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ABSTRACT: This study aims to investigate the wear and corrosion resistance after heat treatment of AA2010
alloy. AA2010 alloy was solutionized at 500 °C for 1 h, and then quenched in water at room temperature. Solu-
tion treatment was followed by aging treatment at 160 °C for 16, 18, and 22 h. Peak hardness was achieved at
18 h. Ball-on-disc wear test caused cold deformation and hence increased the hardness of the worn surface lo-
cally. The corrosion rate of heat treated AA2010 alloy was determined according to Tafel extrapolation meth-
od. Corrosion test was carried out in 3.5 wt.% NaCl solution at room temperature. The minimum corrosion
rate was obtained in 18 h aged AA2010 alloy. For moderate wear resistance and good corrosion resistance,
18 h aging is recommended for AA2010 alloy. Both the intergranular and pitting corrosion mechanisms were
observed on the corroded surface of the AA2010 alloy.
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RESUMEN: Comportamiento al desgaste y propiedades de corrosion de la aleacion de aluminio AA2010 endure-
cida por envejecimiento. El presente estudio tiene como objetivo investigar la resistencia al desgaste y las propie-
dades de corrosion de la aleacion AA2010 tratada térmicamente. La aleacion se disolvid a 500 °C durante 1 hy
luego se inactivé en agua a temperatura ambiente. El tratamiento en solucion fue seguido por un tratamiento de
envejecimiento a 160 °C durante 16, 18 y 22 h. La dureza maxima se alcanz6 a las 18 h. La prueba de desgaste
utilizando un disco de bola provocd una deformacion en frio y, por tanto, aumentd localmente la dureza de la
superficie desgastada. La velocidad de corrosion de la aleacion AA2010 tratada térmicamente se determino me-
diante el método de extrapolacion de Tafel. Los ensayos de corrosion se llevaron a cabo en NaCl al 3,5% a tem-
peratura ambiente. La velocidad minima de corrosion se obtuvo con la aleacidon envejecida 18 h. Asi, para una
resistencia moderada al desgaste y buenas propiedades frente a la corrosion, se recomienda un envejecimiento
de 18 h. Finalmente, se observd corrosion intergranular y corrosion por picadura en la superficie de la aleacion.
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1. INTRODUCTION

Weight reduction of vehicles is one of the most
focused problems in the automotive industry for
fuel saving. Aluminum alloys are remarkable ma-
terials that can overcome the weight obstacle of
automobiles due to their low density. In addition,
they exhibit good deformability and machinability,
high strength-weight ratio and corrosion resistance
(Sadeler et al., 2004; Sun et al., 2013). In particular,
heat treatable aluminum alloys can provide many
profits by a suitable aging process. For this reason,
artificial aging of aluminum alloys is studied by
many researchers. For instance, Tastan ez al. (2019)
applied artificial aging process to AA6082 and
AA7075 alloys by conventional heating and induc-
tion heating. Similarly, Cavdar et al. (2021) achieved
artificial aging of AAS5083 and AA2024 by induc-
tion heating procedure.

2xxx series belongs to the heat treatable alumi-
num alloy class and is employed in particular, in aer-
ospace and automotive industry (Tariq et al., 2012).
2xxx series alloys need copper as an alloying element
to be able to harden by precipitation. Hardness is
accepted as the main criteria for the consideration
of wear behavior of materials. It is well-known that
construction equipment becomes useless because of
wear (Meyveci et al., 2010). Hardness of 2xxx series
alloys can be increased by precipitation hardening
resulting in an ordered precipitate structure. Hence,
the wear resistance is expected to be improved (Mey-
veci et al., 2010; Tariq et al., 2012). Although the
intermetallic compounds of copper such as Al.Cu
and Al,CuMg improve the strength by precipita-
tion hardening, they increase the susceptibility of
localized corrosion (pitting) and oxidation of 2xxx
series, in particular, in an aqueous medium contain-
ing chloride ions (Staley, 2016; Arunachalam et al.,
2018; Totten et al., 2018).

Corrosion behavior of AA2024 was studied by
several researchers. Menan and Henaff (2009) inves-
tigated the corrosion fatigue crack growth behavior
of AA2024. Liao et al. (1998) observed the pitting
corrosion in AA2024 by in-situ monitoring. A simi-
lar study was carried out by Kang et al. (2010). They
revealed the pitting corrosion behavior of friction
stir welded joint of AA2024-T3 by in-situ obser-
vation technique. In addition, Mishra and Balasu-
bramaniam (2007) investigated the effect of LaCl
and CeCl, chlorides on the corrosion inhibition of
AA2014 alloy. However, they did not consider the
heat treatment condition of AA2014. Apart from
the corrosion of 2xxx series aluminum alloys, wear

behavior of these alloys, in particular AA2024, was
studied by Kagar et al. (2003), Meyveci et al. (2009),
Abarghouie and Reihani (2010), and Kaczmar and
Naplocha (2010).

AA2010 alloy can be used as structural sheet
material in vehicle body (e.g., inner and outer hood
panels of Lincoln Towncar) (Hussey and Wilson,
1998; Totten et al., 2018). There is no study in the
literature about corrosion and wear behaviors of
AA2010 aluminum alloy. This study aimed to inves-
tigate the corrosion resistance and wear character-
istic of AA2010 alloy after precipitation hardening
process. The effect of aging time on corrosion and
wear behavior of AA2010 alloy was discussed.

2. MATERIALS AND METHODS

2.1. Sample Preparation and heat treatment process

Before the aging process, samples were cut and
prepared for microstructural investigations, hard-
ness, wear, and corrosion tests. The spectral analysis
of AA2010 alloy is given in Table 1. AA2010 alloy
was solution treated at 500 °C for 1 hour and aged
at 160 °C for 16, 18, and 22 hours. Polished sam-
ples were etched with aqueous NaOH solution (10 g
NaOH+50 ml distilled water) and examined under
an optical microscope.

2.2. Hardness and Wear Tests

Macro hardness of the heat treated samples was
measured by Vickers indenter under 2 kg-force loads.
In addition, the micro Vickers hardness test was ap-
plied on the worn surface under 300 g-force loads.

Wear test of heat treated samples was carried out
with CSM instruments (Fig. 1), ball-on-disc wear-
test apparatus under 2 N loads at room temperature.
Alumina ball with a diameter of 6 mm was used as
a counterpart. Each test was performed with a con-
stant sliding speed of 5 cm/s and the track radius
was 2.5 mm. Wear loss was measured every 100 m
distance with the aid of a Mitutoyo profilometer.
Total sliding distance of the wear test was 500 m.

2.3. Corrosion test

Corrosion test was conducted by linear polari-
zation resistance method using Metrohm DropS-
ens Potentiostat (Fig. 2). The corrosion rate of
heat treated AA2010 alloy was determined by Tafel
curves. 30 mm? area of each sample was immersed

TaBLE 1. Chemical composition of AA2010 (wt.%)

Cu Zn Mg Si Fe

Mn Cr Al Other

0.87 0.83 0.779 0.461 0.444

0.255 0.068 96.19 0.099
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FiGgure 1. CSM instruments ball-on-disc wear test apparatus.

in 100 ml 3.5 wt.% sodium chloride (NaCl) solution
for corrosion test. The three-electrode corrosion
cell system is composed of the AA2010 sample as a
working electrode, Ag/AgCl electrode as a reference
electrode and a graphite electrode.

Before starting the test, open circuit potential
(OCP) was measured for 60 seconds. Then Tafel
curves from a cathodic potential of -0.8 V to an
anodic potential of 1 V were plotted. All measure-
ments were carried out with the scanning rate of
0.001 V/s.

3. RESULTS AND DISCUSSION

3.1. Corrosion and microstructure

The microstructure image of AA2010 alloy is giv-
en in Fig. 3a. Micro-scaled Al-Fe intermetallic parti-
cles were observed by SEM-EDX (Fig. 3b). Accord-
ing to Al-Fe phase diagram (Baker, 1992), the given
composition indicates the formation of FeAl and/
or Fe Al intermetallic particles. This prediction was
proved by the XRD analysis. A peak of Fe-Al inter-
metallic phase was detected by XRD. In addition,
the main precipitation hardening phases of 2XXX

FiGure 2. Corrosion test equipment.

series aluminum alloy such as Al,Cu and Al,CuMg
were observed (Fig. 4). The intensity of the peaks
of Mg,Si and MgZn, precipitation hardening phas-
es was found to be less than AlL,Cu and Al,CuMeg.
Hence, the determinant factor otZ corrosion in terms
of microstructure is thought to be the change of
size and distribution of Al,Cu and Al,CuMg as dis-
cussed in the following paragraphs.

Open-circuit potential (OCP) graphic indicates
the tendency of dissolution of 22 h aged sample with
a more negative OCP (approximately -0.76 V). 16 h
and 18 h aged samples have approximately -0.71 V
OCP, hence less tendency of corrosion is expected
for these samples (Fig. 5).

Tafel curves of AA2010 alloy, aged for 16, 18 and
22 hours are given in Fig. 6. Jcorr (current density)
and Ecorr (corrosion potential) are given in Table
2. Ecorr is almost same for all samples (Fig. 6 and
Table 2). The corrosion rate directly depends on the

Electron Image 7

Element wt.%
Al 76.55
Fe 12.70
Si 4,92
Cu 2.34
Mn 2.18
Cr 0.44
Zn 0.43
Mg 0.43
Total 100.00

FiGurke 3. a) Optical microscope image of AA2010 alloy, and b) SEM-EDX analysis of the intermetallic particle.
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FiGure 4. XRD graphic of 18 h aged sample.
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FI1GURE 5. Open-circuit potential graphics.

Tase 2. E_ . J ., and corrosion rate values of aged AA2010 alloy in 3.5 wt.% NaCl solution obtained by Tafel extrapolation
method
Aging hour E_.(V) J_.. (nA-cm?) Corrosion rate (mm/year)

16 -0.67 3.78 0.041

18 -0.68 3.58 0.039

22 -0.71 5.12 0.056
. minum matrix. Al-Fe intermetallic particles arise
from the interaction between alloying elements and
04] |s""lgn tON——x— impurities during the casting process. They are not
024 £ 2on ),;;_7"5; affected by solution heat treatment or aging (Andre-
00l |Bem ht | atta et al., 2004). However, intermetallic particles
02] | eml— L have a significant effect on corrosion. They cause
< 04 g / discontinuities in the surface film formed in aqueous
= solution and promote the local breakdown of the
8 061 passive oxide film. Once the oxide layer is damaged,
g 031 dissolution of the aluminum matrix accelerates
5 -1.0- . 16h (Chen et al., 1996; Mishra and Balasubramaniam,
Q 4o] 2007; Krishna et al., 2017). Micro scaled Al-Fe in-
1.4 N < 18h termetallic particles (Fig. 3b) worked as a cathode
161 ) + 22h resulting in anodic dissolution of aluminum matrix

log i (pAlcm?)

FiGuURE 6. Tafel curves of aged samples for 16, 18, and 22 h.

current density (Jcorr) corresponding to the inter-
section point of the anodic and cathodic slopes of
the Tafel curve (Bilgig, 2018). Both the current den-
sity and corrosion rate of 16 h and 18 h aged sam-
ples are approximately equal to each other. Howev-
er, increasing the aging time further increased the
corrosion current and accordingly corrosion rate.
Optical microscope images of corroded surfaces
clearly indicate the formation of intergranular cor-
rosion and pitting corrosion (Fig. 7). The pitting
corrosion occurs due to the galvanic coupling of
the cathodic intermetallic particles and anodic alu-

(Yasakau et al, 2007), hence they caused pitting
corrosion of AA2010 samples independently of
aging time (Fig. 7 and Fig. 8). Apart from the Al-
Fe intermetallic particles, 2XXX series aluminum
alloys include strengthening AL Cu, and Al,CuMg
precipitations (Wang and Starink, 2005; Burt, 2015)
as detected by XRD analysis in the present study.
Here, AI2Cu phase takes place as cathode side in
galvanic coupling of aluminum matrix and precip-
itate, hence accelerates the oxidation of aluminum
and formation of corrosion pits (Burt, 2015; Vie-
ira et al., 2011). However, A1,CuMg tends to pre-
cipitate along the grain boundary and generates a
copper depleted zone. Both Al CuMg phase and
copper depleted zone along the boundaries exhibit
anodic characteristic in comparison with the sur-
rounding matrix (Burt, 2015). Consequently, it was
thought that intergranular corrosion was promoted
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Ficure 8. SEM images of corroded surfaces: a) 18 h, b) 22 h.

in the overaged sample by the coarsened Al,CuMg
precipitations and generated copper depleted zone.
In addition, anodic precipitates within the grain
boundary such as Mg,Si and MgZn, (Gharavi et al.,
2015; Liu et al., 2016) that were detected by XRD
promote the intergranular corrosion. The overaged
sample which was aged for 22 h showed maximum
corrosion rate owing to the total effect of pitting
and intergranular corrosion. Both the pitting and
intergranular corrosions are the dominant corrosion
mechanisms for overaged sample, whereas 18 h aged
sample mainly suffered from pitting corrosion (Fig.
7). Even so, pitting corrosion damaged the overaged
sample more than 18 h aged one as it is seen in SEM
images (Fig. 8).

In summary, 22 h aged sample exhibits the maxi-
mum corrosion rate of 0.056 mm/year as predicted
from OCP value, whereas 18 h aged sample with the
peak strength exhibits a minimum corrosion rate of
0.039 mm/year (Table 2). Because, reaching the peak
strength by artificial aging significantly reduces the in-
tergranular corrosion susceptibility. Artificial aging up
to peak strength avoids the development of the cop-
per depleted zone by eliminating the precipitation of

190
B Macro hardness (HV2)
180 11 Micro hardness of wear scar (HV0.3)
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Figure 9. Relation between aging time and hardness before
and after the wear test.

coarse Al,CuMg phase along the grain boundary. As a
consequence, intergranular corrosion can be got under
control (Burt, 2015; Krishna et al., 2017).

3.2. Hardness and wear tests
The average macro hardness of the as-received

AA2010 alloy is 85.27 HV. Macro hardness values
of heat treated AA2010 alloy are given in Fig. 9.
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Peak hardness was obtained after 18 h aging process
and was found to be 120 HV on the average. 22 h ag-
ing process caused over aging and the hardness de-
creased to 111 HV. As it was noticed in the study of
Meyveci et al. (2012), prolonged aging time resulted
in a decrease in hardness of heat treatable aluminum
alloys due to the over aging phenomenon. The arti-
ficial aging heat treatment increased the hardness of
AA2010 alloy by 30% - 40%.

Volumetric material loss-sliding distance graphic
of aged samples are given in Fig. 10. Meyveci et al.
(2011) reported that the wear loss depends on aging
temperature and aging time. Up to 200 meters, min-
imum wear loss was observed in 18 h aged sample

Selected | Al (o]
area

1 59.17 | 40.83
2 54.80 | 45.20
3 53.90 | 46.10

- Iah s AW
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& toward the wear
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Figure 12. Worn surfaces of aged AA2010 alloy for a) 16 h, b) 18 h, and ¢) 22 h.
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that exhibits peak hardness. In further stages of the
wear test, overaged sample showed minimum wear
loss. This finding is associated with the strain hard-
ening ability of the material. After the wear test, the
effect of cold deformation was revealed by micro
hardness test. The overaged sample with the mini-
mum hardness value exhibited the maximum hard-
ness on the worn surface after the wear test. This,
can be explained by the cold deformation ability of
overaged sample. Due to its relatively low hardness,
overaged sample can be deformed easier under the
cyclic load of wear test. Consequently, cold defor-
mation of the overaged sample provides better wear
resistance, unexpectedly. Lindroos et al. (2015) stat-
ed that, the wear rate can decrease due to the signif-
icant surface work hardening during the repeated
loading of the wear test. Similarly, De Mello et al.
(2017) asserted that higher level of strain increases
the internal energy of the material that promotes
surface oxidation, and therefore, it decreases the
wear rate. Because, the surface oxidation reduces
the friction between the metal surface and the coun-
terpart, if the wear test is carried out in air media
without a lubricant (Buckley, 1981). Friction coef-
ficient values measured during the wear test sup-
port the formation of surface oxidation in overaged
sample more than the others. The average values of
friction coefficient (1) were obtained 0.68, 0.64, and
0.49 for 16 h., 18 h., and 22 h. aged samples, respec-
tively. Owing to the reduced hardness of overaged
sample, counterpart easily deformed surface and in-
creased the concentration of dislocations. Strained
metal with a high level of dislocation concentration
is chemically more active on the surface (Buckley,
1981), hence it is prone to oxidation during the wear
test and reduce the friction coefficient as observed
in overaged sample. SEM-EDX analysis of wear
debris of 22 h aged specimen consists of aluminum
and oxygen. It proves the existence of oxidation of
aluminum (Fig. 11). ALLO, on worn surface not only
arises from the oxidation of metal surface, but also
the detached particles of alumina ball as a coun-
terpart.

Continuous scratches were observed on the worn
surface of 16 and 18 h aged specimens. Wear track
shows a sharp boundary between the aluminum ma-
trix and worn surface of specimens aged for 16 and
18 h. On the contrary, the overaged sample exhib-
its the remains of cold deformed material along the
wear track boundary (Fig. 12).

4. CONCLUSIONS

AA2010 alloy which is suitable for vehicle body
construction was exposed to artificial aging. The ef-
fect of aging time on corrosion, hardness and wear
resistance was discussed in this study. The findings
can be summarized as follows:

- Microstructure of aged AA2010 alloy consists
of Al-Fe intermetallic particles in addition to Mg-
,S1, MgZn,, Al,Cu and Al,CuMg precipitates in alu-
minum matrix.

- The minimum corrosion rate was obtained by
reaching the peak strength aging time that is found
to be 18 h for the given alloy. Overaging reduced the
corrosion resistance due to the anodic phases which
tend to precipitate along the grain boundary. Both
the intergranular and pitting corrosion mechanisms
were observed in the aged AA2010 alloy. However,
intergranular corrosion became more significant for
the overaged sample.

- Peak hardness of 120 HV2 was achieved by ap-
plying 18 h artificial aging. AA2010 alloy became
overaged at 22 h and the hardness decreased to 111
HV2. The overaged sample showed superior wear
resistance, although it has the lowest hardness value.
Micro hardness measurements taken from the wear
track revealed that decreased hardness of the over-
aged sample provided more cold deformation result-
ed in strain hardening and oxidation that influence
the wear resistance positively together.
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