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Abstract: The present study aimed to investigate the influence of magnesium (Mg) on the mechanical
properties and corrosion behavior of wrought Al-4Cu-xMg-0.6Ag alloys. The results from Optical
Microscope, SEM, XRD analysis, and Thermo-Calc simulation were used to identify the microstructure
formed after the aging process. Testing for hardness and tensile strength was conducted, in addition
to corrosion testing. It was found that Mg significantly impacts the hardness of the alloys, with a high
Mg content (low Cu/Mg ratio) increasing the hardness but reducing the tensile strength and ductility.
This study attributed this to the formation of the S phase, which is dependent on both the quantity in
the bulk and the size of the phase. The grain size was found to be finer with a higher Mg content,
since the particle size inhibits grain growth during the artificial aging process. Counterintuitively,
the corrosion activity was reduced in the high-Mg-content alloy due to its large particle size and the
reduced galvanic cell effect. This study highlighted the importance of considering the effects of Mg
on the mechanical properties and corrosion behavior of Al-Cu-Mg-Ag alloys.
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1. Introduction

Aluminum alloys containing small amounts of copper and magnesium alloying ele-
ments (usually denoted as Al-Cu-Mg alloys) are widely used in many important transport
applications including the aerospace and automobile industries. The high usage of this cat-
egory of aluminum alloys is mainly related to their great properties, such as a light weight,
high strength, high corrosion resistance, high ductility, and high strength-to-weight ratio.
Further, the different types of possible pre-thermomechanical treatments can significantly
improve the mechanical properties of these alloys (e.g., tensile strength improves from 190
to 430 MPa by aging), making them suitable for various applications [1]. In particular, the
presence of a slight weight percentage of Cu (~4.0 wt.%) and Mg (~1.0 wt.%) in these alloys
improves the precipitation hardening through aging heat treatment.

The precipitation hardening in Al-Cu-Mg alloys usually increases the hardness and
strength of the material. The aging treatment facilitates the formation of various precipitates
in these alloys depending on the composition, temperature, aging time, and other process-
ing conditions [2,3]. In the aging treatment of an Al-Cu-Mg alloy, the process starts with
the formation of a supersaturated solid solution (SSS) where all the small phases dissolve
in the more abundant x-aluminum phase. This is performed by heating the Al-Cu-Mg
alloy to approximately 520 °C to form a homogeneous solid solution, followed by rapid
quenching in water. The alloy is then heated (artificial aging) to a moderate temperature,
approximately 180 °C, to facilitate the formation of stable precipitates in the matrix (o)
phase. In an Al-Cu-Mg alloy, the type of stable precipitates is strongly influenced by the
atomic ratio of Cu to Mg. For alloys of low Cu/Mg ratios, with compositions in the (x + S)
phase field at approximately 190 °C, the stable precipitate is the S (Al,CuMg) phase [4]. The
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formation of this precipitate phase at equilibrium is typically preceded by several intermediate
stages: the Guinier Preston Bagaryatsky (GPB) zone, S”, and S’ (i.e., the series is SSS —
GPB — S” — S’ — S) [5]. However, for Al-Cu-Mg alloys with high Cu/Mg ratios having
compositions in the (x + 6 + S) phase field at 190 °C, the equilibrium precipitate is the 6
(Al,Cu) phase, and its precursors are GPB, 6, and 0’ (SSS — GPB — 0" — 0’ — 0) [5-7].
It should be noted that the intermediate metastable phases have noticeable effects on the
different stages of the aging hardening response.

The formation of stable precipitates and their precursors in the matrix aluminum (o)
phase during aging hardening enhances the mechanical properties of Al-Cu-Mg alloys.
The general mechanism of precipitation hardening is that the dislocations nucleate from
vacancies and try to move through the precipitates during plastic deformation, while the
precipitates resist their motion. There are two common ways for the dislocations to move,
either dislocation cuts through the precipitate or moves around the precipitate particles.
Moreover, the backup of dislocations around precipitates can further impede the motion of
dislocations due to the interactions between new and current dislocations [5]. Therefore,
an increase in stress is required for the motion of dislocations in the presence of precipitate
particles in Al-Cu-Mg alloys. The morphology of precipitates and their distribution in the
matrix can strongly affect the percentage increase in hardening and strength.

Many studies showed the effect of various possible precipitates on the mechanical
performance of Al-Cu-Mg alloys [8,9]. For instance, Liu et al. [10] studied the Cu/Mg
ratio influence on the mechanical properties using a 2519 alloy (high Cu/Mg ratio) and
a 2024 alloy (low Cu/Mg ratio). According to this investigation, if the ratio of Cu/Mg
decreased, the hardening and mechanical properties improved. The Cu/Mg ratio of 3.41
in the 2024 alloy resulted in a hardness of 152 HV, while the 2519 alloy, with a Cu/Mg
ratio of 16.29, had a hardness of 141 HV. The authors compared the age hardening of
different Al-Cu-Mg alloys with high and low Cu/Mg ratios and found that the best ratio
for improved hardening is ~7.85; by designing and testing a new alloy, they found that the
0’ phase changed to the S phase, which improves the mechanical property.

The addition of the silver (Ag) element to AlI-Cu-Mg alloys has attracted increas-
ing attention owing to its further improvement in strength, thermal stability, and creep
resistance [1,3,11,12]. The addition of a small amount of the Ag element to the ternary
alloy (Al-Cu-Mg) helps to form a new precipitate phase, called (), that lies on the (111)
o plane of the o phase [13-16]. It should be noted that the (111) « plane is the dominant
slip plane of aluminum. Therefore, it is widely acknowledged that the () precipitates in
Al-Cu-Mg-Ag alloys have more resistance to dislocation motion as they lie on the main
(111)  deformation slip plane of aluminum, compared to other precipitates such as, for
example, the S precipitates formed on the (210) o« plane [4,17]. The Q) phase is usually
formed as hexagon plates with thicknesses of 2-3 nm parallel to the (111) & planes [18].
The Q) phase can be uniformly distributed in the matrix if the alloy is homogenized [2].
Instead of heterogeneous nucleation, the nucleation of the () phase begins at the locations
where Mg—-Ag co-clusters are present [19,20]. The amounts of Ag and Mg and the number
of Mg—-Ag co-clusters were found to strongly affect the number density of the () phase that
can be formed in the matrix [21,22]. There is usually a competition between the formation
of the () phase and other precipitates such as the 6’ or S’ phases, depending on the amount
of Mg in the alloy (x + 0 + S or « + S at high or low Cu/Mg ratios, respectively) [4,19,23].
Chen et al. [17] studied the ratio of Cu/Mg by controlling Cu and Ag, and they found
that increasing the Mg concentrations promoted the () precipitates. A low Cu/Mg ratio
enhanced the Mg—Ag co-cluster, which led to more () precipitates, while a high Cu/Mg
ratio enhanced the S precipitates [4,17]. Ringer et al. [24] found that the Mg—Ag co-cluster
effectively acted as a nucleation site for the formation of () precipitates. Decreasing the
Cu/Mg ratio enhanced the () precipitates by increasing the Mg concentration.

Changing the Mg concentration in the composition led to the same change in corrosion
resistance, as mentioned in the following literature. By adding small amounts of Ag and
Mg to an Al-Cu alloy, the volta potential of the Al matrix was shifted to a higher positive
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value. This results in a reduction in the potential differences (from 190 to 110 mV) between
the coarse Al,Cu particles and the Al matrix, as well as a weakening of the activity of the
galvanic corrosion couple, where the pitting corrosion resistance increased [25]. As the Mg
content increased, the corrosion current density also increased, indicating a corresponding
increase in the corrosion rate of the AI-Cu-Mg-Ag alloy. This could potentially be linked
to the greater potential difference between the PFZ and the matrix [26]. The self-corrosion
potential of the Al-Cu-Mg-Ag alloy was evaluated using PFZ, and it was found that
EPFZ < Eq < EMatrix. By adjusting the grain boundary microstructure, T614 temper can
significantly enhance the exfoliation corrosion resistance of the alloy [27]. Intermetallic
particles found in aluminum alloys have a significant impact on the breakdown of the
passivity and pit morphology of these alloys when exposed to seawater.

The present study investigates the effects of increasing Mg concentration from 0.4
to 1.4 wt.% in Al-4%Cu—-xMg-0.6%Ag alloy. The discussion of this study focuses on the
mechanical properties, microstructure, and corrosion resistance.

2. Materials and Methods

The methodology for this study aims to examine the effects of Cu/Mg ratios on the
mechanical properties and corrosion resistance of Al-Cu-Mg—-Ag alloys. The materials
were designed to present high and low Cu/Mg ratios, as shown in Figure 1. The change in
Cu/Mg was controlled by increasing the Mg content while keeping the Cu and Ag fixed
at the same percentage. The Mg concentration was raised from 0.4 to 1.4 wt.%, where the
ratios were 10%, called high, and 3%, called low. This change in Mg content was based on
the Al-Cu-Mg phase diagram, which predicts that a high Cu/Mg ratio could result in the
presence of three phases (x + 0 + S) with different percentages of phases [11].

— CUInFCC_A1 MG inFCC_A1 1

L-1.4Mg

FCC_A1+S_AL2CUMG

Mass percent Mg

05

I AL2CU+FCC_A1+S_AL2CUMG

0.0

05 10 15 20 25 3.0 35 40 45
A Mass percent Cu

Figure 1. AI-Cu-Mg phase diagram at 180 °C.

The alloys were prepared from pure bulk elements melted at 730 °C and cast into
heated mold of steel at 450 °C. The resulting ingots were then homogenized at 520 °C
for 24 h, followed by furnace cooling [28]. The chemical composition of the ingots was
analyzed using SPECTRO MAXXx Spectral analyzer, and the results are shown in Table 1.
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Table 1. The chemical composition analysis by SPECTROMAXx Metal Analyzer.

Composition (wt.%)

Samples Cu/Mg Ratio
Al Cu Mg Ag

H-0.4Mg 94.94 3.95 0.4 0.71 9.88

L-1.4Mg 93.73 4.23 1.43 0.61 2.96

The casted ingots were then rolled from 16mm to 2.5 mm in thickness by hot rolling
machine, which resulted in an 84% reduction, forming the alloy sheets. These sheets were
then solution-treated at 520 °C and quenched in water at room temperature, inducing the
formation of a supersaturated solid solution (SSS). Afterwards, the samples were aged in
a salt bath at 180 °C to determine the aging peak point for hardness [28,29], as shown in
Figure 2. A hardness test, Vickers hardness type, was performed on the scale of 10 KgF
during the 15 s. The hardness was determined by taking an average of 5 indents at a
random location on the sample. Tensile samples were then cut using an Electric Discharge
Machine (EDM) from the SSS sheets, according to ASTM E 8/E 8M-08 standards. The
tensile samples were then aged at the previously determined hardness peak point and were
tested using an INSTRON universal testing machine at a strain rate of 103 s~1. To ensure
accuracy, three samples were tested for each alloy to verify the outcomes.

—H-04Mg —L-1.4Mg
2 hr

Solid solution

L}
Hot Rolling
Ageing

Temperature °C

T

2hr

Homogenising Sample
24 hr, air cooling reduction 84%

Figure 2. Schematic of the alloys’ preparation process.

The microstructure of the samples was analyzed using optical microscopy (OM) and
scanning electron microscopy (SEM), equipped with electron probe microanalysis (JEOL,
Tokyo, Japan). X-ray diffraction (XRD) analysis was also conducted using a MAXima
XRD-7000 machine equipped with Cu K« radiation on both H-0.4Mg alloy and L-1.4Mg
alloy to investigate the effects of Mg concentration on the alloys [28]. The XRD analysis
was performed on polished samples and the fixed direction for both samples. Thermo-Calc
simulation software equipped with the TCALS database was used to calculate the possible
amount of each phase that may have developed between 150 and 250 °C [30].

Cyclic polarization tests were conducted to evaluate the corrosion behavior of the
alloys in Arabian Gulf seawater. The tests were performed in a three-electrode electrochem-
ical cell using a potentiostat/galvanostat instrument. The working electrode was a polished
disc of each alloy with an exposed surface area of 1 cm?. A reference electrode made of
Ag/AgCl and a counter electrode made of platinum wire were employed in the experiment.
Prior to the test, the working electrode surface was cleaned using a series of standard
metallographic techniques. The electrochemical cell was filled with Arabian Gulf seawater
and maintained at a temperature of 25 °C for 30 min to allow the system to equilibrate.
The cyclic polarization test was performed by applying a potential sweep from —0.5 V to
+0.5 V vs. Ag/AgCl at a scan rate of 1 mV/s. The potential sweep was first conducted
in the positive direction (anodic scan), until a current density of 10 pA/ cm? was reached,
and then in the negative direction (cathodic scan), until the current density returned to
the initial value. The potential difference between the working electrode and the reference
electrode was recorded throughout the test, and the resulting current—potential curve was
used to determine the corrosion behavior of the alloys.
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Finally, this methodology is designed to provide comprehensive insights into the
mechanical properties and corrosion resistance of the AI-Cu-Mg-Ag alloy as a function of
Cu/Mg ratios. The results of this study contribute to the understanding of the behavior
of Al-Cu-Mg-Ag alloys in various environments and have practical implications for the
selection and use of these alloys in various industrial applications.

3. Results

The hardness comparison of the investigated alloys is presented in Figure 3, which
shows that the low Cu/Mg ratio alloy (L-1.4Mg) presents a higher hardness directly after
the supersaturated solid solution (SSS) at the onset of the aging process, with a value of
122 Hv. In contrast, the high Cu/Mg ratio alloy (H-0.4Mg) only reached 102 Hv. The
explanation for this difference lies in the high concentration of Mg in the low Cu/Mg ratio
alloy, leading to the supersaturation of Mg atoms in the aluminum matrix, as indicated by
the supersaturated solid solution theory [28]. This results in improved hardness, which
continues to improve through the precipitate hardening theory, characterized by the ac-
cumulation of alloy elements to form different precipitates. This is due to the diffusion of
elements within the alloys, leading to larger precipitates until they reach a uniform size
and distribution. The peak hardness values of the L-1.4Mg alloy and H-0.4Mg alloy were
149 Hv and 138 Hy, respectively. Despite initially increasing, the hardness of both alloys
eventually started to decrease. However, the hardness of L-1.4Mg was less than the SSS
stage after 48 h, which can be attributed to an increment in the size of the 6 precipitate
relative to the S precipitate. The larger size of precipitates negatively affected the hardness
due to an increased mismatch between the aluminum matrix and precipitates [11].

160
150

» B
S ©

120

(=]

Hardness (HV)

100

80
0 10 20 30 40 50 60

Time (hr)

—e—H-0.4Mg —8—L-1.4Mg

Figure 3. Age-hardening curves of Al-Cu-Mg-Ag alloys with high and low Cu/Mg ratios.

The effect of the high and low Cu/Mg ratios on the tensile test is demonstrated in
Figure 4. The results show that a decrease in Mg content leads to an increase in the yield
stress from 362 to 381 MPa, or 5%, as well as an increase in the tensile stress from 391 to
426 MPa. However, the low Cu/Mg ratio alloy was found to be brittle, with a percentage
ductility of 2 compared to 10 for the high Cu/Mg ratio alloy. This reduction in yield stress,
tensile stress, and ductility percentage may be due to the increased size of the precipitates
as the Mg content increases, leading to a mismatch between the aluminum matrix and
precipitates’ clusters. In addition, Figure 5 compared the amounts of the S phase and
L-1.4 Mg at 180 °C at the aging temperature, and the Thermo-Calc simulation software [30]
supports these observations. In particular, the L-1.4Mg alloy had an average size of 18 pm
for the S phase, which is three times larger than the critical size of the S phase (4.5 um) [31].
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Figure 4. The tensile stress—strain curves of Al-Cu-Mg-Ag alloys with high and low Cu/Mg ratios.
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Figure 5. Thermo-Calc simulation showing the amount of S phase in H-0.4Mg alloy and L-1.4Mg
alloy at the range of temperature from 150 to 250 °C.

The optical micrograph of Al-Cu-Mg-Ag alloys with high and low Cu/Mg ratios
provides valuable insight into the microstructure of the alloys. As shown in Figure 6A, the
high Cu/Mg ratio exhibits an average grain size of approximately 205 um, while the low
Cu/Mg ratio, as depicted in Figure 6B, displays an average grain size of 139 pm. According
to the findings, the alloys’ incorporation of Mg prevents recrystallization from occurring
throughout the artificial aging process. The large size of the precipitates in the L-1.4Mg alloy
may be responsible for the limited recrystallization size, as indicated by Figure 7. This leads
to an increase in the mismatch between the lattice parameters of the alloy matrix and the S
phase. In addition, this might affect the tensile result by increasing the average size of the S
phase from 3 um to 18 um in the high Cu/Mg ratio alloy when the Mg concentration rose
from 0.4 to 1.4. This observation is further supported by the X-ray diffraction (XRD) results,
which show the presence of large-sized S phases separated at several planes, as shown in
Figure 8. XRD results support the increase in Mg content in the L-1.4Mg alloy enhanced
the formation of the S phase, as evidenced by the peak XRD at 26 angles of 24° and 35°. As
well, the XRD results show multiple peaks with a high intensity of the S phase in L-1.4Mg
compared to H-0.4Mg. The limited recrystallization size can be explained in other ways
as well though. Another that might be important is the L-1.4Mg alloy’s abundance of ()
phases, which are composed of Al-Cu-Mg-Ag. This, however, is outside the purview of
this investigation. Our previous work showed that the mechanical properties of alloys with
a high Mg content can be improved by increasing the Ag content, which suggests that the
() phase may have a negative impact on the recrystallization process [29].
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Figure 6. Optical Microscope images of (A) H-0.4Mg alloy and (B) L-1.4Mg alloy.

1 00pm CEREM 11/13/2019
X 130 15.0kV LABE 1M WD 16 . Omm)

(B)

Figure 7. SEM images of alloys to show the S phase size: (A) H-0.4Mg alloy and (B) L-1.4Mg alloy.
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Figure 8. XRD patterns of H-0.4Mg alloy and L-1.4M alloy.

The samples were immersed in seawater for 120 h to investigate the corrosion activity
on the particles, as shown in Figure 9. The impact of corrosion is dependent on the utilized
composition, leading to varying reactions to the corrosion. Based on the image, it appears
that corrosion may have begun in the area surrounding the particles, where the mismatch
between the Al-matrix and the particles might have a chance. This result is supported by
the cycle polarization test, as shown in Figure 10, which shows that the H-0.4Mg has the
higher corrosion potential, while the L-1.4Mg has the lower corrosion potential. However,
the particle size might be involved in the corrosion rate, where the L1.4Mg alloy has the
bigger particle size, which enhances the corrosion rate compared to the small particle size

in the H-0.4Mg alloy.
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Figure 9. Optical Microscope images of the samples immersed for 120 h in Arabian Gulf seawater:
(A) H-0.4Mg alloy and (B) L-1.4Mg alloy.
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Figure 10. Cycle polarization curves of alloys’ (H-0.4Mg alloy and L-1.4Mg alloy) immersion for
30 min in Arabian Gulf Seawater.

4. Discussion

The results section illustrates that Mg concentration has a significant influence on
Al-Cu-Mg-Ag alloys, as summarized in Table 2. Despite increasing the material’s hardness,
Mg reduces yield stress and ductility. The XRD results and Thermo-Calc simulation were
used to identify the phases that formed on the alloys during the aging process. It is evident
that the S phase played a crucial role. It was dependent not only on the S phase quantity in
the bulk but also on the phase size. The hardness result indicates that a high Mg content
increases the hardness of the alloy, while decreasing the yield stress and ductility. This is due
to the increased size of the S phase, which increased the mismatch between the S phase and
the Al matrix. The result of the ductility can confirm this. Compared to a lower Mg content,
a higher Mg content produced finer grains. In general, a high Mg content is expected
to produce a higher yield stress, contingent upon the Hall-Petch strengthening theory.
However, this resulted in a comparison of the grain size to the particle size. The argument
is supported by the proportion of the grain size to the particle size. The percentage of high
Mg content was approximately 8%, while the percentage of low Mg content was 68%. This
huge disparity in the grain-to-particle ratio justifies the effect of the particle size on the
strength of the alloy. Nonetheless, the particle size inhibited recrystallization during the
artificially aged process, even when the Mg content was doubled. This was due to the effect
of the particle size on the process of recrystallisation. Based on the Mg corrosion ability, it
was anticipated that a higher Mg content would increase the corrosion activity, as shown
in Figure 10. The corrosion activity was reduced due to the large particle size in the high
Mg content alloy, which decreased the contact surface with the medium. Furthermore,
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the S phase particle-strengthening contribution was analyzed for both alloys by using the
Orowan strengthening model, as follows:

0.4Gb In(2x7/b)
l1—0v  Ap
where M is the Taylor factor for the FCC, which is 3.06 for Al; G is the shear modulus,
26.9 GPa; b is the magnitude of the Burgers vector, 0.286 nm; v is the Poisson ratio, 0.33;
7 is the mean radius of the spherical precipitate in a circular cross section = v/2/3 * r; r is

the average particle radius; and A, is the average inter-particle spacing. The A, can be
estimated from the following Equation [32]:

Apzzr( Z—l) ?)

where f is the volume fraction of the particles.

o, =M 1)

Table 2. Summary of the results showing the effect of Cu/Mg ratio.

Alloy H-0.4Mg L-1.4Mg
YS (MPa) 381 + 11 362 £ 10
UTS (MPa) 426 £13 391+7
% Ductility 10+£2 2406
Hardness (HV) 138 £ 2 149 £3
Grain size (um) 205+ 7 139 +£5
Particle size (um) 3 18
% Grains/Particles 68 7.72
Peak aging time (h) 2 4
E (V vs. Ag/AgCl) —-0.99 —0.96

The contribution of the S phase in both alloys was calculated, and it was found that
the S phase contributed to yield strength by 35 MPa in the H-0.4Mg alloy, where there was
a negative effect of the S phase in the L-1.4Mg alloy.

5. Conclusions

This study aimed to investigate the effect of magnesium content on the properties of
Al-Cu alloys, which is summarized by the following points:

1.  The results showed that magnesium (Mg) has a significant impact on Al-Cu alloys,
with increasing Mg content leading to increased hardness but reduced yield stress
and ductility.

2. The results indicated that a high Mg content resulted in finer grains and a larger S
phase size, which caused a mismatch between the S phase and the aluminum matrix,
leading to reduced yield stress and ductility.

3. The grain-to-particle size ratio was found to be crucial in determining the strength of
the alloy, with a high Mg content having a smaller ratio compared to a low Mg content.

4.  The particle size was found to inhibit grain growth during the artificial aging process,
even when the Mg content was doubled.

5. Despite being known for its corrosion ability, a high Mg content reduced corrosion
activity due to the large particle size in the high Mg content alloy.

6.  As for future work, reducing the S phase size in the high Mg content might be useful
in improving the properties of the Al-Cu—Ag alloys and the coherency of the S phase.

Overall, this study provides valuable insights into the impact of Mg on Al-Cu-Ag
alloys and highlights the importance of further ways to explore reducing the S phase size
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in the high Mg content to improve the material’s properties. In addition, a deep study of
an Ag effect on the alloy might be useful in future work.
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