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An effect of the friction stir processing (FSP), its pass numbers and addition of the SiO, nanoparticles on
microhardness, wear behavior and corrosion performance of the Al6061 aluminum alloy was investigated.
Scanning electron microscopy (SEM) and optical microscopy were utilized to characterize the
microstructure of the alloy, FSPed and composite samples. SEM observations revealed that the SiO,
particles were not uniformly dispersed in the matrix after two passes of FSP. However, increasing the pass
number more than two passes resulted in a great improvement in the distribution of the SiO, particles. The
application of FSP led to overall softening compared to the base metal. Softening of the Al6061 alloy was
probably attributed to the coarsening of Mg,Si. Corrosion resistance of the FSPed samples found a sig-
nificant reduction compared to the base metal. Applying higher pass number of the process and also
addition of the SiO, nanoparticles improved the wear behavior of the samples.

Keywords Al6061, corrosion performance, friction stir processing,
pass number, SiO, nanoparticles, wear behavior

1. Introduction

Because of the unique properties such as high strength-to-
weight ratio, high ductility and high corrosion resistance,
aluminum and its alloys have attracted great application in
different industries, especially in aerospace and automotive
(Ref 1, 2). However, poor wear resistance can be introduced as
the major problem which limited their applications (Ref 3).
Adding reinforcements into the aluminum alloys matrix can
enhance their wear behavior (Ref 4). Fabrication of aluminum
matrix composites (AMCs) is typically performed via casting
and powder metallurgy methods (Ref 5). In spite of the
different advantages of these methods, there could be several
problems such as porosity in the matrix, debonding and poor
wettability between the matrix and reinforcements (Ref 6-8).

Generally, in the case of bulk composites, a considerable
loss in ductility and toughness restricted their broad applica-
tions. On the other hand, wear properties of the materials are
influenced by their surface conditions. Accordingly, improving
the surface properties of materials can be introduced as a useful
way for enhancing their wear properties. In this situation, not
only the component has a desirable toughness but also the
reinforced surface provides a longer life (Ref 9). Therefore,
surface modification by using reinforcements is adequate to
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improve the tribological properties of aluminum (Ref 10, 11).
Friction stir processing (FSP) is an effective method for the
fabrication of the surface composites (Ref 12-17). In this
method, the reinforcing materials are squeezed into the grooves
which are machined on the surface of the bulk material.
Throughout FSP, rotation of the tool and friction between tool
and work piece lead to high plastic deformation and heat
increase which result in the grain refinement of the microstruc-
ture. Generally, three distinct zones including the stir zone (SZ),
thermomechanically affected zone (TMAZ) and heat-affected
zone (HAZ) can be identified through this process (Ref 18).

The particulate-reinforced AMCs have several advantages
such as ease of fabrication, lower costs and isotropic properties
related to the other types of composites (Ref 19). A growing
body of literature has investigated the effect of FSP on
mechanical and tribological properties of the aluminum alloys,
as Al6061. In these studies, it is mentioned that the wear
behavior of the Al6061 alloy can be enhanced by the
incorporation of different reinforcing materials such as SiC
(Ref 3, 20-23), SiO, (Ref 24), Al,O; (Ref 3, 25), carbon
nanotube (CNT) (Ref 26, 27), graphite (Ref 20, 28), NiTi (Ref
29) and TiB, (Ref 30, 31). In addition, some papers dealt with
grain refinement by using FSP to enhance surface properties
(Ref 32, 33). Also, some researchers fabricated hybrid surface
composites and could obtain better results (Ref 3, 20, 25). For
instance, Jalilvand et al. (Ref 34) fabricated A356-Si0,-Al,0;
surface composites via FSP and showed enhanced mechanical
and corrosion properties compared with A356 Al alloy and the
FSPed A356. But the effects of FSP pass numbers were not
studied in their investigation.

Hussain et al. (Ref 24) developed a SiO,-reinforced
AA6061 surface composite. The amorphous SiO, was pro-
duced by rice husk ash. They only investigated the microstruc-
tural evolution and hardness of the FSPed samples and found
that microhardness of FSPed samples, either with SiO, particles
or without them, was lower than that of the base metal. To the
best knowledge of authors, the effect of FSP pass numbers on
the mechanical, tribological and electrochemical behavior of
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Al16061 alloy and its surface composites has not been dealt with
in depth and needs to be considered in future researches.
Therefore, the objective of this study is to evaluate the
microhardness, wear and corrosion behavior of Al6061/SiO,
surface nanocomposite produced by FSP. Also, the effect of
pass numbers on the dispersion and distribution of SiO,
nanoparticles as well as the above-mentioned properties was
studied.

2. Experimental Procedure

2.1 Materials and Fabrication of the Nanocomposites

In this study, to fabricate the surface composites, firstly
Al6061 sheets with 150 x 50 x 6 mm’® size were cut as the
base materials. After that, SiO, nanoparticles (with the average
particle size of 100 nm) were prepared as reinforcing materials.
The SEM image with x-ray diffraction pattern (XRD) of the
SiO, nanoparticles is shown in Fig. 1.

A FSP machine was equipped with a fixture in order to
apply the process on the samples. The fixtures were designed in
a way to keep specimens firm on the machine and prevent
sample movement when the process was carrying out. In order
to insert SiO, nanoparticles in the matrix, a groove of
2 mm x 2 mm was created on the base metal, and then SiO,
powder was filled into the groove. To perform FSP, at first and
after filling the groove with SiO, particles, a pin-less tool was
used to close the groove. This guarantees powder packing and
avoids powder spreading. Then, FSP was conducted by a tool
with a square pin. The tool is made of H13 hot working steel.
The diameter of shoulder was 20 mm. Also, the dimension of
the square pin was 6 x 6 mm” and a length of 3 mm. In order
to obtain sound specimen without flawless and to have the most
properties, several combinations of speeds, both rotational and
transverse, were tested. According to the results, the optimum
sample was obtained for the tool rotational and transverse
speeds of 500 rpm and 15 mm/min, respectively. Then, these
speeds were chosen to process all samples. In addition, the

Intensity (a.u)

rotation direction of the FSP tool was in the clockwise direction
with a tilt angle of 3°.

2.2 Testing and Characterization

The optical microstructure of the FSPed samples was
collected by an optical microscope of union equipped with a
digital optical scanner. The composition of etchants used in this
study consisted of 2 ml of HF, 3 ml of HCI, 20 ml of HNO;
and 175 ml of distilled water (Keller’s regent) and perchloric
acid electrolyte. The microstructural characterizations of the
friction stirred samples were analyzed by using a scanning
electron microscope (Jeol, JSM 840) equipped with energy-
dispersive spectroscopy (EDS).

The phase identification of the samples was done by x-ray
diffraction (XRD, Asenware AW-DX300) with Cu target, Ko
radiation (wavelength of 1.5406 A), scanning step of 0.01
degree and time per step of 1 s.

According to the ASTM E384 standard (Ref 35), the
hardness testing was conducted via micro-Vickers methods on
the surface of the samples. Buehler’s equipment (load of 100 g
for 15 s) was employed for these tests.

Moreover, the tribological properties of the samples were
studied utilizing a pin and disk tribometer at ambient temper-
ature according to the ASTM G99 standard (Ref 36). In order to
perform the wear tests, the pins were machined from samples
and AISI D3 steel with the hardness value of 59 HRC was
chosen as disk. The wear tests were conducted under the
condition of sliding speed of 0.1 mm/s, the normal force of
20 N and sliding distance of 1000 m. The friction and wear test
results were obtained from the at least mean of four readings.

The electrochemical behavior of the samples was studied
using potentiodynamic set (Iviumstat compact 20250 H).
Anodic—cathodic polarization curves were measured by immer-
sion in 3.5 wt.% aqueous sodium chloride (NaCl) solution.
Potentiodynamic tests were performed in a typical three-
electrode cell with the sample as the working electrode, the
platinum as the counter electrode and the saturated AgCl/Ag as
the reference electrode. Prior to potentiodynamic tests, speci-
mens were kept in the solution for 1 h in order to institute the
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Fig. 1 (a) SEM micrograph and (b) XRD patterns of SiO, particles used as reinforcement
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free corrosion potential (E..,). Polarization curves were
acquired at a scanning rate of 0.01 V/s from — 1.2 to 0.3 V.

3. Results and Discussion

3.1 Microstructures

The cross-sectional optical micrographs of two-pass FSPed
Al6061 are shown in Fig. 2. The different microstructural regions

including stir zone (SZ), thermomechanically affected zone
(TMAZ) and base metal (BM) are shown in Fig. 2. In fact, the
high thermal conductivity of the aluminum is the main reason for
the disappearance of heat-affected zone (HAZ) in this figure. A
comparison between the microstructures of the base metal and SZ
region shown in Fig. 2 reveals that a grain size refining has occurred
for the FSPed sample. In addition, Fig. 3 shows the cross-sectional
optical micrograph of as-received Al6061 and SZ zone of samples
with different pass numbers of the FSP. It is obvious that the FSP
has led to the proper grain refinement of A16061 for all samples.

Fig. 2 Optical micrographs of two-pass FSPed Al6061 with different microstructural regions (a) base metal (BM), (b) thermomechanically

affected zone (TMAZ) and (c) stir zone (SZ)

Fig. 3 The optical micrographs of (a) BM, (b) two-pass, (c) three-pass and (d) five-pass FSPed Al6061
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Fig. 4 SEM micrographs of (a, b) Al6061 BM and (c, d) five-pass FSPed Al6061 BM showing secondary phases coarsening and (e)

corresponding EDS spectrum

Considering Fig. 4 which shows the SEM images taken
from Al6061 base metal and SZ of five-pass FSPed Al6061
with the EDS spectrum of the secondary phases, it is obvious
that the FSP has led to the coarsening of secondary phases.
Also, regarding the XRD patterns of Al6061 base metal and
five-pass FSPed composite which are presented in Fig. 5,
applying FSP on the A6061 aluminum alloy has caused Mg,Si
peaks to be revealed. However, the intensity of this phase is
very low that can be attributed to its low amount in the alloy’s
composition. Thus, it can be concluded from Fig. 4 and 5 that
coarsening of the secondary phases is the reason for revealing
the XRD peak of Mg,Si. This phenomenon can affect the
mechanical performance of the alloy.

It is worth noting that the grain refinement of aluminum is
caused by dynamic recrystallization after FSP. During FSP,
because of the high stacking fault energy of aluminum alloys,
dislocations can easily glide/climb through dynamic recovery
(DRV). It is important to note that the dynamic recrystallization
can be continuous or discontinuous. In addition, to the initiation
of the discontinuous dynamic recrystallization (DDRX) in any
metal, there should be the following condition:

Pm 2y

3
pm > __Z/bh
¢ KLMGbH

(Eq 1)
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where p,, is the density of mobile dislocations, ¢ is the strain
rate, 7, is the grain boundary energy, K is a constant fraction of
the dislocation line energy that is stored in the newly formed
grains, L is the mean slip distance of a dislocation in these
grains, M is the boundary mobility, G is the shear modulus and
b is the Burger’s vector. The terms on the right-hand side of
Eq 1 may be regarded as approximately constant at a particular
temperature, and thus, the conditiog for the nucleation of
DDRX is that a critical value of %’" must be achieved. In
materials such as aluminum and pure iron, recovery occurs
readily and this parameter, strongly dependent on dislocation
density, never reaches the critical value, and therefore, only
dynamic recovery occurs. These conditions imply that alu-
minum and its alloys do not experience DDRX, because of their
high rate of DRV. Therefore, it can be concluded that the
continuous dynamic recrystallization (CDRX) is a possible
recrystallization mechanism for aluminum alloys, during FSP
(Ref 37-39).

Figure 6 illustrates the microstructures of the SZ of A16061/
SiO, surface composites fabricated by different pass numbers
of FSP. It is clear that the size of SiO, particles in the sample
after five passes of FSP is much smaller than the two-pass
sample. In other words, the application of two-pass FSP seems

Volume 28(8) August 2019—4829



o a-Al
m Mg,Si

[
5 [
s
% 5-Pass FSPed composite } [ ]
qC) YUV Y e
S [ )
(
Al6061 J
5 10 15 20 25 30 35 40

45

[ )
[ )
. L
Paka A, A LA oA A\, At A AM At pcmnacA. ..,\.A'MA e w
70 75 80 85

50 55 60 65 90

20 (degree)

Fig. 5 The XRD patterns of Al16061 BM and five-pass FSPed composite

to be ineffective in case of the dispersion and distribution of
SiO, particles. The agglomerated SiO, particles in two-pass
FSPed sample seem to have a detrimental effect on the
mechanical properties. In other words, by increasing the pass
numbers, great refining of the particles size and also uniform
distribution of SiO, particles is achievable.

Moreover, aluminum alloys contain secondary phases. The
most important secondary phase in the Al6061 alloy is Mg,Si
precipitate (Ref 1). Increasing the temperature during FSP
results in coarsening of the Mg,Si precipitates. In addition, an
increase in the number of FSP passes leads to higher heat rise
and thus the precipitates become coarser (Ref 40).

3.2 Microhardness Measurements

The microhardness profiles of FSPed samples are illustrated
in Fig. 7. Figure 7(a) shows the microhardness evolution of
Al6061 base metal after two, three and five passes of FSP. As it
can be seen, by increasing the pass number the microhardness
of the stir zone decreased considerably. The diminution of
microhardness for two and five passes is more than for three
passes. In other words, the microhardness value of samples
after two, three and five passes of FSP is about 11%, 26% and
33%, respectively, lower than that for the base metal. It should
be noted that the Al6061 base metal was in T6 condition (see
Fig. 3a) and had a microhardness value of about 100 HV. The
high hardness value of the Al6061 can be attributed to the
refined microstructure and homogenous distribution of the
precipitates formed during heat treatment (Ref 1).

As mentioned before, FSP causes severe plastic deformation
as well as a considerable heat generation (Ref 18, 40). These
phenomena result in over aging and coarsening of the
precipitates and consequently cause a reduction in the micro-
hardness. In addition, as mentioned earlier, the grain refining
phenomenon, because the recrystallization occurs during FSP,
has an important effect on the microhardness evolution,

4830—Volume 28(8) August 2019

according to well-known Hall-Petch relationship (Ref 41). In
fact, the precipitates coarsening and grain refining are the
competing phenomena where the former causes a decrease in
the microhardness while the later causes an increase in the
microhardness. It can be deduced that in the case of the three-
pass FSPed sample the grain refinement had the dominant
effect and prevents considerable microhardness depletion.
However, it seems that for the five-pass FSPed sample, the
coarsening was dominant and as a result of that considerable
microhardness depletion was observed.

On the other hand, in the presence of SiO, particles, the
microhardness evolution after different FSP passes was differ-
ent. As shown in Fig. 7(b), the microhardness reduction after
two and five passes was observed. However, the microhardness
value of the three-pass FSPed Al16061/SiO, composites is about
10% higher than that of the base metal. In fact, it is well
established that the incorporation of a second phase, in this case
Si0, nanoparticles, in the aluminum matrix causes an increase
in the strength values via several mechanisms such as pinning
effect (Ref 42, 43), Orowan mechanism (Ref 12, 44), as well as
the mismatch of the coefficients of thermal expansion (CTE)
(Ref 14, 45). Accordingly, it can be deduced that for three-pass
FSPed Al6061/SiO, composite, the strengthening mechanisms
have a stronger role on mechanical properties and this sample
had a maximum microhardness value. The decrease in micro-
hardness was also reported by Hussain et al. after FSP of
Al6061-Si0, surface composite (Ref 24). However, improving
the microhardness value by adding particles or optimizing
process parameters has been reported in some works (Ref 3, 26,
29, 31).

3.3 Wear Characteristics

Figure 8 illustrates the variations of weight losses of the
samples with sliding distance after the wear tests. As can be
seen, for all samples a gradually increasing trend in the weight
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Fig. 6 SEM images of SZ of (a, b) two-pass and (c, d) five-pass FSPed Al6061/SiO, composites (arrows show SiO, particles)
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Fig. 7 The microhardness profile of the samples (a) without and (b) with SiO, particles

loss of samples as a function of sliding distance is observed. It
is clear that for Al6061 and Al16061/SiO, composites, the
highest weight loss of 70.8 mg and 31.3 mg is, respectively,
obtained for two-pass FSPed Al6061 and Al6061/SiO, com-
posites. In other words, the use of two passes of FSP has a
negative effect on the wear properties of the samples. However,
it seems that applying three- and five-pass FSP causes little
decreasing in the weight loss of samples in comparison with the
base metal. Also, it is clear that regarding the Al6061, the
Al6061/Si0, composites have lower weight loss values. These
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results suggest that addition of SiO, particles exerts a powerful
influence on wear behavior of the samples.

In addition, the dependence of friction coefficient and
weight loss of the samples with the pass number of FSP is,
respectively, given in Fig. 9(a) and (b). It can be seen that
except for the two-pass FSPed samples, increasing the pass
number causes a decrease in both friction coefficient and wear
weight loss of the samples. Totally, it can be explained that
increasing pass numbers of FSP, as well as the addition of SiO,
particles, has a positive effect on the wear properties of the

Volume 28(8) August 2019—4831



80
—M— 5-pass FSPed BM
70 [i—e— 3-pass FSPed BM —
Z pass sze: o - —
[—A— 2-pass e
P A/A

60 l_o_ gy i~

g 50 f &
A /
o 407 N ./.
= I ./
2 30 —
: —
A
2 1 / ./ -
p ./.—__././ /‘/0

./ /‘/‘/'/0

10 1 e —
="
0 (=9 N . ) L

@ °

100 200 300 400 500 600 700 800 900 1000 1100
Sliding distance (m)

35
—m— 5-pass FSPed composite .
30 f[[—*— 3-pass FSPed composite A/A
I—a— 2-pass FSPed composite - A/
o5 |-e— BM “
A
B <
Y 207 / /9%3
) /‘ o /"
2 15 | ~ o r
z o—* o/
3 / i/
< 10 /. N
s /"
./ /ﬁ
st [
Z’é'/
Ve E L

0 100 200 300 400 500 600 700 800 900 1000 1100
Sliding distance (m)

(b)

Fig. 8 The variation of the weight loss of samples (a) without and (b) with SiO, particles as a function of sliding distance
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Fig. 9 The effect of pass number on the (a) friction coefficient and (b) wear weight loss of samples

samples. The weight loss and friction coefficient of the samples
are presented in Table 1.

Considering the worn surface of BM and FSPed samples
(Fig. 10), it is found that for two-pass FSPed samples, a severe
plastic deformation has occurred. However, the worn surfaces
of other samples are comparatively smooth. The features such
as grooves, plowing and craters were observed on the worn
surfaces. In addition, the EDS spectrum shown in Fig. 11
indicates no materials transfer from counterface to the substrate
because all the peaks are originated from the Al6061 base
metal. Therefore, it can be concluded that the wear mechanism
is mainly abrasive.

The other remarkable point is related to the size of the wear
debris. It is obvious that the wear debris of two-pass FSPed
A16061/Si0, composites is very large. On the other hand,
increasing pass numbers results in a great reduction in debris
size (Fig. 12). Therefore, it can be expressed that with pass
numbers increasing, the wear mode changes from microcutting
to the abrasive wear. This considerable improvement in wear
properties of the samples with SiO, particles is mainly
attributed to the following reasons:

(1) Tt is expected that the more materials possess microhard-
ness, the higher they have wear resistance. Following
equation correlate between hardness and volume loss of
material, after wear testing (Ref 41, 46, 47):

4832—Volume 28(8) August 2019

Table 1 Results of wear testing including weight loss and
friction coefficient of FSPed samples

Wear weight Friction
Sample loss, mg coefficient
BM 19.86 0.407
Two-pass FSPed BM 70.8 0.432
Three-pass FSPed BM 16.3 0.396
Five-pass FSPed BM 40 0.407
Two-pass FSPed composite 31.3 0.414
Three-pass FSPed composite 19.8 0.390
Five-pass FSPed composite 19.3 0.394
w
0=K+ (Eq2)

where Q is the volume worn per unit sliding distance, W is
the applied load, H is the hardness of the worn surface and K
is the wear coefficient. As mentioned above, the maximum
hardness value was obtained for the surface composite after
three passes of FSP, and here, the minimum wear rate and
friction coefficient were observed for this sample.

Another probable reason for the improvement in wear
properties of the composites, containing SiO, nanoparti-

(if)
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cles, is the action of SiO, particles as a solid lubricant
in this system. During sliding, there is found to be a
partial pullout of the SiO, nanoparticles and conse-
quently the tribofilm forms on the surface of the com-
posites, leading to lowering the wear rate and friction
coefficient values (Ref 3, 47).

As mentioned before, the dispersion condition of SiO,
particles in two-pass FSPed samples was not suitable.
In other words, it is the higher pass number that makes
composites properties improve in terms of dispersion
and distribution of SiO, particles. The SiO, nanoparti-
cles properly would act as a barrier for the severe plas-
tic deformation of samples under the wear loads (Ref
28).
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(iv) It is of great importance that the difference between
CTE of the aluminum and SiO, particles causes the
development of the compressive residual stresses, hin-
dering crack initiation and crack growth in composites
(Ref 12, 48).

3.4 Corrosion Behavior

A few researchers have focused on the corrosion behavior of
FSPed materials (Ref 49-53). Therefore, it is necessary to
discuss the effects of FSP on the corrosion behavior of
aluminum, especially Al6061. The potentiodynamic polariza-
tion curves of BM and FSPed samples in 3.5% NaCl solution
are illustrated in Fig. 13. Moreover, the electrochemical

Volume 28(8) August 20194833
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Fig. 11 EDS spectrum taken from the point marked in Fig. 10(a)

parameters of these samples are also given in Table 2. The
corrosion potential and current density of Al6061 base metal
are 0.6274 V and 63.65 uA/cmZ, respectively. The corrosion
potential values of all FSPed samples (with or without SiO,
addition) are less than that of the base metal, but their corrosion
current density, except two-pass surface composite, is higher.
This means that the corrosion resistance of FSPed samples is
less than that of the base metal. In other words, the corrosion
potential of the FSPed samples has been shifted to lower
(active) values. So, it can be expressed that the application of
FSP leads to the diminution of the corrosion resistance of
Al6061. As mentioned earlier, some studies expressed that the
FSP has a positive effect on the corrosion resistance (Ref 52),
but some other studies reported that the FSP (or FSW) causes a
reduction in corrosion resistance of Al6061 alloy (Ref 54-56).

Fig. 12 The wear debris of (a) BM, (b) two-pass, (c) three-pass and (d) five-pass FSPed Al6061/SiO, composites
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Fig. 13 Potentiodynamic polarization curves of samples (a) without and (b) with SiO, particles
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Of course, there are several possible explanations for these
findings:

(M)

Undoubtedly existence of grains with small size follows
a high density of grain boundary. Since the grain bound-
aries are more active than grains, the lower corrosion
resistance of the FSPed samples in association with BM
is a predictable circumstance (Ref 55). It is critical to
note that the corrosion behavior of metals is remarkably
sensitive to various factors comprehending the nature of
metal, environment, etc.

(i) As a well-known fact, SPD of FSP applies residual

stress in parallel and perpendicular to the FSP direction.
In addition, based on the Nernst equation, for samples

Table 2 The corrosion parameters of BM and FSPed

samples
Material oo p.A/cm2 Ecors V'  Rp, ohm
BM — 0.6574 63.65 886.1

Two-pass FSPed BM
Three-pass FSPed BM
Five-pass FSPed BM
Two-pass FSPed composite
Three-pass FSPed composite
Five-pass FSPed composite

— 0.7539 199.50 282.7
- 0.7272 260.23 217.3
— 0.7735 301.31 187.4
— 0.6326 56.99 989.7
— 0.7260 255.10 221.1
— 0.7157 297.61 189.6

with residual stresses the Gibbs free energy is higher;
however, inversely electrical potential is lower than
those for stressed-free samples (Ref 57). Accordingly, it
seems reasonable to expect the lower corrosion resis-
tance of FSPed samples than BM.

(iii) There are no doubts that Mg,Si precipitates are known

as the major intermetallic particles of the Al6061 (Ref
1). Furthermore, the activity of the Mg,Si is higher
than that of aluminum. Hence, the heat input of FSP
led to the coarsening of the Mg,Si and precipitated par-
ticles in the grain boundaries of aluminum can be dis-
solved, immersing in 3.5% NaCl solution. Then, these
coarse precipitates are susceptible to intergranular or in-
ter-subgranular corrosion (Ref 54). For example, the
SEM images from the SZ zone of the two-pass FSPed
A16061/Si0, composite after polarization tests are illus-
trated in Fig. 14. As shown, a large number of corro-
sion pits with the size of 20-50 um are visible for FSP
processed samples (Fig. 14b). The appearance of micro-
scale pits can be attributed to the presence of Mg,Si
precipitates in Al6061. Therefore, it can be expected
that the higher heat input in FSP has caused coarsening
of the Mg,Si precipitates and consequently increasing
the pitting corrosion of the samples. However, in the
literature, there could be found diverse examples for
merits of grain refining related to the corrosion resis-
tance of aluminum (Ref 49, 50).

o

2 i
; microscale pits®

Fig. 14 The SZ of the two-pass FSPed Al6061/SiO, composite after corrosion testing (a, b) in smaller magnifications and (c, d) in higher
magnifications
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Conclusions

In this study, the Al6061 aluminum alloy was subjected to

FSP in different passes. Also the SiO, nanoparticles were
incorporated in the alloy during FSP to make the surface
composite. The microhardness, wear and corrosion behavior of
specimens were investigated, and the following conclusions
were drawn:

(M

@

3

“)

Microstructural investigations showed that FSP caused
grain refinement, and by adding SiO, particles, this
refinement intensified. By increasing the passes number,
the dispersion of SiO, particles became more homoge-
nous.

As a consequence of the reduction in dislocations den-
sity and coarsening of Mg,Si phases, the microhardness
profile of FSPed samples showed general softening com-
pared with the base metal. Only after three passes of
FSP and in the presence of SiO, particles, the micro-
hardness of the stir zone increased about 10%.
Tribological investigation showed that after three passes
of FSP, with or without SiO, particles, the wear resis-
tance enhanced because of the higher hardness, accept-
able grain refinement and homogenous distribution of
the SiO, particles. Other specimens had lower wear
resistance than the base alloy.

The corrosion resistance of the FSPed samples, with or
without SiO, particles, was destroyed in comparison
with Al6061 base alloy due to the grain refinement and
coarsening of Mg,Si.
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