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Producing nanograined microstructure in Mg–Al–Zn alloy
by two-step friction stir processing
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Nanograined structures with an average grain size of �85 nm have been achieved in solution hardened AZ31 magnesium alloy
by two-pass friction stir processing under rapid heat sink in which the second pass has a lower heat input. The mean hardness of the
nanograined region reaches �1.5 GPa (or 150 Hv), about three times that of the matrix. The evolution of the nanograined structure
is also investigated.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Numerous investigations have demonstrated the con-
siderable advantages offered by the mechanical proper-
ties of ultrafine-grained (UFG) or nanostructured
materials over conventional coarse-grained structures
[1,2]. Therefore, to produce bulk nanograined structures
in conventional engineering materials, such as Mg alloys,
is of significant scientific and practical interest. Of the
many techniques used for processing fine-grained materi-
als directly in bulk form, severe plastic deformation
(SPD), is considered to be the most promising process
[3]. Thus, in the past decade, several SPD approaches
[4], such as equal channel angular pressing (ECAP) [5],
accumulative roll bonding (ARB) [6] and high-pressure
torsion (HPT), have been applied to the grain refinement
of bulk Mg alloys. It was found that twinning and dy-
namic recrystallization (DRX) were responsible for the
grain refinement during these processes [4–9].

In addition to the conventional one-step process,
Horita et al. [10] demonstrated a two-step processing
route, designated EX-ECAP, in which the cast material
is initially extruded and then processed using ECAP.
EX-ECAP can produce finer grains than the use of only
one extrusion or ECAP step. Matsubara et al. [11] and
Lin et al. [12] also fabricated the UFG Mg alloys by
two-step processing. The original coarse grain size can
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be reduced to less than 10 lm after extrusion at 300 �C
and was further refined to around 0.7 lm after subse-
quent 8-pass ECAP at 200 �C [12]. However, in most
cases, the grain size of the final structure is still in the
micrometer or submicrometer range. Even for EX-
ECAP, the resulting microstructure still cannot be re-
fined to the nanoscale. Sun et al. [8] produced nanome-
ter-sized grains in the surface layer of AZ91 magnesium
alloy by surface mechanical attrition treatment (SMAT).
After sufficient processing time, a thin nanometer-scale
layer less than �100 nm can be produced through
DRX. However, it is only a thin surface layer and pro-
duction of bulk nanomaterials remains difficult. Extra-
fine grain sizes in the range of 30–180 nm have been
demonstrated in Al alloys using reduced friction stir
processing (FSP) with a fine sharp pin [13], but the same
process has not yet been reported for Mg alloys. So far,
all the production methods result in nanoscaled Mg
materials restrained in a thin layer form or precipitate-
hardened Mg alloys (such as AZ91).

FSP has been demonstrated to be an efficient new
method of grain refinement [14–17], providing more in-
tense plastic deformation as well as higher strain rates
than other SPD methods. It was found that the UFG
structure is more easily achieved in precipitate-hardened
Mg alloys or Mg-based composites due to the effective
pinning effect from the precipitates or ceramic particles
on the grain boundaries [18–21]. Due to the rapid
growth kinetics of single-phase grains it is difficult to
sevier Ltd. All rights reserved.
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Figure 1. Typical TEM micrographs of the first-pass FSP AZ31
specimens, together with the selected area diffraction pattern.

Figure 2. TEM micrographs of the two-pass FSP AZ31 specimens in
the as-processed condition, together with the selected area diffraction
patterns.

Figure 3. (a) Field emission SEM micrograph of the two-pass FSP
AZ31 alloy and (b) grain size distribution charts of the nanocrystalline
microstructure in the one-pass and two-pass FSP AZ31 specimens.
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achieve a UFG structure of pure Mg or solution hard-
ened Mg alloys (such as AZ31) with a low content of
alloying elements. Nevertheless, by using our newly
developed FSP system equipped with efficient cooling
apparatus, a UFG structure (mean grain size less than
300 nm) of AZ31 has been successfully prepared [22].
In order to achieve a nanomicrostructure, a two-step
FSP is proposed. By tailoring the processing parameters,
i.e., parameters and tool size, the heat input can be
controlled.

The material for this study was commercial AZ31 Mg
alloy with the chemical composition Mg–3.02Al–
1.01Zn–0.30Mn (in mass%). The as-received billet
(178 mm in diameter and 300 mm long) possessed nearly
equiaxed grains of around 75 lm in size. In order to ob-
tain rapid heat sink during FSP, an efficient cooling sys-
tem was employed in this study. The liquid nitrogen
cooling system has been described in a previous paper
[22].

The two-pass FSP consisted of two different FSP
parameters. The first pass was performed using a tool
with a shoulder diameter, pin tool diameter and length
of 10 mm, 3 mm and 3 mm, respectively. The second pass
on the same place and along the same direction was per-
formed with lower heat input by using a smaller tool with
a shoulder diameter, pin tool diameter and length of
6 mm, 2 mm and 2 mm, respectively. For the second
pass, the advancing direction was the same as the first-
pass and the smaller pin tool could generate less friction
heat. A rotation speed of 1000 rpm and a travel speed of
37 mm min�1 were applied for both passes. The tool
rotation axis was tilted 1.5� to the workpiece surface.

Microstructural and hardness characterizations in
this study are focused on the central and bottom parts
of the nugget zone, where the cooling rate is the highest.
The grain structures of processed specimens were exam-
ined by field emission scanning electron microscopy
(SEM) and transmission electron microscopy (TEM).
The TEM specimens were prepared by a focus ion beam
system (SMI 3050 SE, Seiko). The grain size was mea-
sured by Optimas� image analysis software on the
SEM micrographs. The Vickers hardness tests were con-
ducted on the cross-sectional plane, using a Vickers in-
denter with a 200 gf load for 10 s.

Figure 1 shows two examples of TEM micrographs
after the first FSP pass. In addition to the submicron
fine grains, some microstructural defects such as disloca-
tion walls and subgrains can also be observed in the
first-pass samples. The initial 75 lm grain size in the
as-received AZ31 billet has been effectively refined to
�270 nm on average (ranging from 100 to 500 nm) by
a single FSP pass. Figure 2 presents some examples of
typical microstructures observed in the two-pass FSP
AZ31 alloy in the as-FSP condition, together with their
selected area diffraction (SAD) patterns. The pattern
exhibits scattered rings, indicating that there are many
fine equiaxed grains with random misorientations in
the selected regions. Figure 2c and d, shows that clearly
nanosized grains have formed within highly deformed
subgrains along the boundaries or the triple points of
the recrystallized grains. This clean nanometer grain im-
plies the elimination of strain even through there is still
high strain in the surrounding area.
A typical SEM micrograph of the two-pass FSP
AZ31 specimen is shown in Figure 3a. Figure 3b shows
the grain size distribution of the two-pass FSP speci-
mens, which is summarized from numerous SEM micro-
graphs, demonstrating that the grains range from 20 to
200 nm with an average grain size of �85 nm. Since the
grains finer than 30 nm are difficult to resolve by field
emission SEM, but are indeed observed by TEM, the
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actual average grain size should be less than 85 nm. The
previous size distribution of the one-step specimen is
also included for comparison. It can be seen that the fine
grains obtained from the first pass, around 270 nm in
average and ranging from 100 to 500 nm, have been
further refined to an average of 85 nm, ranging from
20 to 200 nm. The current UFG structure is finer than
all grain structures achieved by previous two-step EX-
ECAP and one-step FSP processes.

Note that the grain size distribution of the two-pass
specimen does not exhibit apparent left skew behavior
(i.e., few exceptionally large grains), as would be the case
for grains that have grown to the coarsening or coales-
cence stage. The nearly normal distribution suggests
that the nanograins in the two-pass specimen have been
limited within the nucleation and early growth stages,
avoiding coarsening and coalescence. On the other
hand, the one-pass curve is still left skewed, with a few
grains approaching 500–600 nm.

The degree of refinement and the extent of homoge-
neity of the final microstructure are two aspects that
are most noticeable in the material prepared by the
FSP process. These nanometer grains are also proved
by microhardness tests. The measured hardness values
after the first FSP pass are scattered within 1.13–
1.25 GPa (or 115–128 in Hv scale), and after the second
FSP pass are scattered within 1.27–1.52 GPa (or 130–
155 in Hv scale), which is about three times the value
of the AZ31 matrix, �0.5 GPa (or 50 in Hv scale), indi-
cating that the nanograined microstructure has strength-
ened significantly the AZ31 Mg alloy.

The one-pass FSP can therefore achieve UFG micro-
structure in AZ31 Mg alloy with an average grain size
about 270 nm. The possibility of further grain refine-
ment by the second pass can be evaluated by the rela-
tionship between the Zener–Hollomon parameter, Z,
and the average recrystallized grain size, d , in lm. First,
the strain rate and working temperature of the nugget
region during FSP need to be determined. The material
flow strain rate, _e, during the second pass FSP may be
estimated by torsion-type deformation as [15]: _e ¼ Rm�
2pce=Le, where Rm is assumed to be about half of the
pin rotational speed, namely 1000/2 rpm, and re and
Le are the effective (or average) radius and depth of
the dynamically recrystallized zone. An effective radius,
re, that can represent the average radius for all parts of
the materials inside this zone, is assumed to equal about
0.78 (or p/4 [23]) of the observed zone boundary radius
(1.17 mm in the current case). A similar argument can
also be applied to Le (�0.78 � 2 mm). Thus, _e can be
calculated to be �31 s�1. The relationship between Z
and d inlm for the AZ31 alloy during FSP can be traced
by the equation established in the previous work [15]:
ln d = 9.0 � 0.27 ln Z, where Z ¼ _e expðQ=RT Þ;Q is the
activation energy for lattice diffusion (135 kJ mol�1

[24]) and RT has its usual meaning. In this case, with
an average grain size of �85 nm and a strain rate of
�31 s�1, the working temperature can be calculated as
�143 �C. This means that if the working temperature
can be controlled to as low as 143 �C (or even lower),
the resulting grain size in the two-pass AZ31 FSP spec-
imen can be refined to �85 nm or less. In the present
FSP case under effective rapid cooling and lower heat in-
put during the second FSP pass, this condition appears
to be fulfilled.

Under thermomechanical treatments, grain coarsen-
ing or grain refinement can occur concurrently during
deformation. The grain size evolution is dependent on
the initial grain size and deformation temperature.
Takara et al. [25] recently proposed that the critical
grain size, dcrit in lm, above which grain refinement
would occur during deformation, could be given by
the following empirical equation for the AZ31 alloy:

dcrit ¼ 650Z�0:2 ¼ 650 _e� exp
Q

RT

� �� ��0:2

; ð1Þ

Using a strain rate of 31 s�1 and an estimated working
temperature of 143 �C, the critical grain size for further
grain refining based on Eq. (1) will be about 133 nm,
which is smaller than initial grain size (�270 nm) after
the first FSP pass and before the second pass. Hence,
for the present initial grain size, strain rate and working
temperature, the grain refining process is capable of car-
rying on in the second FSP pass, as long as the low FSP
heat input and rapid cooling is maintained for the AZ31
alloy.

From the grain evolution point of view, it is interest-
ing to understand how the nanocrystalline structure is
achieved during the two-pass FSP of AZ31 alloy. For
most research reports on the recrystallization of the
Mg alloy during thermomechanical treatments such as
ECAP, rolling or extrusion, continuous DRX (CDRX)
has been considered to account for the recrystallization
and grain refinement [26,27]. The rapid diffusion rate of
Mg alloys at elevated temperatures of 200–400 �C, as
compared with the fine-grained Al counterparts
[24,28–30], favor CDRX [27]. Meanwhile, during
DRX, nuclei tend to form preferentially in regions
where the local degree of deformation is highest, such
as grain boundaries, deformation bands, inclusions,
twin intersections and free surfaces. Due to the paucity
of such ‘‘sites” for nucleation in the original coarse
microstructure (�75 lm) of the first-pass FSP samples,
more dislocation walls and even subgrain boundaries
form to accommodate the high strain incompatibility.
Therefore, CDRX may be responsible for the grain
refinement from the original 75 lm to �270 nm during
the first FSP pass.

However, discontinuous DRX (DDRX) might be
reasonable for the second FSP pass from �270 nm
down to �85 nm. The difference between FSP and the
previously reported SPD processes may lie in the strain
rate. Wang et al. [31] have reported that the strain rate
plays an important role in refining grains into the nano-
meter region during the SPD processes. The strain rates
of ECAP and HPT are too low to induce enough twin-
ning activity and to form nanometer grains. However,
for the second pass FSP, the high strain rate will cause
a complex stress state and result in strain components
with very large strain gradients. Thus, large numbers
of microstructural defects are introduced to accommo-
date the strain incompatibility, which is beneficial to dis-
continuous nucleation.

Thus, during the second FSP pass, the remaining
high-density dislocation walls and subgrains as well as
fine recrystallized grain boundaries can all become
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‘‘sites” for the nucleation of recrystallized grains. Then,
under the high strain-rate FSP, DDRX may be domi-
nant, which results in the formation of copious nuclei.
This can be verified by the TEM observations of Figure
2c and d, which shows that copious nuclei have been
formed in the highly strained regions, as denoted by
the black arrows.

It should be mentioned that the DDRX process can
significantly refine the grains, but the newly formed
grains will be subject to growth and coarsening, which
are controlled by volume diffusion under the condition
of SPD. The working temperatures are crucial, espe-
cially for the clean solution hardened AZ31 alloy. How-
ever, in this current study, using a cooling system with
liquid nitrogen, the heat generated from the input work
can be conducted rapidly away by the effective heat sink.
Thus, the recrystallized ultrafine grains can be main-
tained. In some places, the grain size has been refined
to about 20 nm.

On the basis of microstructural observations, the evo-
lution of the nanostructure can be described in three
stages. (i) In the first FSP pass, micron- or submicron-
scaled grains are introduced in the FSP-processed plate
via CDRX. (ii) In the second FSP pass, copious nuclei
form via DDRX due to the high strain rate and pre-
existing microstructural defects. (iii) The growth of the
recrystallized grains is limited due to the effective re-
moval of heat via the liquid nitrogen cooling system.
Figure 4 is a schematic diagram showing the procedures
for evolution of the nanostructures via the recrystalliza-
tion mechanism during two-pass FSP.

In summary, nanograined structure can be achieved
in AZ31 Mg alloy through two-pass FSP combined with
an efficient heat sink. The mean grain sizes can be re-
fined to �85 nm. The highest microhardness reaches
1.52 GPa (or 155 in Hv scale), which is about three times
that of the AZ31 matrix. During the first FSP pass,
highly strained regions as well as dislocation walls, sub-
grains and recrystallized grains are introduced, mainly
via CDRX. During the second FSP pass, DDRX ap-
pears to be responsible, owing to the lower heat input,
high total strain, high strain rate and copious sites for
nucleation. This fundamental understanding of nano-
crystalline evolution makes it possible to control the
final microstructure, including grain size, grain bound-
ary structure and dislocation density, by changing the
processing parameters and cooling rate.
Figure 4. Schematic illustration of the grain refinement process of the
two-pass FSP AZ31 Mg specimens.
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