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Abstract: The effect of artificial aging heat treatment on the microstructure and corrosion behavior of AlI-Zn—-Mg—Cu
matrix composite was studied. Nickel-aluminide reinforcement was fabricated in-situ during the stir casting process of
Al-Zn—Mg—Cu alloy. After friction surfacing of the consumable rod of an as-cast composite on AA1050 substrate and
post-processing artificial aging heat treatment at 125 °C for 18 h, significant grain growth was observed in the
nickel-free sample. Moreover, the presence of nickel-aluminide reinforcement in the microstructure of composite
resulted in the formation of bimodal microstructure. The presence of nickel-rich particles and the strengthening
mechanism through precipitates could help increase the hardness and strength in the nickel-containing sample. After
artificial aging heat treatment, the shear strength and hardness of composite containing nickel-aluminide increased by
24% and 13%, respectively, more than those of the aluminum matrix. Before aging heat treatment, the pitting corrosion
resistance was significantly improved by the presence of nickel-containing particles. After aging heat treatment due to
the adsorption of more significant amount of soluble copper by nickel-rich particles in the nickel-containing sample,
corrosion resistance decreased by 39% compared to that of the nickel-free sample.

Key words: aluminum matrix composite; nickel-aluminide reinforcement; friction surfacing; artificial aging heat
treatment; corrosion behavior

disadvantages and limitations of fusion-based
methods, such as performing the process at high
temperatures, attention has been drawn to

1 Introduction

According to the needs of the industry, the
engineering materials must be designed most
efficiently with the longest permanence. Prolonging
the durability of materials is incredibly possible
by improving their surface properties. Surface
engineering in the two branches of surface
processing and coating increases the durability of
materials. In the surface processing methods, the
properties are improved by polishing or modifying
the surface [1,2]; however, in coating methods, a
secondary material is coated on the surface of
the material. The coating methods include fusion
base and solid-state methods [3—6]. Due to the

solid-state methods.

The materials selected as a suitable option for
coating are composite materials. In recent years,
aluminum matrix composites (AMCs) have
received considerable attention due to their
lightweight, low thermal expansion -coefficient,
good machining, low cost, and good thermal
conductivity. Although composites with ceramic
reinforcing particles have high strength and
sufficiently high corrosion and wear resistance,
their toughness is low. Hard metal particles can be
used as reinforcements in the aluminum matrix
as an alternative method to maintain the ductility of
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the composite. However, it is challenging to retain
metal particles as reinforcements. Metals with low
solubilities, such as nickel, iron, and titanium react
efficiently with aluminum by forming aluminide
with rapid kinetics.

The addition of nickel to aluminum alloys
effectively increases the strength at room
temperature and higher temperatures [7—10]. This
phenomenon has been reported in various alloys,
including Al-Si, Al-Mg—Si—Mn, Al-Si—Cu—Mg,
and Al-Zn—Mg—Cu. AKOPYAN et al [11] studied
the phase diagram of Al-Zn—Mg—(Cu)—Ni alloy
using Thermal-Calo software and observed that
eutectic nickel forms Al—Al;Ni in structure. The
presence of nickel in aluminum alloys through the
formation of nickel-aluminide composition due to
high elastic modulus (116—152 GPa), high hardness
(5130 MPa), as well as high strength (2160 MPa)
leads to the strengthening of aluminum alloys [10].
Limited studies have been conducted on AA7xxx
series aluminum alloy matrix composite by various
researchers using ceramic and metal reinforcing
particles. Using the stir casting process, SURESH et
al [12] produced the Mg/Al,O3/AA7075 composite.
The average particle size of Al,O3; was 20—30 nm,
and the content of Al,Os reinforcing particles
in this study was 1, 2, 3, and 4 wt.%. They found
that adding 1 wt.% of micro-magnesium powder
improved the wettability of Al,Os; reinforcing
particles. The results showed that the T6 heat
treatment on Mg/AlL,O3/AA7075 composite improves
mechanical properties. Furthermore, by increasing
the mass fraction of Al,O; particles, the hardness,
tensile strength, and toughness of the composite
were improved compared to AA7075-based alloy.
KHAKI-DAVOUDI et al [13] investigated the
effect of adding nickel to the AA7075 aluminum
matrix composite using a semi-solid casting
method. The results showed that with increasing the
content of nickel to 5 wt.%, a decrease in strength,
toughness, elongation, and hardness was observed.
This reduction in mechanical properties is due to
the agglomeration of particles in the matrix and the
high percent of porosity. Moreover, increasing the
stirring temperature causes a proper distribution of
particles in the matrix, and a better reaction is
established between the particles and the matrix.
SALARIEH et al [14] investigated the effect
of adding titanium reinforcement to AA7075
aluminum alloy. The results showed that the ultimate

tensile strength, elongation, and toughness of the
composite increased by 12%, 0.84%, and 9%,
respectively, compared to those of the matrix.

Al-Zn—Mg—Cu alloys are among precipitation-
hardenable alloys. According to
Refs. [15,16], adding nickel to aluminum alloys can
absorb copper in the aluminum matrix and reduce
the amount of copper dissolved in the matrix.
Therefore, it can be expected that the precipitation
sequence of the alloy will be affected. Consequently,
in the present study, the effect of nickel addition on
the microstructure and corrosion behavior of
Al-Zn—Mg—Cu matrix composite reinforced with
nickel-aluminide particles after heat treatment were
investigated.

aluminum

2 Experimental

In the present study, Al-Zn—Mg—Cu alloy with
a chemical composition of 0.03% Si, 0.03% Fe,
1.63% Cu, 6.61% Zn, 3.12% Mg, 0.18% Cr, and Al
balance (all in wt.%) as a composite matrix has
been used. Nickel powder with particle size of
20—100 pm and purity of 99% has also been used as
an additive. Aluminum alloy with a chemical
composition of 0.07% Si, 0.28% Fe, 0.05% Cu,
0.01% Mg, 0.02% Mn, and Al balance (in wt.%)
and dimensions of 10 cm x 10 cm was used as a
substrate. The semi-solid casting method was used
to create the composite. In the compocasting
process, the stirring temperature of 630 °C, stirring
speed of 450 r/min, stirring time of 10 min, and
3 wt.% nickel powder were used. Details of
composite fabrication were described in Ref. [13].
After casting, the consumable rod was
homogenized at 550 °C for 12 h. Then, the cast rods
were machined to construct consumable rods with a
diameter and a length of 20 and 100 mm,
respectively. Based on initial tests and cladding
operations using a rotational speed of 400—
1200 r/min, a traverse speed of 75—125 mm/min,
and an axial feeding rate of 100—200 mm/min, the
highest cladding efficiency was obtained using a
rotational speed of 800 r/min, a traverse speed of
100 mm/min and an axial feeding rate of 125 mm/min.
Therefore, all cladding operations were performed
using the parameters mentioned above.

After cladding operations, the metallographic
and corrosion samples were extracted from the
composite based on Fig. 1. After grinding and
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polishing metallographic samples to detect grain
boundaries, the metallographic samples were etched
using Keller etchant solution with a chemical
composition of 95 mL distilled water, 1.5 mL HCI,
1 mL HF, and 2.5 mL HNOs;. The microstructure
was examined using an NGF—120A optical micro-
scope and an FEI SEM QUANTA 200 electron
microscope equipped with an EDS detector. The
mechanical properties of the composite were
evaluated using a micro-hardness test. The micro-
hardness test was performed by utilizing a
KOOPA-UV1 universal hardness tester by applying
a load of 0.98 N (100 g) for 10s. After solid-
solution treatment at 480 °C for 2 h, artificial aging
heat treatment was performed at 125 °C for 18 h
to investigate the effect of heat treatment on
the microstructure, mechanical properties, and
composite corrosion. Electrochemical experiments
were performed by drawing polarization curves to
evaluate the corrosion resistance of the composite.

Axial force

Rotation

All investigations were conducted using the
electrochemical workstation CS350. During the
polarization experiments, a scanning rate of 1 mV/s
was utilized to polarize the specimens at 250 mV
below open circuit potential. Also, the saturated
calomel electrode (SCE) was used as the reference
electrode.

3 Results and discussion

Figure 2 shows the cross-section of two
samples with and without nickel. Applying a
composite with a nickel-containing rod has reduced
the dimensions of the composite compared to a
nickel-free sample. As shown in Fig. 2, the enclosed
area between the effective width and the effective
thickness of the composite in the sample containing
nickel and without nickel is 32.4 and 49.3 mm?,
respectively. Although the applied composite layer
has a sound interface in both samples, the reduction
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Fig. 1 Schematic illustration of extraction position of microstructural examination, SPT test, and corrosion examination

samples (The highlighted area shows the position of the examination)
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Fig. 2 Cross-section of samples: (a) Nickel-free; (b) Nickel-containing
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of the composite dimensions in the nickel-
containing sample is due to the difference in the
plastic deformation behavior of the two consumable
rods during the cladding process. Due to the lower
yield strength of the consumable rod without nickel
(104.23 MPa) than the yield strength of the
consumable rod containing nickel (121.16 MPa), it
can be expected that the consumable rod without
nickel, due to its higher deformation capability,
deforms easily and leads to a composite with
greater width and thickness, and ultimately greater

Nickel-containing sample

" _':.‘

#0555 Nickel-aluminide (4

Zone [

Zone 11

P Nicke—l

Zone 111

cladding efficiency.

In Fig. 3, the optical microscope images of
different areas of nickel-containing and nickel-free
samples are shown. Although there is a noticeable
difference in the grain size of the two composites,
there is no noticeable difference in the grain size of
the advancing side, retreating side, and center of
the sample, regardless of a nickel is applied.
Measurement of grain size of nickel-containing
composite showed that the average grain size of
the advancing side, retreating side, and center of the

Nickel-free sample

Fig. 3 Optical microscope images of different areas of nickel-containing and nickel-free samples
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sample is (2.1+0.9), (2.9+0.6) and (2.4+0.8) um,
respectively, and in the sample without nickel, the
average grain size of advancing side, retreating side
and center of the sample is (5.2+0.5), (5.9£0.3)
and (5.3£0.5) um, respectively. The coarser grains
in the nickel-free sample can be traced to two
factors. Firstly, the lower temperature during the
process in the nickel-containing sample allows
for less grain growth. Secondly, the nickel-rich
particles act as barriers to the movement of
dislocation and grain boundaries and inhibit grain
growth. However, higher temperatures during
cladding and the absence of nickel-rich secondary
phase particles in the nickel-free sample can lead to
the grain growth and coarser grain size in the
nickel-free sample.

Figure 4 shows the microstructure of the center
zone of samples (Zone II) after the aging heat
treatment. As is evident, significant grain growth is
observed in the nickel-free sample due to the
dissolution of reinforcing precipitates during solid-
solution treatment and the absence of secondary
phase particles that can inhibit grain growth in this
sample. Therefore, significant grain growth in the
nickel-free sample is not unexpected. Although
grain growth is visible in the sample containing
nickel, the growth of grain is much lower than that
of the sample without nickel. As is observed,
another critical point is the formation of bimodal
microstructure in the sample containing nickel after
heat treatment. The formation of this type of
microstructure is probably due to the presence of
nickel-rich particles. In this way, in areas where
these particles are less dense, the grains grow easily;
however, in areas with a higher density of these
particles, there is not enough growth opportunity
for grains, so the difference in grain boundary
motion ability in different areas can lead to the
formation of bimodal microstructure.

The microstructure of the center of the
composites has been studied using SEM to
investigate the microstructural changes in different
samples, and the results are reported in Fig. 5.
According to EDS analysis in nickel-free samples,
precipitates and secondary phase particles are
S-Al,CuMg, Fe-rich particles, and MgZn,. However,
in the sample containing nickel, in addition to the
mentioned precipitates and secondary phase
particles, Ni—Cu-rich particles (i.e., AlNiCu
particles) are also visible. As is evident, after the

aging heat treatment, the size of the precipitates is
smaller. Another essential point to note in the
images is the smaller amount of S-Al,CuMg
precipitates in samples containing nickel. The
presence of nickel-rich particles causes the
adsorption of copper in the aluminum matrix [16],
leading to a reduction of copper in the aluminum
matrix. After solid solution and aging heat
treatment of sample containing nickel, due to
providing more opportunity to absorb copper in the
aluminum matrix, the copper amount available for

Fig. 4 Microstructure of center zone of samples after
artificial aging heat treatment: (a, b) Nickel-containing;
(c) Nickel-free
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Fig. 5 SEM images of precipitates and second phase particles of samples before (ai, bi) and after (a», by) aging:

(a1, a2) Nickel-containing; (b, b2) Nickel-free

precipitation of S-Al,CuMg precipitates decreases,
and the possibility of S precipitates during aging
decreases. Finally, lower amount of S precipitates
form in the sample containing nickel after aging.
The average hardness and shear strength of
different samples are reported in Fig. 6. As is
observed, after aging heat treatment, the hardness
and shear strength of both nickel-containing and
nickel-free samples have increased. Given that the
amount of S-AlLCuMg precipitates in the nickel-
containing sample decreased after heat treatment, it
may be expected that the hardness and strength of
the sample should be reduced after heat treatment.
However, in justifying the trend of changes in
hardness and strength in two samples containing
nickel and without nickel, the effect of different
strengthening  factors should be examined.
According to different [17-19], the
strengthening mechanisms such as strengthening
through a solid solution, strengthening through
precipitates and secondary phase particles,
strengthening through grain boundary, and modulus
strengthening mechanism can affect the variation in

sources
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Fig. 6 Average hardness and shear strength of different
samples

hardness and strength of different samples. Based
on EDS analysis, the content of copper and zinc in
the aluminum matrix in the composite containing
nickel before and after aging heat treatment
is 0.38 at.% Cu, 0.44 at.% Zn and 0.12 at.% Cu,
0.22 at.% Zn, respectively. Furthermore, the content
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of copper and zinc in the aluminum matrix in the
sample without nickel before and after aging
heat treatment is 0.29 at.% Cu, 0.84 at.% Zn and
0.18 at.% Cu, 0.59 at.% Zn, respectively. Due to the
small amount of soluble elements in the aluminum
matrix, it can be expected that the effect of the
strengthening mechanism through the solid solution
in the composites containing nickel and free one is
negligible. However, fewer S-Al,CuMg precipitates
in the nickel-containing sample can adversely
affect the mechanical properties of the composite.
However, since the hardening in Al-Zn—Mg—Cu
alloys occurs mainly through #-MgZn, precipi-
tates [20,21], it can be expected that the lack of
significant differences in the amount of #-MgZn,
precipitates in the two nickel-containing and
nickel-free samples means that the strengthening
mechanism through precipitates will not differ
much between the two samples. Smaller grain size
and higher density of grain boundaries in
nickel-containing samples before and after heat
treatment can help increase the mechanical
properties of nickel-containing sample compared to
nickel-free sample. Another noteworthy point is the
formation of nickel-aluminide compounds in the
sample containing nickel, which, according to
Refs. [10,22], will positively affect strengthening.
There is a significant difference in the elastic
modulus of nickel aluminide compounds and the
aluminum matrix. This difference in elastic
modulus can cause a significant difference in shear
modulus. Under these conditions, during the
movement of the dislocations, at the vicinity of
nickel-aluminide particles, a strong interaction will
be created between the dislocation and the stress
field around the particles, which helps strengthen
the composite. Consequently, the higher strength
and hardness in the sample containing nickel before
heat treatment than those of the sample free of
nickel are due to the predominance of strengthening
mechanisms through the grain boundary and the
modulus strengthening mechanism. After aging heat
treatment, although significant grain growth is
observed in the two samples, the presence of
nickel-rich particles and the strengthening
mechanism through precipitates can help increase
the hardness and strength in the nickel-containing
sample.

The polarization curves of different samples
are shown in Fig. 7 to investigate the effect of

microstructure and heat treatment on corrosion
behavior. Also, Figs.8 and 9 show the Nyquist
diagram and Bode plots of different samples,
respectively. The electrochemical parameters
obtained from the polarization measurements are
summarized in Table 1. Concentration-controlled
cathodic polarization curves were depicted from
the curves below corrosion potential (@cor). In
the nickel-free sample, the corrosion potential of
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Table 1 Electrochemical parameters of different samples
Peorr Jeorr/ Rpol/ Reor/
(vs SCE)/V (A-cm?) (kQ-cm?) (kQ-cm?)

Sample

Nickel-
containing
before aging

Nickel-
containing
after aging
Nickel-free
before aging

Nickel-free
after aging

-1.02  321x10° 31.74 33.24

-1.33  1.89x10*  7.11 9.34

-1.09 5.11x107° 21.38 24.12

-1.27  1.09x107* 11.69 13.56

—1.09 V (vs SCE) was obtained before aging heat
treatment and reduced to a lower value of —1.27 V
(vs SCE) after aging heat treatment. Corrosion
potential of —1.02 and —1.33V (vs SCE) was
obtained in the sample containing nickel before and
after aging heat treatment, respectively. Meanwhile,
the pitting potential of —0.55 and —0.78 V (vs SCE)
in nickel-free samples was obtained before and after
heat treatment, respectively. However, the pitting
potential of —0.51 and —0.77 V (vs SCE) in the
sample containing nickel was obtained before and
after heat treatment, respectively. This indicated
that before heat treatment, the passive films of
samples containing nickel-aluminide could survive
at a higher potential than those without nickel one.
Moreover, the corrosion current density (Jeor) Was
approximated using the Stern—Geary equation, and
the polarization resistance (Rpo1) was obtained from
the linear region [23].

Before aging heat treatment, nickel-containing
coatings showed a lower corrosion current density
than nickel-free coatings, indicating that nickel-
containing coatings had a lower corrosion rate. Heat
treatment on the coatings increased the corrosion
current density in nickel-containing and nickel-free
coatings. The pitting corrosion is mainly attributed
to the potential difference between the matrix and
precipitates and under the influence of a wide range
of microstructural features, including the size
and spaces between precipitates, precipitate-free
zones, and the concentration gradient of soluble
elements [24]. Nickel-containing particles act as
insulators, preventing galvanic coupling between
the substrate and precipitates and improving pitting
corrosion resistance. The presence of nickel-
containing particles significantly improves the
pitting corrosion resistance. Limited studies have

been performed on the effect of nickel on the
corrosion behavior of the aluminum alloy. It has
been observed that the homogeneous distribution of
nickel-aluminide improves the corrosion resistance
of aluminum alloy [25]; however, the non-uniform
distribution reduces the corrosion resistance of
aluminum alloy [26]. It should be noted that the
presence of finer precipitates after heat treatment in
both nickel-containing and nickel-free samples can
improve the pitting corrosion resistance. The effect
of heat treatment and the presence of nickel-rich
particles caused a complex corrosion behavior in
the nickel-containing sample. Before aging heat
treatment, in the nickel-containing sample, although
some copper absorbed by nickel-containing
particles and particles nobler than the matrix
formed, reducing the amount of soluble copper in
the aluminum matrix can increase the potential
difference between the particle and the matrix.
Therefore, this phenomenon has a detrimental effect
on corrosion behavior. Measurement of the amount
of copper in the aluminum matrix of nickel-
containing samples before heat treatment showed
that the content of soluble copper in the aluminum
matrix is higher than that after the heat treatment,
which is 0.35 and 0.29 at.%, respectively. In the
nickel-free sample, due to the higher friction
surfacing process temperature, the precipitates
become coarser and as a result, the amount of
soluble copper in the aluminum matrix decreases.
Under these conditions, the corrosion sensitivity in
the nickel-free sample increases due to the increase
in the potential difference between the precipitates
and the substrate.

Corrosion resistance decreases after aging due
to the reduced soluble copper in the nickel-
containing sample and the adsorption of more
significant amount of soluble copper by nickel-rich
particles. The content of soluble copper in the
aluminum matrix in the sample with and without
nickel after heat treatment is 0.12 and 0.18 at.%,
respectively. On the other hand, it should be noted
that after aging heat treatment, the sample without
nickel has shown higher corrosion resistance than
the sample containing nickel. Due to the formation
of fine precipitates distributed throughout the
microstructure and the reduction of the surface
subjected to corrosion, the corrosion of nickel-free
sample is reduced compared to this sample before
the aging heat treatment. The lower corrosion
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resistance with the increasing size of precipitates
has also been reported in Refs.[27,28]. For
Cu-containing Al-Zn—Mg alloy, Cu incorporates in
the clusters, GP zones, #, and 7’ precipitates [29].
Based on the work of SHA and CEREZO [30], the
matrix Cu content from the under-aged to peak-
aged tempers decreased very slowly, indicating that
the corresponding Cu content in # precipitates
increased extremely slowly. Therefore, it can be
expected that the aging heat treatment in the sample
without nickel will not have great effect on the
amount of soluble copper in the aluminum matrix.
The EIS data were fitted with the appropriate
equivalent circuit for further insight into the
corrosion behavior. Based on Ref. [31], a model can
be presented according to Fig. 10. Excellent
agreement between the fitted and experimental EIS
data was obtained. In this model, Rq, R,, and Ry
were the solution resistance, the passive film
resistance, and polarization resistance, respectively.
The C, and Cq are capacitances of the passive film
and electrical double layer, respectively. According
to the proposed model, the equivalent corrosion
resistance (Rcorr) Of different samples is presented
in Table 1. As is evident, the model results also
confirm the higher corrosion resistance of the
sample containing nickel-aluminide before heat
treatment and lower corrosion resistance after heat
treatment.

Fig. 10 Model used to investigate corrosion behavior
4 Conclusions

(1) The dissolution of reinforcing precipitates
during solid solution treatment and the absence of
secondary phase particles result in significant grain
growth in the nickel-free sample.

(2) The presence of nickel-rich particles causes
the adsorption of copper in the aluminum matrix,
leading to a reduction of soluble copper in the
aluminum matrix. After solid solution and aging

heat treatment of sample containing nickel, due to
providing more opportunity to absorb copper in the
aluminum matrix, the possibility of S-Al,CuMg
precipitates during aging decreases.

(3) Before aging heat treatment, the pitting
corrosion resistance is significantly improved by
the presence of nickel-containing particles. In the
nickel-free sample, before the aging heat treatment,
the corrosion sensitivity in the nickel-free sample
increases due to the increase in the potential
difference between the precipitates and the substrate.
After aging heat treatment, the sample without
nickel has shown 64.4 % more corrosion resistance
than the sample containing nickel.
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