Effect of Dispersed Intermetallic Particles on Microstructural
Evolution in the Friction Stir Weld of a Fine-Grained
Magnesium Alloy
JINSUN LIAO, NAOTSUGU YAMAMOTO, and KAZUHIRO NAKATA
A ﬁne-grained Mg alloy with copious dispersed Al6Mn particles was friction stir (FS) welded,
and microstructures at the stir zones (SZs) were investigated intensively and compared to those
in a coarse-grained Mg alloy, which had identical chemical compositions with the ﬁne-grained
one but much less Al6Mn particles. It is found that the grain size at the SZs is a little coarser
than that of the base material in the ﬁne-grained alloy, while it becomes much ﬁner in the
coarse-grained one. Under the same welding conditions, however, the grain size at the SZs in the
ﬁne-grained alloy is much smaller than that in the coarse-grained one. These experimental
results are explained in terms of a grain growth mechanism proposed in the present study.
Transmission electron microscopy (TEM) examination shows that the dispersed Al6Mn particles can suppress grain growth via Zener pinning, and consequently result in smaller grains at
the SZs in the ﬁne-grained alloy.
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I.

INTRODUCTION

WITH the increase in the need to reduce fuel
consumption and thus carbon dioxide emission, lightweighting of vehicles is becoming more and more urgent
for automotive industries.[1] Magnesium alloy, the
lightest structural metal, is a promising material for
reducing the weight of automobiles; however, its automotive application is limited to a single-component level
mainly due to its low strength and poor formability.[2] It
is therefore important to improve the strength of
magnesium alloys in order to broaden their application
in the automotive ﬁeld as well as other industries.
Grain reﬁnement is an eﬀective method to increase the
strength of metals. Some severe plastic deformation
processes, such as equal-channel angular pressing
(ECAP),[3,4] accumulative roll bonding (ARB),[5–7] and
the roll compaction process (RCP),[8,9] have been
developed and applied to steels, aluminum alloys, and
magnesium alloys to reﬁne their grain sizes. By employing the roll compaction process, bulky magnesium alloys
with ﬁne-grained microstructures have been manufactured, and their strengths have been remarkably
increased.[9]
In order to apply magnesium alloys to structures, on
the other hand, welding or joining technology is
indispensable. Friction stir (FS) welding, a solid-state
joining process, has attracted great interest from
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scientists and engineers, and FS welding of aluminum
and magnesium alloys has been intensively investigated.[10–24] It has been demonstrated that very ﬁne
grains of 1 to 10 lm are created in the center of FS
welds, because of the extraordinary level of plastic
deformation or strain rate induced by a rotating tool,
reaching an eﬀective strain in excess of 40.[25] The ﬁnegrained microstructures in FS welds are formed due to
dynamic recrystallization[12,25] and can be generally
interpreted using the Zener–Hollomon parameter.[25–27]
Recently, a continuous recrystallization mechanism has
been proposed to explain the recrystallized ﬁne-grained
microstructures in FS welds.[11,28] Since the structures in
FS welds are usually ﬁner than those of base materials
for most commercial metals or alloys, the mechanical
performance in FS welds is enhanced in many cases.
Indeed, FS processing, a new surface modiﬁcation
technology evolved from FS welding, has been developed to improve mechanical properties on the surface of
metals.[29]
Concerning the factors controlling microstructures in
FS welds, it has been shown that the grain size in FS
welds of aluminum alloys is principally decided by
welding parameters, and the eﬀect of original grain
structures can be ignored.[30–32] A recent study on AZ31
magnesium alloy has also proven that the initial grain
size has little inﬂuence on the recrystallized grain
structures in the case of high eﬀective strain, which are
mainly dependent on the Zener–Hollomon parameter.[33] However, the eﬀects of intermetallic phases have
not been addressed in the previous studies.
The formation of ﬁne-grained microstructures in the
welds, as mentioned previously, makes FS welding an
ideal candidate for joining ﬁne-grained alloys. There are
several studies on FS welding of extra-ﬁne-grained
aluminum alloys,[31,32] but no reports on FS welding of
METALLURGICAL AND MATERIALS TRANSACTIONS A

ﬁne-grained magnesium alloys. In the present work, the
FS weldability of a ﬁne-grained AZ31B with copious
dispersed Al6Mn particles was investigated, and the
microstructures in FS welds were studied intensively.
The eﬀect of the dispersed intermetallic Al6Mn particles
on microstructural evolution in FS welds was discussed.

II.

EXPERIMENTAL DETAILS

The ﬁne-grained AZ31B employed in the present
research was produced via the RCP, a severe plastic
deformation process. Details of the RCP were described
in References 8 and 9. An AZ31B ingot (Mg-2.96Al1.00Zn-0.36Mn, mass pct) was used as the starting
material for grain reﬁnement. Powders chipped from the
AZ31B ingot were severely compressed by the RCP at
room temperature. The severe plastic deformation
processed powders were collected and consolidated to
billets and then hot extruded to a plate of 75 mm in
width and 4 mm in thickness.
The roll compaction processed ﬁne-grained AZ31B
plates of 250 mm in length were butt-welded together
along the extrusion direction using FS welding equipment, as illustrated in Figure 1. The rotating tool for FS
welding, which was made from tool steel, consisted of a
concave shoulder of 15 mm in diameter and a pin with
right-hand threads of 3.9 mm in length and 5 mm in
diameter. The rotation speed was kept constant at
1250 rpm, and the traverse speed (i.e., welding speed)
was varied from 250 to 750 mm/min. During FS
welding, the temperature was measured at ‘‘a,’’ ‘‘b,’’
and ‘‘c’’ points, which were 1.5, 2.5, and 3.5 mm away
from the tool center, and at the location of the stir zone
(SZ), the thermomechanically aﬀected zone (TMAZ),
and the heat-aﬀected zone (HAZ), respectively. In the
present work, the advancing side was marked ‘‘AS’’ and
the retreating side ‘‘RS.’’ In addition, coarse-grained
AZ31B plates, which were produced directly from the
AZ31B ingot via conventional hot extrusion (denoted as
CHE AZ31B, in the present work) and had identical

Fig. 1—Schematic illustration of FS welding.
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chemical compositions and dimensions with the roll
compaction processed AZ31B plates, were also buttwelded under the same welding conditions, for a
comparison.
After FS welding, the Vickers hardness proﬁles of the
welds were measured on cross sections perpendicular to
the welding direction, and microstructures in the welds
were characterized by means of optical microscopy and
transmission electron microscopy (TEM). Specimens for
optical microscopy were polished and then etched with a
solution of 10 g picric acid, 175 mL ethanol, 25 mL
acetic acid, and 25 mL distilled water. Thin foils for
TEM were prepared by using a focused ion beam
instrument or an ion slicer and examined with a
transmission electron microscope (JEOL* 2010)
*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

operated at 160 to 200 kV. Chemical compositions of
intermetallic particles were analyzed with an energy
dispersive X-ray (EDX) spectrometer equipped to the
transmission electron microscope.

III.

RESULTS AND DISCUSSION

A. Microstructure of Roll Compaction Processed AZ31B
Microstructures of roll compaction processed AZ31B
and CHE AZ31B are shown in Figure 2. The roll

Fig. 2—Microstructures of roll compaction processed AZ31B and
CHE AZ31B: (a) and (b) optical microstructure and TEM image of
intermetallic particles in roll compaction processed AZ31B, respectively; and (c) and (d) optical microstructure and TEM image of an
intermetallic particle in CHE AZ31B, respectively.
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compaction processed AZ31B exhibits essentially
equiaxed ﬁne grains of approximately 0.6 to 3 lm
(Figures 2(a) and (b)), and its average grain size is 1.9
lm. The boundaries of the severe plastic deformation
processed powders are hardly observed with optical
microscopy and TEM, indicating that most of the power
boundaries have disappeared after hot extrusion, probably because friction and dynamic recrystallization
occurred at the boundaries of powders during hot
extrusion. There are a lot of particles from several
tens of nanometers to about 200 nm in the interior of

grains and at grain boundaries of the roll compaction
processed AZ31B (Figure 2(b)). Comparatively, the
grains in the CHE AZ31B are much coarser (Figure 2(c)),
and its average grain is 44 l. Some particles are also
observed in the CHE AZ31B (Figures 2(c) and (d)),
but the size of the particles is much larger (several
microns), and the number of them much less, as
compared to those in the roll compaction processed
AZ31B. These particles are Al6Mn (orthorhombic,
a = 0.75551, b = 0.64994, and c = 0.88724 nm) in
both the roll compaction processed AZ31B and CHE
AZ31B, as shown in Figure 3, where the TEM image,
electron diﬀraction pattern, and EDX analysis result of
a particle in the roll compaction processed AZ31B are
presented as an example.
Neither Mg17Al12 phase nor oxide particles are
observed in both the roll compaction processed and
CHE AZ31B. It should be noted that many Mg17Al12
and a few Al6Mn particles exist in the AZ31B ingot, and
the size of these intermetallic particles is several microns,
on the same level as those in the CHE AZ31B.
Microstructural comparison among the roll compaction
processed AZ31B, CHE AZ31B, and AZ31B ingot
indicates that Al6Mn particles in the AZ31B ingot are
reﬁned and dispersed by the RCP, but not by hot
extrusion. The Mg17Al12 phase in the AZ31B ingot has
been decomposed after hot extrusion.
B. FS Weldability of Roll Compaction Processed AZ31B

Fig. 3—Intermetallic particle in roll compaction processed AZ31B:
(a) and (b) TEM image of an intermetallic particle and its dark ﬁeld,
(c) electron diﬀraction pattern of the intermetallic particle, and (d)
EDX analysis result of the intermetallic particle.

Figure 4 reveals surface appearances and cross sections of FS welded joints of roll compaction processed
AZ31B at various welding speeds. There is almost no
diﬀerence in the shape of the SZs in these FS welds.
Sound FS welded joints without any defects are

Fig. 4—Surface appearances and cross-sectional macrostructures of FS welded joints of roll compaction processed AZ31B at various welding
speeds.
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obtained at welding speeds of 250 to 600 mm/min, a
considerably wide range. When the welding speed is
increased to 750 mm/min, however, the surface of the
FS weld becomes rough, and a small cavity-like defect
forms at the lower part of the weld, because heat input
per unit length of the weld is insuﬃcient and thus
extensive plastic ﬂow cannot be achieved in the weld. It
is important to note that the CHE AZ31B is also
successfully FS welded without any defect at welding
speeds of 250 to 600 mm/min.
C. Microstructures in FS Welds
Figure 5 gives microstructures at regions marked
‘‘A,’’ ‘‘B,’’ and ‘‘C’’ in Figure 4, which correspond to
the HAZ, TMAZ, and SZ in the FS weld of the roll
compaction processed AZ31B at a welding speed of
600 mm/min, respectively. Grain structures at the HAZ
(Figure 5(a)) and SZ (Figure 5(c)) are equiaxed, similar
to that of the base material (Figure 2(a)), while TMAZ
exhibits an extended grain structure (Figure 5(b)). It can
be seen that the grain sizes in these regions become a
little larger compared to that of the base material.
Transmission electron microscopy reveals that there are
many dispersed Al6Mn particles not only in the interior
of grains and but also at grain boundaries (shown by
arrows in Figures 5(d) and (e)), and some of the
dispersed Al6Mn particles at grain boundaries seem to
play a role in inhibiting the motion of grain boundaries
via Zener pinning, which will be discussed in Section III–E.
From the microstructural observations at the TMAZ
and SZ, it is conceivable that continuous recrystallization has occurred at the SZ and at TMAZ in part.

The microstructure at the SZ of CHE AZ31B at a
welding speed of 600 mm/min is presented in Figure 6.
Unlike roll compaction processed AZ31B, the microstructure at the SZ of the CHE AZ31B becomes much
ﬁner than that of the base material (Figure 2(c)). Optical
microscopy and TEM show that the size of Al6Mn
particles at the SZ is larger, and the number is few, like
those in the base material. Most of these Al6Mn
particles are observed in the interior of grains.
Figure 7 shows grain size proﬁles at the midthickness
across the welds of both roll compaction processed AZ31B and CHE AZ31B at a welding speed of
600 mm/min. For the roll compaction processed
AZ31B, grain sizes in the FS weld and base material
are on the same level. The average grain size at the SZ is
2.4 lm, slightly larger than that of the base material, 1.9
lm. In contrast, the grain size at the SZ of the CHE
AZ31B is remarkably decreased as compared to that of

Fig. 6—Microstructure at the SZ of CHE AZ31B at a welding speed
of 600 mm/min.

Fig. 5—Microstructures in the FS weld of roll compaction processed
AZ31B at a welding speed of 600 mm/min: (a) through (c) optical
microstructures at the HAZ, TMAZ, and SZ, respectively; and
(d) and (e) TEM images of microstructures and Al6Mn particles at
the TMAZ and SZ, respectively.
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Fig. 7—Variation of grain size across FS-welded joints of roll compaction processed AZ31B and CHE AZ31B at a welding speed of
600 mm/min.
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Fig. 8—Eﬀect of welding speed on grain size at the SZs of roll
compaction processed AZ31B.

Fig. 9—Hardness across the cross section of FS-welded joints of roll
compaction processed AZ31B and CHE AZ31B.

the base material. Although welding parameters as well
as chemical compositions and specimen dimensions, by
which the grain size at the SZs is almost determined as
mentioned earlier,[30–32] are the same for the two
magnesium alloys, the grain size is much smaller at the
SZ of the roll compaction processed AZ31B than the
CHE AZ31B. Hence, it is believed that the diﬀerence in
grain size at the SZs of the two magnesium alloys is
mainly due to the dispersed Al6Mn particles. However,
it has been demonstrated that the grain size of magnesium alloys may have an inﬂuence on the deformation
behavior and, consequently, the thermal history in the
FS welds especially when the average grain size is less
than 3 lm;[34,35] therefore, it is more reasonable to think
that the dispersed Al6Mn particle is an important but
not sole factor responsible for the ﬁne-grained microstructures in FS welds of the roll compaction processed
AZ31B.
Figure 8 illustrates the eﬀect of welding speed on
grain size at the center of the SZs of roll compaction
processed AZ31B. With an increase in welding speed,
grain size at the center of the SZ slightly decreases, due
to less welding heat input per unit length of welded joint,
which means lower peak temperature and shorter
heating time for recrystallization and subsequent grain
growth. As compared to the results of previous
research,[21,22,24] however, the grain size variant with
welding speed is not remarkable at the SZs of roll
compaction processed AZ31B, indicating that grain
growth at the SZs of roll compaction processed AZ31B
is probably inhibited by the dispersed Al6Mn particles.

of approximately 5 to 8 HV at the advancing side of the
SZ, the major part of FS welds retains roughly the
hardness of the base material, implying that FS welding
may prevent obvious deterioration in mechanical properties of the welded joint for roll compaction processed
AZ31B. It can also be seen that the hardness in the FS
welds of roll compaction processed AZ31B is little
aﬀected by welding speed. For the CHE AZ31B welded
at 600 mm/min, there is no apparent change in the
hardness between the FS weld and base material,
although the average hardness of the FS weld is slightly
higher than that of the base material. This is consistent
with previous studies,[23,36] which have reported that
there is only a weak inﬂuence of grain size on hardness
in the FS welds of magnesium alloys.[23,37] It should be
noted that the hardness in the FS welds of roll
compaction processed AZ31B is much higher than that
in the FS weld of CHE AZ31B, probably due to both
the strengthening eﬀect of dispersed Al6Mn particles
and the grain size eﬀect.

D. Hardness in FS Welds
Figure 9 gives microhardness proﬁles at midthickness
across welds of roll compaction processed AZ31B at
welding speeds of 250, 400, and 600 mm/min, in
comparison with that of CHE AZ31B at welding speed
of 600 mm/min. For all welds of the roll compaction
processed AZ31B at welding speeds from 250 to
600 mm/min, although there is a slight hardness drop
2216—VOLUME 40A, SEPTEMBER 2009

E. Effect of Intermetallic Particles on Microstructural
Evolution in FS Welds
It is well known that recrystallization occurs at the
SZs during FS welding of aluminum alloys and magnesium alloys.[10–24] The recrystallization also takes place
at the SZs of both roll compaction processed AZ31B
and CHE AZ31B alloys. Until now, mainly two kinds of
mechanisms have been proposed to explain the recrystallized structures in FS welds. Rhodes et al.[12] suggest
that the recrystallization in FS welds is the conventional
dynamic recrystallization;[38] i.e., the nucleation of highangle grain boundaries concurrent with the deformation
induced by stirring and the growth of new grains are
included in the recrystallization. On the other hand, Su
et al.[11] and Jata et al.[28] propose that continuous
recrystallization,[38] which is characterized by a straininduced progressive rotation of subgrains with little
boundary migration, is the primary mechanism during
FS welding. It is assumed that four stages are included
METALLURGICAL AND MATERIALS TRANSACTIONS A

in the continuous recrystallization process: (1) dislocation introduction; (2) formation of low-angle boundary
subgrains by dynamic recovery; (3) formation of the
equiaxed recrystallized grains with high-angle boundaries, which results from growth and rotation of small
subgrains due to continuous introduction and accommodating of dislocations; and (4) repeated introduction
of dislocations and partial recovery of recrystallized
grains. These mechanisms focus on the phenomenon
that grain size becomes smaller at the SZs than base
material, but cannot explain the grain-coarsening phenomenon in FS welds, which has been observed in the
present work as well as some previous studies.[17,31,32]
The grain-coarsening phenomenon must be rationalized
in order to comprehensively understand the microstructure evolution in FS welds.
To explain the grain-coarsening phenomenon in FS
welds, the present authors suggest that grain growth is
an important step during the structural evolution in FS
welds, regardless of whether the new grains were formed
by dynamic recrystallization or a continuous recrystallization reaction. That is to say, the grain structures in
FS welds should experience two steps: the formation of
new grains via recrystallization and grain growth of the
recrystallized new grains.
Assuming that the recrystallized grains grow statically
under ideal conditions, the grain growth kinetics can be
expressed by
D2  D20 ¼ A exp ðQ=RTÞt

½1

where D0 is the initially created grain size, D the ﬁnal
grain size, Q the activation energy for grain growth,
R the ideal gas constant, T the absolute temperature,
t the time, and A is a constant. Since the initially
created grain size is 25 to 100 nm,[12] much smaller
than the ﬁnal grain size in FS welds, the D20 value can
be ignored. Hence, Eq. [1] is written as
D2 ¼ A exp ðQ=RTÞt

½2

Considering that the temperature changes continuously
with time during FS welding, it is more reasonable
that
2

D ¼A

Zt1
expðQ=RTÞdt

½3

t0

where t0 is the time when recrystallization ends and
grain growth begins, and t1 is the time when grain
growth completes. From Eq. [3], it is easily understood
that grain size is determined by the activation energy for
grain growth Q and thermal histories, which are
expressed as T and t.
For a given alloy, the activation energy for grain
growth Q is almost unchangeable, so that grain size is
principally dependent on the thermal histories during FS
welding, which is mainly dependent on welding conditions and specimen dimension. That is to say, if the same
welding conditions and specimen dimensions are chosen
for a given alloy, the grain size at the SZs is almost
identical, and this has been proved by some previous
METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 10—TEM image of Al6Mn particles at grain boundaries
at the SZ of roll compaction processed AZ31B (welding speed:
600 mm/min), showing Zener pinning of Al6Mn particles.

research.[31,32] Because of this, it can be believed that
ﬁner grains at the SZs of the roll compaction processed
AZ31B are, at least partly, attributed to the presence of
the dispersed Al6Mn particles in the roll compaction
processed AZ31B in the present study. In fact, it has been
demonstrated that the presence of dispersed intermetallic
particles can increase the activation energy for grain
growth,[39] which is probably the reason that the grain
size at the SZs becomes smaller in the roll compaction
processed AZ31B, as can be understood from Eq. [3].
Transmission electron microscopy examination reveals
that grain boundary migration at the SZs of the roll
compaction processed AZ 31B is inhibited via Zener
pinning of Al6Mn particles, as shown in Figure 10.
For most Mg-Al-Zn magnesium alloys, Mg17Al12 is a
common intermetallic phase at room temperature.
However, this intermetallic phase decomposes and
dissolves into the matrix at temperatures above approximately 500 to 630 K, depending on Al content, as
illustrated by the Mg-Al binary phase diagram.[40]
Actually, temperature measurement indicates that the
peak temperature experienced in the FS welds of CHE
AZ31B is much higher than 630 K during FS welding,
as shown in Figure 11. In the cooling period during FS
welding, the precipitation of the Mg17Al12 phase is
depressed due to the high cooling rate. This is why the
Mg17Al12 phase is not observed in the FS welds of
magnesium alloys.[18,19,36,41] Because of this, the
Mg17Al12 phase in the magnesium alloy has little
inﬂuence on the microstructural evolution at the SZs
of FS welds.
In contrast to the Mg17Al12 phase, Al6Mn particles
are capable of suppressing grain growth in the FS welds
via inhibition of grain boundary migration, as mentioned previously. Since the decomposition temperature
VOLUME 40A, SEPTEMBER 2009—2217

Fig. 11—Thermal histories at various locations in the FS weld of
CHE AZ31B during FS welding (welding speed: 600 mm/min).

of Al6Mn is about 931 K, according to the Al-Mn
binary phase diagram,[40] much higher than the peak
temperature experienced during FS welding of magnesium alloys, Al6Mn particles can remain in the FS welds
and suppress grain growth via Zener pinning.
In order to obtain the Zener pinning eﬀect, tiny and
dispersed intermetallic particles are necessary.[42] The
RCP provides an eﬀective method for the reﬁnement
and dispersion of intermetallic particles. Besides, other
severe plastic deformation processes, such as ECAP
and ARB, can also reﬁne and disperse intermetallic
particles.[3–7]
From the preceding discussion, it can be concluded
that dispersed intermetallic particles with high decomposition temperature are beneﬁcial to suppressing grain
growth and, consequently, the formation of ﬁne-grained
microstructures in FS welds. The addition of intermetallic phase forming elements such as Mn, Ca, and rare
earth elements to magnesium alloys, together with the
application of a severe plastic deformation process, by
which tiny intermetallic particles with high decomposition temperatures are produced and dispersed in magnesium alloys, is helpful to manufacturing ﬁne-grained
magnesium alloys and obtaining ﬁne-grained microstructures in their FS welds.

IV.

CONCLUSIONS

A ﬁne-grained AZ31B with copious dispersed Al6Mn
particles produced by a severe plastic deformation
process was FS welded, and the microstructures in the
FS welds were intensively examined by means of optical
microscopy and TEM, and compared with those of a
conventionally hot-extruded AZ31B with comparatively
coarse grains and identical chemical compositions but
much less Al6Mn particles. The eﬀect of dispersed
Al6Mn particles on microstructural evolution at the SZs
was discussed. The results can be summarized as
follows.
1. The roll compaction processed ﬁne-grained AZ31B
magnesium alloy is successfully butt-welded without
2218—VOLUME 40A, SEPTEMBER 2009

any defect in welds at welding speeds of 250 to
600 mm/min, when the rotation speed of the tool is
kept constant at 1250 rpm. All FS welds have ﬁnegrained microstructures and high hardness, on the
same level as the base material, implying that FS
welding may prevent obvious deterioration in
mechanical properties of welded joints for the roll
compaction processed ﬁne-grained magnesium alloy.
2. The grain size at the SZs is a little larger than that
of the base material in roll compaction processed
AZ31B, whereas it becomes much smaller in CHE
AZ31B. Under the same welding conditions, the
grain size is much smaller at the SZs of roll compaction processed AZ31B than CHE AZ31B. These
results can be explained according to the grain
growth mechanism proposed in the present study.
3. The grain structure at the SZs, experiencing recrystallization and subsequent grain growth, is principally determined by the grain growth process, in
which the welding-induced thermal histories and the
activation energy for grain growth are two important factors. The dispersed Al6Mn particles suppress
grain growth via Zener pinning and, consequently,
result in finer grains at the SZs in the roll compaction processed fine-grained AZ31B.
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