature of secondary phase and
avoiding the alloy overburning, the solid-solution temperatures
are optimized as (the optimized process was not shown):
515 �C (4.8Cu-0.6Mg Alloy), 515 �C (5.6Cu-0.56Mg Alloy),
and 520 �C (6.3Cu-0.48Mg Alloy). The specimens were solid
solution treated, subsequently water quenched and then imme-
diately aged at 185 �C for up to 24 h (T6 temper).

Figure 2 shows the evolution of Vickers microhardness as a
function of aging time for the Al alloy samples with different
compositions. The 4.8Cu-0.6Mg alloy reaches its age-harden-

ing peak of 170 after 6 h at an aging temperature of 185 �C,
and further increasing the aging time results in a decrease in
microhardness, indicating the occurrence of over-aging of the
SST sample. While the other alloys reach the peak hardness
after only 4 h. It can be concluded that the higher Cu content
makes the more rapid age hardening and higher hardness,
moreover, the peak aging time is confirmed as 6 h in 4.8Cu-
0.6Mg alloy and 4 h for other alloys. The optimized T6
treatment parameters are shown in Table 2.

Based on the microhardness measurements, tensile tests
were performed in order to better understand the mechanical
performance of the aged alloys. Figure 3(a) shows the typical
engineering stress-strain curves of the peak-aged alloys with
various compositions. Although 4.8Cu-0.6Mg alloy has the
slightly higher yield strength (YS), the ultimate tensile strength
(UTS) and elongation of 5.6Cu-0.56Mg alloy (516 MPa and
17.4%) are both improved compared with 4.8Cu-0.6Mg alloy,
when the Cu content was improved, the strength (YS and UTS)
and elongation of 6.3Cu-0.48Mg alloy slightly decreases
compared with 5.6Cu-0.56Mg alloy. As shown in Fig. 3a,
5.6Cu-0.56Mg alloy and 6.3Cu-0.48Mg alloy have better
mechanical properties, and there are small differences between
the two alloys. As a result, the mechanical behavior of the two

Table 1 Nominal compositions of the alloys investigated (wt.%)

Alloy Cu Mg Ag Zr Mn Ti Fe Si Al

1 4.8 0.6 0.4 0.2 0.3 <0.1 <0.1 <0.05 Bal.
2 5.6 0.56 0.4 0.2 0.3 <0.1 <0.1 <0.05 Bal.
3 6.3 0.48 0.4 0.2 0.3 <0.1 <0.1 <0.05 Bal.

Fig. 1 DSC curves of extruded Al-Cu-Mg-Ag alloys with different
compositions

Fig. 2 Hardness vs. aging time at 185 �C

Table 2 The optimized T6 heat-treatment alloys with dif-
ferent compositions

Alloy
The SST

temperature, �C
The peak-aged

time at 185 �C, h

1 515 6
2 515 4
3 520 4
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alloys was tested at elevated temperatures, as shown in
Fig. 3(b). It can be seen that the high-temperature strength of
the samples decreases and the elongation increases compared
with that of room temperature. Although the 5.6Cu-0.56Mg
alloy has slightly better mechanical behavior at room temper-
ature, the 6.3Cu-0.48Mg alloy has higher YS (378 MPa) at
elevated temperature, which is �200 MPa higher than that of
5.6Cu-0.56Mg alloy.

Figure 4 shows the tensiled fracture surfaces of aged Al-Cu-
Mg-Ag alloys at room temperature. There are many dimples
with different size and shapes in every fracture, which is an
indication that most of the failure is the result of ductile
fracture. In particular, the dimples are formed around some
residual particles. During deformation, some voids generally
form around the interface of the secondary particles and the
matrix. And with the deformation proceeding, the voids grow
and some aggregate, providing the fracture sources (Ref 16).
There are more dimples in Fig. 4(b) compared with that in

Fig. 4(a), and the particles and the dimples are smaller in
Fig. 4(b) than that in Fig. 4(c). So the elongation of the 5.6Cu-
0.56Mg alloy is larger than that of the samples. It is in good
accordance with the results of Fig. 3(a).

Figure 5 is the optical images showing the microstructure of
the SST samples with different compositions, and as is known,
the aging process has few effects on the optical image of the
microstructure. The dispersed particles are identified as h-phase
dispersoids (Al2Cu) by scanning electron microscopy (SEM)
and energy dispersive x-ray (EDX) (Fig. 5d and e). As shown
in Fig. 5, there are few residual phases in 4.8Cu-0.6Mg alloy
after SST, and with increasing the Cu content, the residual
phases increase both in the size and the volume fraction,
moreover, the residual phases dispersed uniformly after extru-
sion and heat-treatment. Although the Cu content of 5.6Cu-
0.56Mg alloy is just 5.6 wt.%, the other alloy elements make
the Cu element hard to dissolve in the matrix totally. During
SST, the elevated temperature accelerates the recovery and

Fig. 3 Typical engineering stress-strain curves in the peak-aged conditions with various compositions: (a) at room temperature (20 �C) and
(b) elevated temperature (200 �C)

Fig. 4 Fracture surfaces of aged Al-Cu-Mg-Ag alloys with different compositions: (a) 4.8Cu-0.6Mg Alloy, (b) 5.6Cu-0.56Mg Alloy and
(c) 6.3Cu-0.48Mg Alloy
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recrystallization of the alloys, and the surplus phases will serve
as the core of the new grains, as a result, the higher Cu content
alloy has the larger degree of recrystallization, which is
beneficial for the stability of the alloy at elevated temperature
(Ref 12). Although the recrystallized structure will provide
more mobile slip systems to improve the plasticity, it also
should be indicated that the surplus particles have a negative
effect on the elongation of the samples during deformation.
However, the surplus phases can be the obstacle for the motion
of grain boundaries and dislocations (Ref 17), moreover, the
high temperature has fewer effects on the growth of the coarse
surplus phases compared with that of precipitates, therefore, the
strength of 6.3Cu-0.48 Mg alloy is improved at elevated
temperature, as shown in Fig. 3b, meanwhile, it should be
noted that the uniformly dispersed surplus phase also has
contribution to the hardness of the alloy (Fig. 2).

The TEM micrographs of the aged alloys with different
compositions are shown in Fig. 6. The primary second-phases
are plate-like X phase. For the plate-like X phase on the 111f g
planes, the increase in strength can be given by the relation (Ref

18): Dr ¼ C
r ln

0:158r
r0

� �
, where Dr is the strength increase, r is

the radius of the plate-plane, r0 is the dislocations bypassing
radius, C is the parameter only concerning to the volume
fraction of the precipitation. In the same alloy system, it has
been concluded that the smaller r and higher C make the larger
Dr. Due to the lower Cu content of 4.8Cu-0.6Mg alloy
compared with other alloys, the driving force of precipitation
will be lower after SST (Ref 6). However, the higher Mg
content can provide more nucleation site (Ref 19, 20), and the
longer aging time increases the volume fraction of precipitates,
which doesn�t induce the number of secondary phases decreas-
ing distinctly, as shown in Fig. 6(a). Although the Mg-Ag

clusters can be beneficial for precipitation and strengthening,
they may affect the motion of dislocations during deformation
(Ref 6), so the elongation decreases in 4.8Cu-0.6Mg alloy.
While with increasing the Cu content, the degree of the
supersaturation is enhanced after SST. When the Cu content
exceeds the largest solubility (5.6 wt.%), the alloys present the
nearly same precipitation. However, the surplus phases may
serve as the core of the precipitates during age treatment, which
partially weakens the dispersed effect of precipitation strength-
ening. Hence, it can be seen that 6.3Cu-0.48Mg alloy has the
slightly smaller amount of precipitates compared with 5.6Cu-
0.56Mg alloy, as shown in Fig. 6(b) and (c). As a result, the
slightly decreased strength of 6.3Cu-0.48Mg alloy is the
combined effects of the surplus phase strengthening and
weakened precipitation strengthening.

4. Conclusions

Investigation on the influence of various compositions on
the microstructure and mechanical properties of age hardened
Al-Cu-Mg-Ag alloys was performed. The results show that
increasing the Cu content can acquire higher hardness and
accelerate the age-hardening response of the alloys. To obtain
the super mechanical properties at room temperature, the Cu
content should be controlled at about 0.56 wt.% in the alloy.
The surplus phases will weaken the precipitation strengthening
and promote the recrystallization during heat-treatment process.
Although the excessive Cu content is slightly unbeneficial for
the mechanical behavior at room temperature, the surplus
phases will play an effective role in strengthening the Al-Cu-
Mg-Ag alloy at elevated temperature.

Fig. 5 Optical microstructures of the solution treated Al-Cu-Mg-Ag alloys with composition of (a) 4.8Cu-0.6Mg Alloy, (b) 5.6Cu-0.56Mg Al-
loy and (c) 6.3Cu-0.48Mg Alloy; (d) SEM and (e) EDX of the secondary phase in (c)
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