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Abstract. The aim of this paper is to fabricate AZ31/Al2O3 nanocomposites by friction stir process-
ing (FSP). Due to severe plastic deformation, dynamic recrystallization, and grain growth retarda-
tion by nanoparticles during the FSP processing, ultrafine grained microstructures with homoge-
neous distribution of the nanoparticles were produced. With increasing rotational speed, as a
result of the increased plastic deformation and heat generation, increased grain size of the
matrix, and simultaneously shattering effect of rotation cause a uniform nanoparticle distribution.
By the large plastic deformation, texture of the matrix evolved and especially the (0002) basal
plane was developed.

1. INTRODUCTION

In recent years, bulk ultrafine grained (UFG) metal-
lic materials [1-3] have been produced by imposing
severe plastic deformation (SPD) [4-6]. It has been
generally accepted that materials with UFG micro-
structures show outstanding mechanical properties
at ambient temperatures, e.g. high strength, high
fatigue strength, good ductility, and high corrosion
resistance as well as high strain rate superplastic-
ity at elevated temperatures.

Friction stir welding (FSW), initially developed
by The Welding Institute (TWI) [7-12], is widely used
in welding of magnesium and aluminum alloys. With-
out being limited to a welding purpose, friction stir
processing (FSP), as a new route of SPD modified
from FSW, has found various industrial applications,
such as grain refinement of wrought and casting
parts [13,14], improvement in low temperature and
high speed superplasticity [15], formation of inter-
metallics [16], and composite fabrications [17]. FSP

offers a low energy consumption route to introduce
reinforcing phases into the metal matrix and to form
bulk composites. Grain refinement is also enhanced
via dynamic recrystallization and grain boundary
pinning during FSP [18]. In recent years, many re-
searchers carried out surface composite fabrications
using FSP. For example, Mishra et al. [19] fabri-
cated 5083Al based SiCp reinforced composite sur-
face. Morisada et al. [20] produced fullerene/A5083
surface composites using FSP.

The aims of this research were to fabricate of
AZ31/Al2O3 nanocomposites by FSP. We investi-
gated the effects of the rotational speed and the
number of FSP passes on particle distribution, grain
refinement, hardness, texture, and temperature
changes in matrix during the FSP processing.

2. EXPERIMENTAL PROCEDURE

AZ31 magnesium alloys are the most common
wrought magnesium alloy showing reasonably high
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Fig. 1. FSP tool shape.

Fig. 2. Schematic illustrations of the friction stir process in fabricating the AZ31/nanoparticles composites:
(a) cutting groove and inserting nanoparticles, and (b) conducting multiple FSP to fabricate composites.

formability and good mechanical properties [21-25].
In this study, the AZ31 billets with a chemical com-
position of Mg-3.5wt.%Al-0.86wt.%Zn-0.56 wt.%Mn
and Al2O3 particles with mean grain diameters of 35
nm were used. The billets had a nearly equiaxed
grains with a size of approximately 70 m. It was
cut in a rectangular shape with 60 mm in width, 100
mm in length, and 10 mm in thickness. The Al2O3

powder was fed into a groove of a width and depth of
1.2 mm and 5 mm, respectively, which was located
on the AZ31 plate before FSP.

A schematic of the FSP tool profile is shown in
Fig. 1. The tool was machined from H13, and heat-
treated to have 53 HRC hardness. It consisted of a
shoulder with a diameter of 18 mm and a probe with
a diameter of 6 mm and a length of 5.7 mm. The
threaded probe has a 1 mm pitch. The groove was
aligned with the centerline of the rotating probe. In
the beginning of the FSP, the groove was covered
with a modified FSP tool that only had a shoulder
and no probe to prevent the Al2O3 nanoparticles from
being displaced out of the groove. Then, the tool

was inserted into the groove and composite fabrica-
tion has been processed, as shown in Fig. 2.

A constant travel speed of 45 mm/min was
adopted. Then, tool rotational speeds of 800, 1000,
and 1200 rpm (revolution per minute) were applied.
A t]]l tilt angle ]f 2° was applied. The FSP was
performed 2-4 times (denoted as 2P to 4P). The
advancing direction for the subsequent pass was
the opposite direction to the previous pass, i.e. pro-
ceeding forward and then backward. The working
temperature in the stir zone was measured by the
K-type thermocouple that was immersed in the stir
region. In this way, temperature history during FSP
is continuously recorded.

The transverse section of the samples was
mounted and mechanically polished, in order to
examine the microstructural evolutions. The distri-
bution of the Al2O3 particles and the grain size of
the etched sample were evaluated by optical mi-
croscopy (OM) and field emission scanning elec-
tron microscopy (FE-SEM). The microhardness was
measured using a Micro-Vickers hardness tester
with a load of 200 gf. The texture was examined
using X-ray diffraction (XRD) with Co-K  radiation.
The X-ray beam was aligned to the sample cross-
sectional plane of the FSP specimen.

3. RESULTS AND DISCUSSION

Fig. 3 shows the average grain and nanoparticle
agglomeration sizes in the sample obtained from
the stir zone of specimens. As shown in the figure,
with increase of rotational speed, the average grain
size of the composite increases due to higher heat
generation. Fig. 4 shows the SEM images of the
samples, where particle distributions are visible. As
can be seen, with increasing the number of the FSP
passes, the nanoparticle agglomeration size reduced
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Fig. 3. Effect of pin rotation speed on grain and
nanoparticles agglomeration size of composites.

Fig.4. SEM micrographs showing the particle dispersion: (a) 800 rpm-2P; (b) 800 rpm-3P; (c) 800 rpm-4P;
(d) 1000 rpm-2P; (e) 1000 rpm-3P; (f) 1000 rpm-4P; (g) 1200 rpm-2P; (h) 1200 rpm-3P; (i) 1200 rpm-4P.

and the reinforcement distribution is improved.
Breaking the onion ring shaped agglomeration formed
at the previous FSP pass and further separation of
the nanoparticle agglomeration resulted in improved
nanoparticle distributions. As rotational speed in-
creased, the nanoparticle agglomeration size of alu-
mina nanoparticles decreased due to increase in
material flow in the stir zone.

Probe rotation affects the FSP processed mi-
crostructures by the two aspects: i) shattering or
fragmentation of matrix grains and alumina particles,
and ii) grain growth by deformation heat generation.
In this experiment, a highest rotational speed of 1200
rpm revealed microstructure with the largest grains
size by grain growth and smallest nanoparticle ag-
glomeration size by shattering. As can be seen in
Fig. 5, the peak temperature of samples is around
the 400-500 °C and the peak temperature increases
as the rotation speed increases. Because of the
combined effect during FSP, even the finely-distrib-
uted reinforcement cannot effectively retard the grain
growth.

As it is seen in Table1, the hardness of all
samples increased with the number of FSP passes.
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Fig. 5. Temperature changes during FSP.

Fig. 6. (a) Simulated X-ray diffraction pattern for the
completely random Mg using the Co-K  radiation,
and (b) X-ray diffraction patterns for composites af-
ter various FSP rotation speeds.

Rotation speed      1200 rpm      1000 rpm 800 rpm

   Number of FSP passes 4P 3P 2P 4P 3P 2P 4P 3P 2P
 Composite hardness (Hv) 86 86 78 91 88 82 92 91 83

Table 1. Hardness of composites fabricated by FSP.

Although the rotational speed of 800 rpm was too
slow to render enough heat generation and plastic
deformation to produce a sufficient dispersion of
nanoparticles in the AZ31 matrix, the 800 rpm pro-
cessed samples have the highest hardness value
(~ 92 HV) due to low heat generation and hence low
grain growth. It should be stressed that the maxi-
mum hardness of 92 HV is almost twice of as-re-
ceived materials. On the other hand, in 1200 rpm
processed samples, grain growth due to high heat
generation was the main reason for the lowest hard-
ness compared to the others.

The XRD patterns for the transverse cross-sec-
tional plane of the FSP processed composites are
presented in Fig. 6. For complete randomly oriented
Mg powders, the (1011) peak intensity should be
double that of the (1010) and (0002) peaks. How-
ever, the (0002) peak became stronger than the
(1011) peak in the FSP composites. This implies
that the (0002) basal planes tend to lie on the trans-
verse plane of the FSP processed specimen (or
perpendicular to the pin travel direction). There ap-
pears to be a shear stress surrounding the rotating
pin during FSP to induce the easiest slip planes of
Mg crystal, i.e. (0002) planes, to align with the shear
stress. Also, as can be seen in Fig. 6, with increas-
ing the rotation speed, (0002) peak becomes stron-
ger. Increasing the rotation speed tends to increase
shear stress and also, simultaneously by the in-
creased temperature, grain boundary sliding occurs,

which helps the grains to be oriented along the
(0002) basal planes.

4. CONCLUSIONS

In this study, the effect of the rotation speed on the
microstructures and hardness of the AZ31/Al2O3 was
investigated. The AZ31Mg-based nanocomposites
with nano-Al2O3 particles were successfully fabri-
cated by FSP with the threaded probe tool. The Al2O3

particles distribution was improved with the number
of FSP passes. Also, particles distribution was en-
hanced with increasing the rotation speed. Under
higher rotation speed, in spite of finer nanoparticle
agglomeration, more grain growth occurred due to
higher heat generation, where particles could not
effectively retard the motion of grain boundary.
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