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Abstract: Effect of Cu content on microstructure and properties of Al-2.5Mg-xCu-0.2Si alloys was investigated in this

research. Results show that the microhardness of the alloy with Cu addition has an obvious rapid hardening effect due to the

clustering of Cu and Mg at the early stage of aging. With further aging, the microhardness of the alloy increases again and

reaches an obvious second peak due to the formation of S’ phase and Guinier-Preston-Bagaryasky (GPB) zone. The increasing

amount of Cu content results in a significant increase in tensile strength and yield strength while a reduction of elongation and

intergranular corrosion performance. With the increase of Cu content, the intergranular corrosion performance of the alloy

becomes worse. The alloy has a reasonably well corrosion performance when the Cu content is less than 1.14wt%. However,

there is a significant reduction when the alloy contains 2.10wt% Cu. Based on these results, the alloy containing 1.14wt% Cu

has better mechanical properties and corrosion resistance.
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Automobile body is the most important component for a
vehicle’s safety, which accounts for about 30% of the total
mass of automobile. Therefore, it is rather important if the
body frame can be light-weighted. Currently, the majority
of automobiles are made by steels. Hypothetically, using
aluminum to substitute steel can reduce the body mass and
vehicle mass by 40%~50% and 10%, respectively. Alumi-
num alloys exhibit bright prospects in vehicle lightweight
industry with a capability of high specific strength, super

1-
(131 However,

corrosion resistance and recycling ability
aluminum alloy plate changes due to the natural aging dur-
ing the time elapsing between the processing and paint
baking. The effect of room temperature storage causes the
formation of early phases (metastable clusters), which de-
creases the concentration of Mg and Si in solid solution.
Because the clusters dissolve slowly at typical aging tem-
peratures, which results in a loss in the paint bake re-

sponse[4'6].
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To meet the requirements of high strength and high sur-
face quality of automotive aluminum plates, some re-
searchers have added a trace amount of Cu to Al-Mg alloys
to produce Al-Mg-Cu alloys with rapid aging hardening ef-
fect!”'”. It solves the problem of insufficient strength and
softening of Al-Mg alloys during paint baking treat-
ment!'"""*!. Addition of Si can further accelerate the aging
hardening process and increase the aging hardening level of
the Al-Mg-Cu alloy''*"). Li et al'"'""*! studied the effect of
Si element on the precipitation behavior of Al-4Mg-1Cu
alloy. They found that Mg,Si phase forms in the high Mg
alloy with addition of Si, which makes Si fail to play a cor-
responding role in the acceleration of aging hardening!'®.
Moreover, the corrosion problems occur in the long-term
use when the Mg content is higher than 3.5wt%!'"". There-
fore, the content of Mg in the alloy in this research is con-
trolled at 2.5wt%. In the previous investigation, it was
found that Al-2.5Mg-0.1Cu-0.2Si has a good precipitation
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hardening effect, especially a rapid hardening phenomenon.

In terms of Al-Mg-Cu-Si alloys, the aging strengthening
effect is weak when the Cu content is low. However, the
increase of Cu content reduces the corrosion resistance and
accelerates the natural aging process of the alloy!?!. Hence,
the influence of Cu content on the properties of the alloy
needs to be further explored. The effect of Cu content on
microstructure and properties of Al-2.5Mg-xCu-0.2Si alloy
was investigated in this research.

1 Experiment

The experimental alloys were cast into slab ingot from
pure aluminum, pure magnesium, Al-50wt% Cu and
Al-24wt% Si master alloys using a resistance furnace at 780
°C. The melt was poured into an iron mold at room tem-
perature to produce a 20 mmx150 mmx=200 mm plate. The
chemical composition of the investigated alloys (alloy A, B,
C, D) is given in Table 1.

After surface milling, the ingots were homogenized at 470
°C for 2 h, and subsequently cooled naturally. The ingots
were then hot and cold rolled to sheets of 4 mm in thickness.
The cold rolled samples were solution heat treated at 560 °C
for 2 h followed by immediate quenching in cold water. Arti-
ficial aging was carried out at 175 °C, and the temperature
error was =1 °C. The age-hardening response was monitored
by Vickers hardness measurements using HXD-1000 micro-
hardness machine. The tensile strength, yield strength and
elongation were tested by WDW-10E machine. Tensile sam-
ples were prepared according to GB/T 228.1-2010. Speci-
mens for transmission electron microscope (TEM) were
ground to less than 70 um, mechanically punched into discs
of 3 mm and twin-jet electropolished in a 7:3 (volume ratio)
methanol-nitric acid solution cooled to —30 °C. The speci-
mens were analyzed by JEOL 2100 microscope with an op-
erating voltage of 200 kV. The intergranular corrosion (IGC)
testing was performed according to the ASTM G67-04 stan-
dard. According to this standard, the sample size is 50 mmx6
mmx4 mm and the temperature is 30+£0.1 °C. After the test,
the specimens were cleaned in water and dried, and then the
intergranular corrosion depth is measured using metallo-

scopy.
2 Results and Discussion

2.1 Aging hardening behavior

Table 1 Practical composition of the experiment alloy (wt%)

Alloy Mg Cu Si Al
2.56 - 0.20 Bal.

B 2.57 0.57 0.28 Bal.
C 2.45 1.14 0.25 Bal.
D 2.59 2.10 0.22 Bal.

The hardness curves of A, B, C and D alloys under solu-
tion treatment at 560 °C for 2 h and artificially aging treat-
ment at 175 °C are provided in Fig.1. It can be seen that the
age-hardening response of the alloys is enhanced by the
addition of Cu. Compared with the Cu-free alloy, the time
taken to the first peak hardness reduces for the
Cu-containing alloys. With the increase of the Cu content,
the rapid aging hardening effect is more obvious (0~10
min). Although the Si content of B alloy is a little bit more
and may have a positive effect on cluster and precipitation,
it does not change the overall increase trend of the hardness
curve with the increase of the Cu content.

After the process of rapid hardening, the hardness in-
creases very slowly and then reaches the second peak
(48~192 h). This phenomenon is similar to the that of
Pl The second
stage of hardening for the alloys involves a relatively
steady rise to the peak hardness followed by over-aging.
Both the rapid hardening values and the second peak hard-
ness increase with the increase of the Cu content.

2.2 Tensile properties
The tensile properties of A, B, C and D alloys aged for

Al-Cu-Mg alloys reported by Gupta et al

various time periods are presented in Fig.2. It is worth not-
ing that the addition of Cu leads to a distinct improvement
of the tensile strengths. With increasing the Cu content, the
tensile strengths increase.

As shown in Fig.2a, the strength of A alloy is very low
while the elongation is very high when A alloy is only solu-
tion treated or solution+short-aging treated. Fig.2b shows
the tensile properties of B alloy. After solution treatment,
the strength of the alloy is low, but the elongation is high.
When aging time is prolonged to 16 h, the strength of alloy
significantly improves, and the elongation does not de-
crease. When aging time is prolonged to 96 h, the strength
and elongation decrease comprehensively. Fig.2c shows the
tensile properties of C alloy. The tensile strength and yield
strength increase with increasing the aging time. The peak ten-
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Fig.1 Microhardness curves of A, B, C and D alloys with iso-
thermal aging at 175 °C after solution treatment at 560 °C
for 2 h
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sile strength and peak yield strength are reached at aging lower which restricts the application of D alloy in auto-
mobile plate.

time of 96 h. The elongation of the alloy does not show
much difference when aging time is prolonged from 0 h

2.3 TEM observation of precipitate of alloy

Bright-field (BF) TEM images of alloys under different
age conditions and a selected-area electron diffraction

(SAED) pattern of the B alloy are shown in Fig.3.

to 0.5 h, but declines with further aging. Fig.2d shows

the tensile properties of D alloy. Compared with
Fig.2a~2c, the strength is higher and the elongation is
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Fig.2 Tensile test results of A (a), B (b), C (c), and D (d) alloys with artificial aging
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Fig.3 TEM bright field images (a~c) and SAED pattern (d) of B alloy after aging at 175 °C for different time: (a) 0 h, (b) 6 h, and (c, d) 96 h
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Mg,Si phase can be observed in the matrix after solution
treatment. After aging for 10 min, the microhardness of the

alloy increases rapidly, but there are no obvious precipitates.

The rapid hardening of the alloy is responsible to cluster
hardening by clustering of Cu, Mg and vacancy''®\. The pre-
cipitated phase is first observed at dislocation area in the
alloy, as shown in Fig.3b. This phase should be S phase
which nucleates at dislocations'*. As shown in Fig.3c,
Guinier-Preston-Bagaryasky (GPB) zones and S phases are
observed in the matrix after 96 h aging. And the volume
fraction of the S phase is too small to be resolved clearly in
the corresponding SAED pattern. During the aging process,
the GPB zone, which appears a very fine and uniform dis-

persion, continuously forms!'*.

B [200] Matrix T
N m

Fig.4 shows TEM bright-field images and an SAED pat-
tern of C alloy. Fig.4a is the TEM picture of C alloy after
aging for 6 h, which shows that very few S phases can be
found to nucleate at dislocations. As shown in Fig.1, aging
time of 6~48 h of the alloy is considered to be the incuba-
tion period of the second hardening period of the al-
loy!'%"2! Fig 4b shows TEM observation of the alloy
after aging for 96 h. It can be found that the second hard-
ness peak corresponds to the lath-shaped S’ phase with GPB
zones. The precipitate S’ phase is distributed uniformly with
the length of 8~9 nm. As shown in Fig.4c, the coarse S
phase and a large number of GPB zones are observed in the
matrix after aging for 240 h.
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Fig.4 TEM bright field images (a~c) and SAED pattern (d) of C alloy after aging at 175 °C for different time: (a) 6 h, (b, d) 96 h, and (c) 240 h

TEM images of D alloy with different aging time and a

selected-area electron diffraction pattern are shown in Fig.5.

Comparing with B and C alloys, the rapid aging hardening
effect is more obvious in D alloy. As shown in Fig.5a, a
large number of S phases can be observed in the alloy after
aging at 175 °C for 96 h. The coarse S phase and the fine
GPB zone can be observed in Fig.5b and 5c. It can be seen
that the original S phase coarsens which consequently
causes a reduction of the hardness of the materials. Com-
paring the TEM micrographs of B, C and D alloys after ag-
ing for 96 h, it can be found that the density of the S phase
and GPB zone increases with increasing the Cu content, in-
dicating that the number of precipitated phases increases
when the Cu content is higher. The GPB zones and the S

phase coexisting in the Al-2.5Mg-xCu-0.2Si alloy serve as
the effective strengthening precipitates.
2.4 Intergranular corrosion

Fig.6 shows the intergranular corrosion mass loss curves
of A, B, C and D alloys after artificial aging at 175 °C. It
can be seen from Fig.6 that the mass loss of D alloy is 36.8
mg/cm’ after solution treatment, which is greater than 25
mg/cm’. According to the American standard ASTM
G67-04, intergranular corrosion may occur in the D alloy.
With the increase of aging time, the intergranular corrosion
of the alloy becomes worse. After aging for 64 h, the mass
loss of the alloy reaches =75 mg/cm’ which enters the se-
vere corrosion zone of intergranular corrosion, indicating
that high Cu content causes serious intergranular corrosion.
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Fig.5 TEM bright field images (a~c) and SAED pattern (d) of D alloy after aging at 175 °C for different time: (a, d) 96 h and (b, c) 240 h
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Fig.6 Mass loss curves of A, B, C and D alloys after artificial aging

The other three alloys have good resistance to inter-
granular corrosion. It can be seen from the Fig.6 that the
mass loss of A and B alloys is lower than 15 mg/cm® during
the aging process. After aging for 64 h, the mass loss of C
alloy reaches 20.8 mg/cm’, which is at meso-sensitive zone
of intergranular corrosion. Fig.7 shows the optical micro-
graphs of cross-sectional corrosion morphologies of C alloy
after aging for 64, 96 and 384 h.

The corrosion of C alloys after aging for 64 and 96 h is
pitting dominated, as shown in the Fig.7a and 7b. IGC oc-
curs in limited area with pitting, and the IGC develops at
the pit wall, i.e., this corrosion mode is defined as local
IGC with pitting (Fig.7c). The sample has the maximum
corrosion depth of 13.6 um, which belongs to intergranular
corrosion level 2.

Fig.7 Intergranular corrosion depth of C alloy after aging at 175 °C for 64 h (a), 96 h (b), and 384 h (¢)
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