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Abstract

The microstructures and wear property of friction stir welded AZ91 Mg alloy/SiC particle reinforced composite (AZ91/SiC/10p) were
investigated. The initial microstructures of the AZ91/SiC/10p were composed of irregularly distributed b-phases (Al12Mg17) and agglom-
erated SiC particles, while the friction stir weld zone was characterized by the homogeneous distribution of SiC particles, the recrystal-
lized grain structure and the dissolution of b-phase. Thank to the microstructural modification, an improvement in the hardness and
wear property of the weld zone were observed as compared to those of the base metal. The hardness near the weld zone was a higher
and more homogeneously distributed and the wear resistance within the weld zone, as evaluated by the specific wear loss, was superior, as
compared with the base metal.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Mg alloys, owing to their low density and high stiffness-
to-weight ratio, are gaining increasing importance as a
structural material for applications in which weight reduc-
tion is critical. However, Mg alloys have not traditionally
been used for high performance applications due to their
low mechanical properties at room and elevated tempera-
tures. Therefore, particles reinforced Mg-based MMCs
have been fabricated by various methods, in an attempt to
obtain suitable lightweight materials with better mechanical
properties [1–6].

When these composites are practically utilized as the
structural components, they often need to be joined to
other components made of similar composite or other
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metallic materials. Therefore, the development of reliable
and economic joining techniques is of significant impor-
tance in order to assure the successful commercialization
of these composites. However, the joining of these compos-
ites by conventional fusion welding represents a significant
challenge due to the segregation and/or reaction of the
reinforcement particles in the fusion zone [7]. The problems
encountered during the fusion welding of discontinuously
reinforced Al metal matrix composites (MMC) are difficult
mixing with the filler materials, the microsegregation or
inhomogeneous distribution of the particles and the SiC
dissolution resulting in the formation of a large amount
of coarse carbide during the melting stage [8–12]. Since
the friction stir welding (FSW) process does not fuse the
reinforcement particles and matrix materials, these prob-
lems can be avoided.

For the FSW of similar Al based MMCs [13–15], the
wear of the rotating tool during the FSW and the distribu-
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tion of the reinforcement particles in the weld zone have
been extensively studied. In the case of FSW between the
Al base MMC and the monolithic alloy [16], the micro-
structures of the weld zone were affected by the locations
relative to the tool rotating directions and characterized
by the eutectic melting, the formation of strings and the
fragmentation of the particles. The FSW of Al–Si eutectic
alloy resulted in the creation of homogeneously distributed
Si particles and an Al matrix with fine recrystallized grain
structures in the weld zone [17].

The modified FSW process, namely the friction stir pro-
cessing (FSP), is increasingly used as a surface modification
method, which produce a more homogeneous microstruc-
ture and higher mechanical properties [18], and as a grain
size refinement technique which leads to superplasticity at
high temperature and strain rate in the stirred zone [19].
The FSP is expected to be efficient for the structural mate-
rials having a non-homogeneous microstructure and to
confer special mechanical properties, especially higher wear
resistance, on the stirred surfaces.

In this study, we investigated the microstructures near
the FSW zone of AZ91/SiC/10p and considered the effect
of the microstructural issues on the hardness distribution
and wear properties. Based on the wear resistance, we indi-
rectly evaluated the applicability of the FSP to the surface
modification of the AZ91/SiC/10p.

2. Experimental procedure

The material used in this study was 10 vol.% SiC particles
reinforced AZ91 Mg alloy, which was fabricated by the
Rotation-Cylinder Method (RCM), for which the details
of the manufacturing process are available in the literature
[20]. For the FSW process, the block shaped specimens were
sliced by electro discharge machining (EDM). The dimen-
sions of the specimens were 70 · 70 · 4 (mm). Fig. 1 shows
the upper surfaces after FSW of AZ91/SiC/10p with differ-
ent tool rotation and welding speeds. The welding condition
which was a rotation speed of 1250 rpm and a welding speed
of 32 mm/min only allowed a smoother upper-surface with-
out surface defect to be generated and was decided to opti-
mum condition in the present study. The tilted angle was 3�.
Fig. 1. Upper surface of FSW zone of AZ91/SiCp composite with
different FSW conditions: (a) 1250 rpm and 32 mm/min, (b) 2500 rpm and
41 mm/min, (c) 1250 rpm and 41 mm/min and (d) 1250 rpm and 22 mm/
min.
The welding tool was rotated in the clock-wise direction,
while the specimen, which was attached to the backing plate,
was moved. The tool material was SKD 11 (JIS) tool steel
with following composition: 1.5%C, 0.4%Si, 0.6%Mn,
0.5%Ni, 12%Cr, 1%Mo, balanced Fe.

The microstructures near the weld zone were examined
using optical microscopy (OM) and scanning electron
microscopy (SEM). The material was prepared by standard
metallographic techniques and etched with a solution
which was composed of ethyl alcohol, distilled water, acetic
acid and picric acid for 30 s. The phase analysis of the BM
and weld zone was carried out with energy dispersive X-ray
spectrometer (EDS) and electron probe micro analyzer
(EPMA).

The Vickers hardness profile near the weld zone was
measured on a cross section perpendicular to the welding
direction while applying a 200 g load for 10 s.

The Oghoshi wear testing for the AZ91, AZ91/SiC/10p
and the FSW zone of the AZ91/SiC/10p were performed
under wet sliding conditions for 1000 s against a rotating
austenite cast iron disc (hardness 200 Hv) with a constant
load (50 N) and sliding velocity (1 m/s) and dilute water
was used as the lubricant. Prior to testing, both the disc
and the specimen were ground using 1000 grit SiC paper,
and then cleaned in acetone. The measured wear resistance
was expressed as the specific wear loss W, according to the
following equation:

W ¼ Bb3=8rPl;

where B is the thickness of the rotor (3.2 mm), r is the ra-
dius of the rotor (20 mm), b is the length of the wear trace,
P is the applied load (50 N) and l is the sliding distance
(103 mm).

3. Results and discussion

Fig. 2 shows the SEM microstructures and EDS phase
analysis of the initial AZ91/SiC/10p (Base Metal, BM).
The initial AZ91/SiC/10p is composed of four different
phases, such as the primary a-Mg phase, the eutectic a-
Mg phase with a higher Al content, the eutectic b-phase
(Al12Mg17) containing 62.32 at% of Mg and 35.04 at% of
Al and the SiC particles. The SiC particles are inhomoge-
neously distributed in the a-Mg matrix, as shown in
Fig. 2(c). The size of the SiC particles is approximately
6.5 lm and their shape is polygonal.

Fig. 3 shows the macroimage of the weld zone (a), along
with the optical microstructures of the BM (b–d) and each
weld zone (e–g). A representative microstructure of the BM
is shown in Fig. 3(b), while the segregation of the SiC par-
ticles is partially observed, with the existence of a poor-SiC
region (c) and a rich-SiC region (d). The microstructure of
the BM consists of the darker-colored portion of the SiC
phase, the gray-colored portion of the primary a-Mg phase
and the lighter-colored portion of the eutectic phase.
Fig. 3(e)–(g) represents the heat affected zone (HAZ), the
thermo-mechanical affected zone (TMAZ) and the stir zone



Fig. 2. SEM microstructures and EDS phase analysis of the BM: (a) BM, (b) eutectic a-Mg and b (Al12Mg17) and (c) SiCp.

Fig. 3. Macroimage of the weld zone (a); related optical microstructures indicated in the macroimage: (b)–(d) BM; (e) HAZ; (f) TMAZ and (g) SZ.
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(SZ), respectively. Region (e) has a similar microstruc-
ture to the BM, while showing a slightly lower fraction of
the b-phase. The transition region between the SZ and the
HAZ are observed in the TMAZ (f). The particles in the
TMAZ are continuously aligned in a vertical direction
and finely equiaxed grains are observed. Region (g) is char-
acterized by the presence of a recrystallized grain structure
and homogeneously distributed particles. The recrystal-
lized grains were equiaxed and have a similar size distribu-
tion. Grain structures in the SZ and the TMAZ had fine
and equiaxed grains due to the recrystallization, while par-
ticles distributions were different because they received a
different stirring action. In the case of FSW of Al alloy
[21], grain structures in the TMAZ and the SZ were quite
different and represented dynamic recovered and recrystal-
lized structure, respectively because high stacking fault
energy of Al alloy resulted in the retaining of recovered
structure in TMAZ. Mg alloy having hexagonal close
packed (HCP) structure can be more easily recrystallized
even at the TMAZ, consequently, FSW of Mg alloy
resulted in the same recrystallized grain structure in the
TMAZ and the SZ [22].
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Fig. 4 shows the SEM microstructures of the BM (a), the
HAZ (b), the TMAZ (c) and the SZ (d), which represent
more detail distribution of the particles. Both the BM and
the HAZ retained the eutectic structure and locally agglom-
erated SiC particles were observed on the whole regions. In
the TMAZ, original structure was disrupted and the band
structures that were composed of layers with higher and
lower density of particles in turn were aligned with special
direction. The region adjacent to the HAZ still had eutectic
structure, while eutectic structure disappeared in the region
next to the SZ. In the SZ, the eutectic structure almost dis-
appeared and particles were homogeneously distributed. In
the TMAZ and SZ, the shape of particles was changed and
very smaller particles with lighter-color were observed.
Fig. 4. SEM microstructures of BM (a

Fig. 5. SEM microstructures and EDS phase analysis of the SZ: (a) overall SZ
In particular, with regard to the behavior of the b-
phases, the TMAZ were characterized by a lower fraction
of b-phase, while the SZ was characterized by the disap-
pearance of the b-phases, due to the dissolution into the
matrix. Each weld zone experienced a different temperature
and, consequently, a temperature gradient must have
existed through the weld zone. The lower fraction of the
b phase in the HAZ and the TMAZ may be due to the
ongoing process of dissolution, while the complete dissolu-
tion of the b-phases in the SZ was probably observed
because the temperature of the SZ exceeded the dissolution
temperature of the b-phase in the Mg matrix.

Fig. 5 shows the SEM (BSE, Back Scattered Electron)
microstructures and EDS analysis of the SZ. The particles
), HAZ (b), TMAZ (c) and SZ (d).

; (b) phase indicated by circle in (a) and (c) EDS phase analysis of phase b.



Fig. 6. EMPA line profile of the interface between SiC particle and
matrix.
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presented in the SZ are divided into two types, the darker-
colored particles with a diameter of approximately 6 lm
and the lighter-colored particles with a diameter of about
1.68 lm. The darker-colored particles were identified as
the SiC particles. The phase of the lighter-colored particles
cannot be exactly identified by the EDS, because they are
composed of many elements, such as Fe, Mg, Al, C, Mn,
Cr, Si and O. In particular, the elements, Fe, Cr, Mn and
C, might have come from the welding tool. The shape of
the SiC particles in the BM was polygonal, while the shape
of the SiC particles observed in the SZ had a slightly
rounded shape, possibly because the tool stirring had worn
the edge of the polygonal SiC particles away. The detection
of the elements, Fe, C, Mn, and Cr, in the lighter-colored
particles provides evidence of tool wear [13–15].

Fig. 6 shows the EPMA line profile of the interface
between dark-colored particles and matrix in the SZ in
order to observe microcracks and reaction products. From
the Fig. 5, microcracks were observed around the lighter-
colored particles. However, microcracks were not detected
at the interface between dark-colored particles and matrix
judging from the compositional continuity at the interface.
The reaction products were not produced at the interface.
The FSW of AZ91/SiC/10p can overcome the problem
related to the formation of brittle product that brings
about serious problem when the fusion welding was
applied to join the MMC.

Fig. 7 shows the variation of the SiC particles size with
each weld zone and the recrystallized grain size in the
TMAZ and the SZ. The average sizes of SiC particles in
the BM and the HAZ were approximately 7.5 and 7.3 lm
respectively, and were bigger than those of the TMAZ
and the SZ. The average sizes of SiC particles in the SZ
and the TMAZ were 5.5 and 5.0 lm respectively, and the
lighter-colored small particles were only observed in the
SZ and the TMAZ. From the standard deviation factor,
the distribution of SiC particles in the weld zone was more
homogeneous than those of the BM and the HAZ. Locally
agglomerated SiC particles with different size and shape
were changed into the homogeneously distributed SiC par-
ticles with similar size and shape in the TMAZ and the SZ
due to tool’s stirring action. Recrystallized grains observed
Fig. 7. Variation of the SiC particle (a) and recrys
in the TMAZ were slightly bigger than those of the SZ,
while the size difference of the grains slightly increased.
These results mean that recrystallized grains in the SZ
showed more homogeneous distribution.
tallized grain size (b) with different weld zone.
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Fig. 8 shows the hardness distribution near the weld
zone measured along with several lines. The transverse
hardness distribution (a) was higher hardness in the weld
zone than in the BM. The BM shows a non-uniform hard-
ness distribution, ranging from 60 to 80 HV, because the
BM is the cast structure consisting of non-homogeneously
distributed SiC particles and b intermetallic phases. How-
Fig. 8. Hardness distribution near the weld zone: (a) transverse hardness

Fig. 9. SEM microstructural variation of the each SZ: (a) central SZ, (b) uppe
ever, the weld zone shows a higher average hardness of
95HV and only a small fluctuation in the hardness, because
the weld zone including the SZ and the TMAZ had a fine
recrystallized grain structure and contained homoge-
neously distributed SiC particles and finely dispersed
lighter-colored particles (phase containing Fe, Mg, Al, C,
Mn, Cr, Si and O). Within the SZ (b), the hardness of
distribution and (b) hardness distribution in SZ from point E to G.

r SZ, (c) lower SZ and table listing sizes of grains and particles (unit: lm).



Fig. 10. Variation of the specific wear loss and the worn surfaces for the
AZ91 (a), the AZ91/SiCp composite (b) and the FSW zone of the AZ91/
SiCp composite.
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the lower SZ (E) is different from that of the upper SZ (G).
The upper SZ has a slightly lower hardness than those of
the lower and central SZ. The microstructural characteris-
tics, such as the size of the grains, SiC and lighter-colored
particles, which can affect the mechanical properties, are
listed in Fig. 9. The sizes of the particles (SiC and lighter-
colored phase) are not remarkably different, while the
mean recrystallized grain size of the upper SZ is quite dif-
ferent from that of the central and lower SZ. Although
other factors, such as the grain texture, the grain boundary
orientation and the dislocation density, might affect the
hardness distribution, the presence of coarsened recrystal-
lized grains was mainly attributed to the lower hardness
of the upper SZ. Each region of the SZ was subjected to
different a thermomechanical effects, due to the shape of
the welding tool. In particular, the upper SZ was in direct
contact with the shoulder of the rotating welding tool, due
to the tilting of the welding tool. Therefore, this region
might have attained a higher temperature than those of
the central and lower SZ and this higher temperature
would have accelerated the grain growth after the FSW
in the upper SZ.

Fig. 10 shows the specific wear loss (mm2/Nm) values
and the worn surfaces of the AZ91 (a), the AZ91/SiC/
10p (b) and the FSW zone of the AZ91/SiC/10p (c). The
specific wear loss values are approximately 5.5 (a), 2.1 (b)
and 1.6 mm2/Nm (c), respectively. These results mean that
the wear resistance was remarkably improved by the addi-
tion of the SiC particles to the AZ91 Mg alloys and the fric-
tion stirring also helped to improve the wear properties in
the stirred zone of the AZ91/SiC/10p.

Fig. 11 shows the SEM micrographs of the worn sur-
faces of the AZ91 (a), the AZ91/SiC/10p (b) and the
FSW zone of the AZ91/SiC/10p (c). In the case of the
Fig. 11. SEM micrographs of the worn surface for the AZ91 (a), the AZ91
AZ91 (a), the worn surface was composed of the Mg
matrix and the Al12Mg17 intermetallic compound, and,
the straight wear traces were observed over the whole the
Mg matrix and intermetallic part. The existence of the
straight wear traces in the Al12Mg17 intermetallic com-
pound means that these brittle and coarse Al12Mg17 inter-
metallic compounds did not effectively act as an obstacle to
the wear by the sliding count part materials. In the case of
the AZ91/SiC/10p (b), the worn surface was composed of
the Mg matrix, the Al12Mg17 and the partially segregated
SiC particles, and the wear traces still remained straight,
although, non-straight wear traces were also observed in
localized regions. The distances between each wear traces
became wider. The existence of non-straight wear trace
and wider distance between each wear traces mean that
/SiCp composite (b) and the FSW zone of the AZ91/SiCp composite.
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distributed SiC particles acted as a barrier to the wear. In
the worn surface of the FSW zone of AZ91/SiC/10p (c),
the distance between the wear traces was wider and the
wear traces were bent and their paths unclear. The equi-
axed grains and homogeneously distributed SiC particles
located in the equiaxed grain boundaries positively affected
the wear resistance. The friction stirring effects on the weld
zone of the AZ91/SiC/10p led to the development of
homogeneous microstructures and higher mechanical
properties such as improved hardness and wear resistance.
Based on the above results, it can be concluded that the
FSP can be used to modify the surface properties of the
materials having poorly homogeneous microstructures.
Result about FSP of AZ91/SiC/10p as surface modifica-
tion method will be followed in the future paper.
4. Summary

The FSW of AZ91/SiC/10p resulted in the production
of homogeneously distributed SiC particles, the dissolution
of the b-phase, the formation of lighter-colored phases con-
taining elements from the welding tool and a finely recrys-
tallized grain structure in the weld zone. The formation of
phases containing elements originating from the welding
tool provides evidence of the abrasion of the welding tool
during the friction stir welding. The hardness of the weld
zone was homogeneous and showed higher values than that
of the BM and the wear property was also improved in the
weld zone.
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