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Ten-millimeter-thick strain-hardened AZ31B-H24 magnesium sheets were subjected to friction stir pro-
cessing (FSP) in air and submerged friction stir processing (SFSP) under water to investigate their
microstructures and microhardness properties. Different rotational speeds of 500, 630, 800, and 1000 rpm
and traverse speeds of 50, 100, 200, and 350 mm/min were employed for processing the materials. For
SFSPed samples, the rotational speed of 500 rpm and 200 mm/min of traverse speed resulted in an ultra-
fine-grained structure with a minimum grain size of about 400-500 nm, which is half compared to that of
FSPed. It was found that both processes led to variation of crystallographic orientation, and enhancing the
rotational speed and lowering the traverse speed promoted the development of a {0002} basal texture. The
microhardness of SFSPed material increased significantly up to 110% (� 95 Hv), while the microhardness
was 45% (� 65 Hv) higher than the base metal (� 45 Hv) for FSPed material.
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1. Introduction

Magnesium alloys are considered as a lucrative option in the
transportation industry due to their low density, high strength-
to-weight ratio, castability, environmental friendliness, and
recyclability. As welding and joining are inevitably part of the
manufacturing process of structural materials, understanding
the weldability of these alloys is essential (Ref 1). Also, the
microstructural modifications such as grain size refinement
have proved to be an effective strategy for enhancing the
mechanical properties of magnesium alloys. Friction stir
processing (FSP) is an attractive and green solid-state joining
technique to produce fine grain structures via severe plastic
deformation and repeated dynamic recrystallization, which also
significantly mitigate the challenges usually induced by fusion
welding of magnesium alloys such as hot cracking, segregation
or precipitation of undesirable particles (Ref 1-6). Recently,
successful FSP of Mg-based alloys for producing ultra-fine
grained (UFG) structures (less than 1-5 lm) have been widely
reported (Ref 7-12). Taking into account that thermal cycles
associated with FSP may cause rapidly grain growth and
coarsening of the structure, fluid cooling with water or liquid
nitrogen during the submerged friction stir processing (SFSP)

seems to be very useful to improve the mechanical properties
by controlling the thermal cycling (Ref 13-16).

There are many investigations on SFSP of Al alloys,
concerning the improvement of mechanical properties by grain
size refinement (Ref 17-19). However, only very few studies
have been reported on SFSP of Mg alloys. Mofid et al. (Ref 20)
showed that SFSP of AA5083/Mg AZ31 alloys, underwater,
and under liquid nitrogen, significantly suppressed the forma-
tion of intermetallic compounds contributed to cracking in the
weld nugget. Darras et al. (Ref 21) and Chai et al. (Ref 22)
reported that SFSP of AZ31 B-O and AZ91 Magnesium alloys
led to significant grain refinement, porosity reduction, and
formability enhancement.

In this paper, the effects of different operation conditions on
the microstructures and microhardness of the FSPed and
SFSPed AZ31 magnesium sheets were investigated.

2. Experimental Procedure

2.1 Materials

The base metal was a strain-hardened and partially annealed
AZ31B-H24 magnesium alloy sheet with a hardness of 45 Hv.
Figure 1 shows the microstructure of the AZ31B-H24 alloy.
Table 1 gives the chemical composition of the samples. The
FSP and SFSP specimens had the dimensions of
10 9 50 9 250 mm3.

2.2 FSP and SFSP Procedure

The FSP and SFSP machines used in the present study were
modified mills with a vertical head. A nonconsumable tool with
a 4-mm pin swept diameter was made of H13 tool steel. To
improve wear resistance and strength of the FSP tool, the
following heat treatment cycle was applied: (1) austenitization
at 1050 �C for 1 h, (2) water quenching to room temperature,
and (3) tempering at 450 �C for 20 min (Ref 4). This led to
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increasing the hardness of the tool steel from 48 to 63 HRC
after this procedure. Different rotational (500, 630, 800, and
1000 rpm) and traverse (50, 100, 200, and 350 mm/min)
speeds were the processing parameters employed. The temper-
ature measurement carried out using an embedded K-type
thermocouple. The SFSP process performed under water, as
shown in Fig. 2.

2.3 Materials Characterization

Samples microstructures were investigated using optical
microscopy (OM), scanning electron microscopy (SEM, Philips
XL30), and transmission electron microscopy (TEM, Tecnai
F30). All the samples were taken from the transverse section of
the processed area at the middle of the sheet thickness.
Picraletchant (Ref 5) (consisting of 0.4 g picric acid, 13 mL
ethanol, 3 mL glacial acetic acid, and 3 mL boiled water) was
used to prepare the specimens for microstructural studies.
Texture of FSPed and SFSPed AZ31 magnesium alloys were
analyzed for the normal direction sections [rolling direction
(RD) and longitudinal direction (TD)]. Three pole figures,
{0002}, f10�10g, and f10�11g, were measured by x-ray
diffraction (XRD, D8 Discover) with Cu Ka radiation
(40 kV, 200 mA, tilt angle of 0-85�). Microhardness profiles
of the FSP and SFSP specimens were measured on the cross
sections perpendicular to the processing direction, using a
Vickers indenter with a 100-gf load for 30 s.

3. Results and Discussion

3.1 Microstructural Features

Figure 3 shows the microstructure of different regions after
friction stir process with rotational and traverse speeds of
630 rpm and 200 mm/min, respectively. As-received AZ31B-
H24 magnesium alloy consisted of a single-phase coarse-grain
structure (� 75 ± 6 lm—Fig. 1). However, in the FSPed

sample, two different microstructural zones, stirred zone (SZ)
and thermo-mechanical affected zone (TMAZ), have signifi-
cantly lower grain sizes (Fig. 3a). This can be attributed to the
high plastic deformation and dynamic recrystallization that
occur during the FSP process (Ref 23).

The grain size values in TMAZ region is approximately
3 ± 0.7 lm (Fig. 3b), while this decrease is more obvious in
the SZ with a basin shape and fine recrystallized grains. The stir
zone can be divided into two sub-zones: SZI and SZII. SZI,
located at the upper center of stirred zone, is characterized by
partially dynamically recrystallized and deformed grains. The
average grains size in this sub-zone is approximately
2 ± 0.5 lm (Fig. 3c). In SZII subregion, located under the
tool pin, full dynamic recrystallization is occurred, resulting in
an average grain size of approximately 950 ± 45 nm (Fig. 3d).
It should be noted that the heat affected zone was not obvious
because of the existence of a single-phase microstructure.

Figure 4(a) shows the sharp interface between stir zone and
TMAZ in SFSP sample. In this sample, the tool shoulder is
surrounded by water, so the stirred sample temperature can
quickly reduce during and after the process. Thus, heat is more
localized around the tool.

Temperature analyses illustrated in Fig. 5 confirm that the
lower peak temperature and the lower duration at peak
temperature in SFSP in comparison with FSP resulted in
additional refinement of grain size in the submerged samples.

This can be explained by Eq 1 which describes the relation
between recrystallized grains size and temperature (Ref 6):

D2 � D2
0 ¼ Atn exp � Q

RT

� �
ðEq 1Þ

where D and D0 are, respectively, recrystallized and primary
grains sizes; t is the time of grain growth; R is ideal gas
constant; Q is the activation energy and n and A are constant
values related to composition and temperature which are

Table 1 Chemical composition of Mg AZ 31B alloy

Element Al Zn Mn Si Fe Cu Ni Mg

Weight percent 2.5-3.5 0.6-1.4 0.2-1.0 0.1 0.005 0.04 0.005 Bal

Fig. 1 Microstructure of the AZ31B-H24 base metal
Fig. 2 Schematic representation of apparatus set up used for SFSP
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independent of grains sizes. According to this equation grains
sizes decrease when the maximum temperature of friction zone
reduces. This situation is visible in Fig. 4(b) and (c) which
show SEM micrographs of stir zones in FSP and SFSP samples

in constant rotational and traverse speeds. The grain size of FSP
sample was approximately 1 ± 0.5 lm, while this value
decreased to 800 ± 100 nm in SFSP sample.

3.1.1 Grain Refinement Mechanism in FSP/SFSP. Nu-
cleation of equiaxed dislocation-free new grains due to
dynamic recrystallization owing to an intensive plastic defor-
mation leads to fine grain structure in the stir zone (Ref 14).

Bright-field TEM micrographs in Fig. 6 reflects the bound-
aries disorientation indicating the generation of low-angle
boundaries (LABs)—2�-15�—within the larger persistent
grains, and also the dislocation rearrangement in the process
of refining these grains. The size of sub-grains is decreased
gradually, and the percentage of LABs is increased with
increasing traverse speed. Fine grains gradually develop
misorientations to produce high-angle boundaries (HABs) and
the recrystallized grains eventually cease to grow. The obvious
nucleation and growth stages suggest that this microstructural
evolution can be classified as discontinuous dynamic recrys-
tallization (DDRX).

3.2 Effects of Process Parameters on the Temperature
Profile

From Fig. 7, it is clear that the size of equiaxed grains in the
stir zone was decreased with decreasing rotation speed and
increasing traverse speed.

The recrystallization grain size can be reduced by slower
rotational and higher traverse speeds. In fact, higher rotation
rate or greater tool rotation rate/traverse speed proportion
causes increasing both deformation degree and peak temper-
ature. The first results in reducing recrystallized grain size (see
Eq 1) the latter leads to the generation of coarse grains during
recrystallization, and also grain growth (Ref 24).

Fig. 3 Typical stir zone, TMAZ and BM microstructure of FSP Mg-AZ31 B alloy processed at x = 630 rpm, V = 200 mm/min: (a) enlarged
micrograph of the stir zone, TMAZ, and BM; (b) microstructure of the TMAZ/SZ II interface; (c) microstructure of the SZ I; (d) microstructure
of the SZ II

Fig. 4 (a) Optical microscopy of SFSP sample (x = 630 rpm,
v = 200 mm/min), SEM micrographs of (b) FSP and (c) SFSP
samples (x = 500 rpm, v = 50 mm/min)
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Heat index (w = x2/v) was introduced as a parameter to
evaluate the effect of rotation and traverse speeds on temper-
ature produced during the friction process, as below (Ref 2):

T

Tm
¼ K

x2

V � 104

� �a

¼ Kda ðEq 2Þ

where x and V are rotation and traverse speeds, T and Tm are
peak temperature and melting temperature, respectively; a
exponent and K are constant values dependant on materials
characteristics and heat conductivity.

Variation of temperature with heat index for FSPed and
SFSPed samples is shown in Fig. 8(a). As expected, the
temperature of stir zone was raised by increasing the heat index
in both processes. Figure 8(b) shows the change of T/Tm with
the heat index. The constant values in Eq 2 for the current alloy
in FSP and SFSP processes can be obtained from these curves.
So, Eq 2 is rewritten in the form of Eq 3 and 4 for FSPed and
SFSPed AZ31 B magnesium alloy, respectively (Tm � 650�C).
Lower K value in SFSPed sample emphasizes the more heat
transfer rate near the friction tool.

Fig. 5 The temperature profile in FSP and SFSP samples (x = 500 rpm, V = 200 mm/min)

Fig. 6 Bright-field TEM micrographs showing the DRX microstructure at various traverse speed (a) 50 mm/min (b) 200 mm/min and (c)
350 mm/min at rpm of 500
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T ¼ 403
x2

V � 104

� �0:2325

ðEq 3Þ

T ¼ 316
x2

V � 104

� �0:2419

ðEq 4Þ

3.3 Effects of Strain Rates

The rotating pin actuates the material flow during SFSP or
FSP. The pin rotational speed determines the amount of
material flow. Assuming that the rotation speed of the pin is
about two times greater than the average flow rate of the

Fig. 7 Effect of rotational and traverse speed of friction tool on grain sizes in SFSP samples

Fig. 8 (a) Variation of temperature and (b) variation of T/Tm ratio with the heat index in FSP and SFSP processes
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material, eÆ during FSP can be expressed by the torsional
deformation (Ref 25):

e� ¼ Rm � 2pre
Le

ðEq 5Þ

where eÆ, re, Le, and Rm are the material flow strain rate, the
effective radius, the depth of the dynamically recrystallized
zone, and the average material flow rate, respectively.

The plastic flow of the materials in the dynamically
recrystallized zone results in appearing an onion-like zone.
An effective radius, re, that can represent the average radius for
all parts of the materials inside the onion-like zone, is supposed
to be 0.78 (or p/4) of the observed zone boundary radius (Ref
26-28). Le can also be obtained the same way. In an applied x
of 630 rpm with Re � 2.34 mm and Le � 5.3 mm, eÆ is
calculated to be � 14.55 s�1. Figure 9 reveals that applying
the pin rotation speeds of 500-1000 rpm resulted in the strain
rates within the range of 11.55-23.1 s�1.

It seems that for constant rotation speed, an increase in tool
traverse speed leads to a reduction in grain size, as shown in
Fig. 7. The greater deformation of the material in higher
traverse speeds can provide more strain-free sites for nucleation
and reduce the grain size (Ref 29). According to Fig. 7, grain
size gradually increases when traverse speed rises to more than
200 mm/min (see section 3.2). This observation is similar to the
results obtained by Li et al. (Ref 30) in standard friction-stir-
welded AZ31 joints. They found that the grains are coarsened if
d in Eq 2 is greater than 2.5, but on the contrary, the grains are
refined if d < 2.5. This behavior attributed to the formation of
voids, and they suggested further research to reveal the reasons
for the void formation.

3.4 Texture Evaluation

Applying stresses greater than the critical resolved shear
stress (CRSS) can activate four slip systems in magnesium
materials, namely basal slip {0002}< 11�20>, prismatic slip
f10�10g< 11�20>, first-order pyramid slip { 10�11}< 11�20>
and second order pyramid slip { 11�22}< 11�23> (Ref 8, 9).
The temperature measurements in the stir zone demonstrated
that it changed from 180 to 250 �C during SFSP, depending on
the rotation and traverse speed of the tool. This indicates that
temperature is high enough for activating the non-basal slip
systems. However, introducing plastic deformation at a rela-
tively high strain rate may restrict the activation of non-basal

slip systems in SFSPed materials, which results in activating
only limited non-basal slip systems (Ref 28).

Figure 10 shows (0002), (10�10), and (10�11) pole figures of
AZ31 Mg alloy sheet produced by hot rolling and SFSP in
different rotation speeds. According to Fig. 10(a)-(d), the basal
planes and prismatic planes of the SFSP samples were
significantly different to that of base metal. Furthermore,
Fig. 10 shows the trend of the prismatic and pyramidal slip in
the stir zone to experience high strain rate deformation.

As seen in Fig. 11(a), increasing the rotation speed
decreased the maximum value of (0002) pole intensity, while
the maximum intensity values of (10�11) and (10�10) poles are
increased. An increase in temperature during the SFSP process
made some changes in the texture of the samples reducing the
preferential texture intensity. Figure 11(b) illustrates that in
constant rotational speed, the orientation of the texture changed
with increasing the traverse speed. The relation between the
intensity of the slip planes and traverse speed of the tool during
SFSP (Fig. 11b) indicates that there is relatively no increase in
the prismatic and pyramidal slips with increasing the traverse
speed in the stir zone, while the intensity of the basal planes
increases with increasing the traverse speed. It is concluded that
promoting preferential texture is the result of increasing the
rotational speed and decreasing the traverse speed.

3.5 Microhardness

In the case of the work-hardening alloys like AZ31, Jones
et al. (Ref 31-33) reported two types of hardness profiles after
FSP, which directly are related to working temperature, strain
rate, and processing parameters. First, when grains growth or
the amount of cold working decreases during FSP, the hardness
of HAZ and TMAZ dramatically decreases compared with both
base metal and nugget zones. Such profile is mainly observed in
most 5xxx and 1xxx series of Al alloys. Second, in conditions
that FSP produces fine grains, the hardness of SZ increases due
to increase in high angle grain boundaries and existence of
dislocation walls in some grains. This is more common in
single-phase and low and medium stacking fault energy alloys
like stainless steels and magnesium alloys. This profile is seen
in SFSPed pieces.

In SZ, the hardness of AZ31 B alloy increases slightly with
the decrease in grain size. The ultra-fine grains lead to
pronounced microhardness change in the UFG zone of the
FSP and SFSP specimens (Fig. 12). The highest hardness value
(95 Hv) was even higher than those observed in the FSPed

Fig. 9 The typical strain rates obtained for the pin rotation speeds of 500-1000 rpm
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AZ31. In the AZ31 B base metal, areas away from the nugget,
the hardness remained around 45 Hv.

4. Conclusions

The solid solution-hardened AZ31 Mg alloy sheets were
exposed to one-pass FSP and SFSP to investigate the effects of
operation parameters on their microstructures and microhard-
ness. The following results were obtained:

(1) A uniform UFG microstructure can be achieved by
proper control of the temperature profiles. The mean
grain size was reduced to 400-900 nm by a single-pass
SFSP compared to the initial value of 75 lm.

(2) DDRX associated with distinct nucleation and growth
stages was found to be responsible for the grain refine-
ment.

(3) The greater deformation of the material in higher tra-
verse speeds provided more strain-free sites for nucle-
ation and reduced the final grain size.

Fig. 10 The (0002), (10�10), and (10�11) complete pole figure of AZ31 Mg sheets processed by (a) hot rolling, and SFSP (b) 500 rpm, (c)
800 rpm and (d) 1000 rpm
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(4) SFSP led to the variation of crystallographic orientation
and enhancing the rotational speed and lowering the tra-
verse speed promoted the development of a {0002} ba-
sal texture.

(5) The UFG microstructure drastically increased the micro-
hardness from an initial value of 45 to a final value of
90 Hv.
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