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Abstract

Friction stir processing (FSP) in different pass number, accordingly one
and four, was performed to AZ31 magnesium alloy. Optical and scanning
electron microscopy (SEM) were used to investigate the effect of FSP and its
pass number on the microstructure of FSPed samples. The hardness of the
samples was measured using microhardness measurement. Furthermore, wear
behaviors of the samples, including wear rate and friction coefficient, were
investigated using a reciprocal wear machine. To deduce the wear mechanism,
SEM observations of the worn surface were carried out. Optical microscopy of
FSPed samples showed grain refinement in the stir zone. Increasing FSP pass
number had a considerable effect on grain refinement. The average grain size
of the as-received AZ31 base metal reduced from 1lum to about 4um after
four passes. Microhardness evaluations showed a substantial improvement
by increasing FSP pass number, about 70% improvement. Wear tests results

revealed enhanced tribological in FSPed samples.

SEM observations of the

worn surfaces indicated that the abrasion was the dominant wear mechanism
governed in the samples.

1. Introduction

One of the important design parameters is weight-
saving constituents in structural applications. Mg and
its alloys are the most attractive materials for the struc-
tural component such as automotive and aerospace
equipment because of being the lightest structural
metallic materials [1]. However, usage of these alloys
is still limited because of the mechanical properties
and corrosion resistance are not fit to the desired level
[2]. For rectification of these properties, a few solu-
tions such as adjusting the microstructure of alloys by
a suitable choice of alloying elements, optimizing their
processing, and refinement of the microstructure have
been proposed [3-5]. In practice, the surface proper-
ties, e.g., wear resistance of a component determines
its lifetime. Then, one solution is to refine the surface
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layer of a constituent.

So far, various techniques in which the operating
temperature is high and material transform to the lig-
uids state, have been employed to modify the surface
of alloys such as laser surface engineering [6], irradia-
tion by high-energy electron beam [7], thermal spraying
[8], cast sinter [9], GTA treatment [10]. The operating
temperatures of these techniques are high, and usually,
the material transforms to the liquids state.

Performing the surface treatment in the liquid state
suffers some problems including, the occurrence of
detrimental reactions between the matrix and rein-
forcement and also phase transformations. For this
matter, it is favorable to carry out these techniques in
the solid-state [11].

One of the solid-state processing of the surfaces



Effect of FSP Pass Number on the Tribological Behavior of AZ31 Magnesium Alloy: 9-18

is friction stir processing (FSP). This process was in-
vented by Thomas et al. [12] at the Welding Institute
(TWI). In these family processes, i.e. FSW and FSP,
a microstructure evolution usually occurs in the stir
zone [13]. This microstructure evolution in a controlled
condition which can result in grain refinement in the
stir zone leading to better properties. It could be pro-
posed in the metallurgical point of view that FSP is a
thermo-mechanical treatment which is capable of ad-
justing surface microstructure of metals and alloys [14].
This process has several advantages such as refined mi-
crostructure, homogeneity, solid-state processing, and
environment-friendly and energy-efficient process. So,
FSP is appropriate for several types of metal and alloys
such as aluminum and magnesium alloys [13, 15].

There are several research papers on the FSP of
A7Z31 magnesium alloy which have dealt with the evo-
lution of the microstructure [16-22]. Chang et al. [18]
used FSP to produce nano grain structure in AZ31 Mg
alloy. Zhang et al. [21] correlated the superplasticity
of AZ31 magnesium alloy to the rotational tool speed
and pin profile during FSP. Moreover, FSP was em-
ployed to improve the corrosion performance of the AZ
series of magnesium alloys. Liu et al. [23] reported that
the FSP can improve corrosion behavior of the AZ91
Mg alloy in 3.5 wt% NaCl aqueous solution, which is
attributed to the enhanced passivity of the corrosion
product film. According to the studies above, there are
some criteria for selecting the pass number of FSP such
as industrial limits, tool susceptibility and the quality
of samples surfaces.

To the best knowledge of the authors, the effect of
FSP pass numbers on the tribology behavior of AZ31
Mg alloy has not been dealt with in depth and needs
to be considered in future research. The objective of
this research is to investigate the effect of FSP pass
number on the microstructural evolution, microhard-
ness changes, and tribological properties i.e. wear and
friction of the AZ31 Mg alloy.

2. Materials and Method

2.1. Materials

In this study, hot-rolled AZ31 bars of 10 mm thickness
and 100x50mm? area, with the chemical analysis given
in Table 1, were used for the FSP experiments.

2.2. Sample Processing

As is shown in Fig. 1, the sample is stabled by some
fixtures. During FSP, sample movement and vibration
can deviate pin advancing from its original direction.
Using fixtures hinders any sample displacing. To fab-
ricate flawless samples by FSP, the process parameters
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must be optimized. The presence of defects limits sam-
ple performance. Thus, different rotational and tra-
verse tool velocities were tried. The optimum values
of the traverse and rotational speeds are suggested to
be 56mm/min and 1000rpm, respectively. Therefore,
all of the samples were friction stir processed with the
mentioned speeds and tool tilt angle of 2 degree clock-
wise. The tool used in the study was a threated cylin-
drical pin with a shoulder. The dimension and picture
of the tool are shown in Fig. 2.

Table 1

Chemical analyses of AZ31 bars.
Element Mg Al Zn Mn
Composition (wt. %) Bal. 3.2 0.93  0.56

NS

Fig. 1. Picture of the specimen fixtures and the FSP

machine used in this study.
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Fig. 2. Picture of the FSP tool with its dimensions
(in mm).
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2.3. Characterizations

To investigate the microstructure of the samples, met-
allographic practices, i.e. grinding, polishing and then
etching with etchant made of 4.2g picric acid, 10ml
acetic acid, 10ml distilled water and 70ml ethanol for
5 to 10 seconds were carried out [24]. The optical mi-
crostructures were captured using the Union optical
microscope from the cross-sections of the samples.

The microstructural characterization and elemen-
tal composition of the base metal and friction stirred
samples were analyzed using SEM (Jeol, 840JSM)
equipped with an energy dispersive spectrometer
(EDS) devices. Moreover, to determine the grain size
of the different samples, the microstructural image pro-
cessing (MIP) software version 4 was employed.

The microhardness measurements were done by the
Buhler’s equipment in the force of 100g for 15 seconds.
The microhardness profile was obtained from the sam-
ple cross-section.

In order to investigate the tribological behavior of
the specimens, a reciprocating wear machine was used.
The pin was made of AISI 52100 steel with the hard-
ness of 63HRC. The wear tests were carried out at the
room temperature (~25°C) and humidity range of 30
to 50pct in unlubricated conditions. The sliding veloc-
ity, distance, and the applied load were 0.1m/s, 500m
and 10N, respectively. These values were determined
from pre conducted loadability tests. Mass losses of
the specimens were measured at each 100m interval in
sliding distance using the Mettler Toledo ME204 dig-
ital weight indicator with an accuracy of 0.1mg. The
friction coefficients were continuously measured versus
sliding distance. In order to verify the results, the
friction-and-wear tests were determined by the average
of three measurements. The SEM analyses of the worn
surfaces were used to determine the wear mechanisms.

3. Results and Discussion

3.1. Parameter Optimizing

Several combinations of FSP parameters including tra-
verse speed and tool rotation were examined to select
the optimum condition. It is worth noting that the
values of the parameters for examining and selecting
the optimum conditions were chosen based on exper-
iments carried out on AZ31 Mg alloy [16, 17, 25-29];
Moreover, it is worth mentioning that by increasing
the traverse speed of the tool, the time length of the
process would be less. Consequently, the growth of the
grains is limited and the size of grains is lower [30].
Eventually, 1000rpm and 56mm/min were chosen as
the optimum values for suitable traverse speed and tool
rotation rate, respectively [31]. This combination con-
ducted fabricating samples without any defects such as
the tunnel, pinhole, piping, and wormhole with good

surface appearance (Fig. 3).

Fig. 3. a) Microstructure of FSPed AZ31 sample at
cross-section view, and b) Surface of the sample after
1 pass.

3.2. Microstructural Evaluations

Fig. 4 illustrates the optical microstructures of the stir
zone (SZ) of BM, 1-pass FSPed BM, and 4-pass FSPed
BM samples. The microstructure of as-received AZ31
magnesium alloy consists of equiaxed grain with large
and small sizes. Deformation twins were observed in
the microstructure. Furthermore, there is a chance for
the formation of the second phases and their distribu-
tion around the a-Mg grain boundaries [32].

In addition, SEM images taken from the SZ of the
samples are shown in Fig. 5. It is obviously observed
from Fig. 5 that by FSPing of the samples, the grain
size decreased. Increasing pass number of FSP cause
more reduction in grain size in 4-pass FSPed sample.
Additionally, deformation twins were removed from the
microstructure. During the FSP, the heat generated by
friction and severe plastic deformation are simultane-
ously inducted into the processed material. This leads
to the formation of dynamically recrystallized grains
[33]. The typical recrystallization temperatures for Mg
alloys were 0.5-0.7Tm. During FSP, the temperature of
Mg alloys could reach the temperature range. Under
the combined effect of high strain rate and elevated
temperature, complete dynamic recrystallization and
significant grain refinement were achieved in the FSPed
A7Z31 samples. As a result of that, the equiaxed grains
can be formed [17].

Grain sizes of the samples were estimated using
MIP software. These values are presented in Table
2. The values show that FSPing of the samples causes
about 50% decrease in the average grain size. The oc-
currence of the dynamic recrystallization due to the
continuous plastic deformation in the SZ is the reason
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for this decrease [34]. The average grain size of the as-
received AZ31 base metal reduced from about 11um to
about 4um after four passes of FSP.

50 um
[ ——)

(c)

Fig. 4. Optical microstructures of the a) AZ31 base
metal, b) 1-pass FSPed and c¢) 4-pass FSPed base
metal.

Table 2
Average grain size of the samples.
Sample Average grain size (ym)
BM 10.7 £ 2.1
1-PASS 5.3+0.7
4-PASS 3.7+0.5

3.3. Hardness

Table 3 presents the average hardness values and in-
dentation prints obtained from the surface of the sam-

ples. The average of at least three measurements was
reported as the surface hardness. The hardness of ma-
trix and composites was also calculated using Eq. (1)
[35]:

HV =40 + 72d~/?

Fig. 5. SEM images of the a) AZ31 base metal, b)
1-pass FSPed, and c¢) 4-pass FSPed base metal.

In Eq. (1) d is the average grain size of the samples
which was reported in Table 3. The cross-section mi-
crohardness profiles of the samples are shown in Fig. 6.
The microhardness of the BM was about 45-49 HV. Sig-
nificant improvements in the hardness were obtained as
a result of FSP. Microhardness of AZ31 base alloy en-
hanced around 40% after one-pass FSP. Based on the
Hall Petch equation, grain size refinement causes the
hardness increase due to grain boundary strengthen-
ing [36]. According to this, smaller grains have higher
microhardness values which match with the measured
hardness values of FSPed BM sample. A further signif-
icant improvement occurred after four passes of FSP.
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Table 3
The comparison between measured and calculated (Eq. (1)) microhardness of the samples with their indenter prints.
Sample  Measured microhardness (HV) Calculated microhardness (HV) Indenter prints
BM 48.6+1.4 61.9
1-Pass 59.5+ 1.5 71.2
4-Pass 85 +2 77.5
20 . - by increasing passes of FSP, the wear rate reduced. Re-
85 1 / —a—a—" TETRASS garding the measured wear rates, the minimum wear
S 80 o THTA-PASS rate belongs to the 4-pass FSPed sample.
E’ 75 S LN As explained in the previous section, the increase
g 70 | 2 L in hardness values was attributed to the grain refine-
E / e \ ment occurred in the stir zone of FSPed samples. This
s 651 [ ‘_./0/. \ n directly affected on wear behaviors of Mg alloys with
é 60 1 o—* ° ° a major alloying element of Al, and as seen in the Fig.
55 | o/ \. 7, decreases the wear rate [26, 37-39]. Based on Ar-
50 | L LA chard’s equation, the wear rate relates inversely with
3 ~®  hardness [40]:
59 *—e
40 4 . . . . . . . | K.F.D
4 3 2 -1 0 1 2 3 4 Q= H (2)

Distance from center (mm)
Fig. 6. Microhardness profile taken from cross-section
of the samples.

3.4. Wear Behavior
3.4.1. Wear Rate

Fig. 7 indicates the wear rate i.e., cumulative mass
lost divided on sliding distance of the BM, 1-pass and
4-pass FSPed BM samples as a function of sliding dis-
tance at a sliding speed of 0.1m/s under normal force of
10N. Obviously, the wear rate of the AZ31 base metal
is higher than other samples. By applying the FSP, the
wear rate of the samples decreased slightly. Moreover,

where @ is the worn volume per sliding distance, K
is the wear coefficient, D is the sliding distance, F' is
the applied load, and H is the hardness of the worn
surface. The measured wear rates and microhardness
of the samples follow this equation. The major factors
that contributed to the reduced wear rates for 4-pass
NC sample could be attributed to the microstructural
refinement which led into higher hardness, more work
hardening capability, and enhanced ductility [29, 33].

3.4.2. Friction

Fig. 8 indicate the variations of the friction coefficient
(FC) versus the sliding distance in the applied load of
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10N for the BM,1-pass and 4-pass FSPed BM samples.
Moreover, average FC values for each sample were cal-
culated. The base metal had the maximum FC average
value (0.50), and the lowest values were obtained for
4-pass FSPed specimens, (0.27). Researchers [42] sug-
gested that the coeflicient of friction is related to the
lubricant role of debris, the contact state, and area.
Samples with higher hardness, have a lesser friction co-
efficient due to the fact that the harder surface usually
involves a smaller contact area at a constant applied
load [43].

35

Wear rate x 10° (mg/m)

100 200 300
Sliding distance (m)

400

500

Fig. 7. Wear rate of the samples against sliding dis-
tance.

Researchers introduced friction as the force needed
to overcome and break the bonding occurring due to
local joining and adhesion in asperities at contact in-
terfaces [44]. The FC of the samples reaches a steady
state after a short running period due to the removal
of adsorbed surface impurities [45]. Regarding Fig. 8,
it can be seen that increasing sliding distance, the FC
values of the BM, 1-pass and 4-pass FSPed BM sam-
ples become higher and also FC variation range of them
become more extensive. Literature shows the increase
in FC with the sliding distance is because of work-
hardening phenomenon and accumulating of hard wear
debris particles in the transfer layer [37, 46]. However,
Mathis et al. [47] reported that in the case of AZ91D
Mg alloy, the work-hardening phenomenon does not
occur during friction and wear test. Thus, it seems
this improvement is related to the formation and pres-
ence of hard debris. Besides, as reported by Mazaheri
et al. [41] and Abbasi et al. [38], the high FC of BM at
longer sliding distances is attributed to local welding of
the worn debris to the sample surface which indicates
domination of adhesive wear mechanism.

It can be seen that by increasing FSP pass num-
ber, the average friction coeflicient becomes lower and
its scattering reduces. In fact, a more homogenous mi-
crostructure was obtained in the 4-pass FSPed sample.
Homogeneity of the alloy removes the large variation
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in friction coefficient.
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Fig. 8. The variations of friction coefficient as a func-
tion of sliding distance for the samples.

3.4.3. Wear Mechanism

Typically, several mechanisms play role in wearing a
sample. In order to deduce the mechanisms involved
in wear process of the samples, the worn surfaces of the
counterface were investigated by SEM. Studies showed
that in the wear regime map of the AZ31 Mg alloy abra-
sion and delamination wear mechanism are the typical
mechanism at low sliding velocities and normal loads
[48, 49]. Fig. 9 displays SEM micrograph of worn sur-
faces of the BM, 1-pass and 4-pass FSPed samples, the
worn surface consists of delamination, micro-cutting,
plowing, and grooves features. During reciprocating
sliding of wear test, the repeated motion of the debris
can generate subsurface cracks which initiate fatigue
wear. Afterwhile, these cracks reach the surface and
remove the metal in the form of laminates or sheet-
like flakes debris and leave craters on the worn surface.
This phenomenon is commonly known as delamination
[29, 49].

The abrasive wear features such as micro-cutting,
plowing, and grooves running parallel to the sliding
direction are noticeable on the surfaces of FSPed BM,
1-pass, and 4-pass samples. Hard asperities on the steel
counterface or hard fragments between the pin and sur-
face cause wear by the removal of material from the
substrate [50, 51].
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By increasing the FSP pass number, the extent of
these features was diminished. It should be noted that
the 4-pass FSPed sample shows a better condition. In
this case, delamination of the 4-pass sample is limited.
The 4-pass FSPed sample has the lowest grain size,
highest microhardness, and has seen the lowest wear
rate among all. In fact, as mentioned above, the dom-
inant wear mechanism for the FSPed BM, 1-pass and
4-pass samples is abrasive, and hardness plays an im-
portant role in abrasive wear. As shown, the 4-pass

I mm

1 mm

sample had the highest hardness and lowest wear rate,
which supported this idea.

Moreover, the SEM images of debris resulted from
wearing of the samples after 500m are shown in Fig.
10. The platelike wear debris, as shown in Fig. 10a
can indicate the delamination of the worn surfaces in
the BM sample. From Fig. 10b, it is obvious that the
size of these plate-like wear debris was reduced which
indicated that delamination or abrasion occurred less
intensively in the harder samples (FSPed samples).

Fig. 9. SEM micrographs on worn surfaces of a) BM, b) 1-pass FSPed BM, c¢) 4-pass FSPed BM samples at

different magnifications.

100 pm

lle
Fig. 10. SEM images of the debris resulting from wearing of the samples after 500m dry sliding wear test.
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4. Conclusions

In this study, FSP was employed to treat the surface
of AZ31 magnesium alloy in one- and four-pass cases.
Examining of the microstructure and tribological be-
havior of the samples brings below conclusions:

1. Microstructural investigations indicated that
FSP leads to significant grain refinement. By
increasing pass number this refinement intensi-
fies in such a way that after four passes of FSP,
the average grain size of the sample decreased to
about 4pm.

2. Microhardness measurements demonstrate 1-
pass FSP causes little improvement in hardness;
although by increasing the FSP pass number,
hardness values of the sample increased signifi-
cantly.

3. The wear rate of the four passes FSPed sample
was minimum among the other samples which
indicate improvement in the wear performance
of the AZ31 base metal and 1-pass FSPed base
metal.

4. The average friction coeflicient was reduced from
0.5 for base metal to 0.27 for the 4-pass FSPed
base metal.

5. SEM observation revealed that the abrasive wear
mechanism occurred in the samples; however, the
delamination of the surface was observed in the
case of AZ31 base metal.
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