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One of the most important issues that hinder the widespread use of friction stir (FS) processing, an effective
microstructural modification technique, is the lack of accurate predictive tools that enable the selection of
suitable processing parameters to obtain the desired grain structure. In this study, a model that is capable of
predicting the resulting average grain size of a FS-processed material from process parameters is presented.
The proposed model accounts for both dynamic recrystallization and grain growth. Several AZ31 mag-
nesium samples were FS processed in different combinations of rotational and translational speeds. The
thermal fields and resulting average grain size were measured, and the effective strain rates were
approximated analytically. The results show that the proposed model is capable of predicting the resulting
grain size of FS-processed materials.
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1. Introduction

In 1991, TWI presented friction stir welding (FSW) as a new
solid-state joining technique (Ref 1). The concept of FSW has
been utilized in an advanced microstructural modification
technique called friction stir processing (FSP). FSP is a solid-
state technique in which a specially designed rotating tool is
used; the shoulder of the tool rubs the surface of a sheet,
generating enough heat to soften the material (no melting takes
place), while the plunged pin stirs the softened material to
produce a dynamically recrystallized microstructure, which is
characterized by equiaxed fine grain structure. FSP is a thermo-
mechanical process that involves both severe plastic deforma-
tion due to mechanical stirring and heat treatment due to the
heating associated with the process. Therefore, the relationship
between the processing parameters, thermal histories, amount
of plastic deformation and microstructure must be well
understood to accurately model and optimize this process.

Many researchers have investigated different aspects of
friction stir technologies. Most of them have focused on the
FSW of aluminum alloy, while others have done some studies
on steel, titanium, copper, and magnesium (Ref 2-7). Ferro and
Bonollo (Ref 8) proposed a semianalytical, thermal model in
which the heat flow was based on the differential equations for
heat in a solid body, and heat generation was presented as a
function of the tool-matrix interface temperature. In their study,
Hamilton et al. (Ref 9) proposed a thermal model of FSW using
an energy-based formulation of the Johnson-Cook plasticity
model; heat generated due to plastic deformation and due to

friction were incorporated. Heurtier et al. (Ref 10) proposed a
thermo-mechanical analysis of FSW in which velocity fields
were introduced based on classical fluid mechanics. Buffa et al.
(Ref 11) used a finite element model, which was calibrated
experimentally, to investigate the temperature and strain
distributions. Chang et al. (Ref 12) proposed an empirical
relation between the resulting average grain size and Zener-
Holloman parameter for FSP AZ31 Mg alloy. An analytical
model for heat generation during FSW was proposed by
Schmidt et al. (Ref 13); they studied different contact
conditions between tool and weld: sliding, sticking, and partial
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Nomenclature

D Resulting grain size (lm)

dr Recrystallized grain size (lm)

Z Zener-Holloman parameter
_ee Effective strain rate (1/s)

T Temperature (K)

Tref Reference temperature below which

grain growth is not significant (K)

t Time during which the material�s
temperature is above reference

temperature (s)

x Rotational speed of the tool (rev/s)

v Translational speed of the tool (m/s)

uh Tangential component of material�s
velocity (m/s)

ur Radial components of material�s
velocity (m/s)

d Contact state variable

Q Activation energy for Mg lattice

diffusion (J/mol)

Eg Activation energy for grain growth

(J/mol)

R Universal gas constant

a, a1, m, m1, n, and k0 Constants
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sliding/sticking. Arbegast (Ref 14) modeled FSW as a metal-
working process and presented relationships to calculate the
extrusion zone width, strain rate, and pressure. Schneider and
Nunes (Ref 15) described the material flow during FSW
through three incompressible flow fields. Ulysse (Ref 16)
proposed a 3-D viscoplastic model for FSW to determine the
effect of tool speed on temperature.

However, the complex, coupled mechanical and thermal
aspects of the process have not yet been well elucidated.
Therefore, an integrated multidisciplinary approach that incor-
porates mechanical, microstructural, and thermal aspects of the
process is needed. The main objective of this study was to
develop a model that is capable of predicting the resulting grain
size of FSP AZ31 magnesium alloy from process parameters,
taking into consideration the refinement due to dynamic
recrystallization and grain growth. Both experimental and
analytical investigations have been carried out to develop,
calibrate and validate the model.

2. Experimental

In this study, commercial magnesium alloy AZ31B in the
form of 3.22-mm-thick sheets was used. Magnesium was
chosen because it is the lightest construction metal on earth,
which offers great potential for weight reduction. Moreover,

recent results suggest that the poor formability of magnesium at
room temperature can be overcome by refining and homoge-
nizing the grain structure of magnesium (Ref 17, 18).

A vertical CNC milling machine was used to conduct the
FSP experiments. The FSP tool was made of H13 tool steel
with a flat shoulder (12.7 mm in diameter) and a flat cylindrical
pin (6.35 mm in diameter and 3.05 mm long). Different
combinations of rotational (between 1000 and 1750 rpm) and
translational (between 5.08 and 12.70 mm/s) speeds were used
to successfully FS process AZ31 magnesium samples. The
thermal fields during FSP were measured using a dual-band
thermographic system; more details can be found in Darras
et al. (Ref 18, 19). Optical microscopy was used to observe the
microstructure of the as-received, FS-processed magnesium
samples. All microstructural samples were taken from the
transverse section of the processed area in the middle of the
sheet thickness (within the nugget zone). Figure 1 shows
the experimental setup used in this study.

3. Model

FSP is a thermo-mechanical process that involves severe
plastic deformation at high temperature. To predict the resulting
grain size of the processedmaterial, two critical aspects have to be
considered: grain refinement due to dynamic recrystallization

Fig. 1 Experimental setup
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and grain growth due to exposing the processed material to high
temperature for a given period of time. The proposed model
begins by estimating the strain rate values from process
parameters. Then, the average size of the dynamically recrystal-
lized grain is related to the Zener-Holloman parameter. The effect
of grain growth is then considered.

To estimate the strain rate distribution within the processed
zone, velocity fields within the processed zone are proposed,
where both translational and rotational components are con-
sidered. Then, the contact state variable dð Þ proposed by
Schmidt et al. (Ref 13) is incorporated to relate the processed
material�s velocity to the tool�s velocity, as presented in Eq 1-3.
Finally, the strain rate components are determined based on the
velocity-strain rate relations, from which the effective strain
rate is calculated based on Eq 4 (Ref 20).

d ¼ material’s velocity/tool’s velocity ðEq 1Þ

ur ¼ d �v sin h½ � ðEq 2Þ

uh ¼ d 2pxr � v cos h½ � ðEq 3Þ

_ee ¼ 2=3ð Þ _eij
� �0:5 ðEq 4Þ

The complex nature of this thermo-mechanical process
makes it difficult to accurately model the contact state variable
and consequently the strain rate distribution. For the current
study, the following simplifying assumptions were made to
approximate the strain rate values: the contact state variable
was assumed to be one (full sticking condition) at the material/
tool interface and decrease linearly farther away from the
interface.

The grain refinement taking place in this process is believed
to be because of dynamic recrystallization, and the average size
of dynamically recrystallized grain can be related to the well-
known Zener-Holloman parameter (Z) (Ref 21).

Z ¼ _ee exp Q=RT½ � ðEq 6Þ

Fig. 2 Microstructure of Mg AZ31B samples: (a) as-received, processed at (b) 1000 rpm and 5.08 mm/s, (c) 1200 rpm and 5.08 mm/s, (d)
2500 rpm and 5.08 mm/s, (e) 1200 rpm and 6.35 mm/s and (f) 1200 rpm and 8.47 mm/s
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dr ¼ a1Z
m1 ðEq 5Þ

Because the processed material is exposed to high temper-
ature for a certain period of time, grain growth certainly takes
place. To account for grain growth, the well-known grain
growth equation is utilized, where the dynamically recrystal-
lized grain is used as the initial grain (see Eq 7 and 8).

dn � dnr ¼ kt ðEq 7Þ

k ¼ k0 exp �Eg=RT
� �

ðEq 8Þ

By incorporating the effects of dynamic recrystallization and
grain growth, the resulting grain size can be presented as shown
in Eq 9.

dn ¼ aZm þ k0t exp �Eg=RT
� �

ðEq 9Þ

Although the temperature here is function of time, for
simplicity, it was assumed that the material is exposed to a
constant temperature T for a period of time t. For this study, Tref
was assumed to be 75 �C; both Q and Eg were assumed to be
135 kJ/mol (activation energy for magnesium lattice diffusion
(Ref 22), and n and k0 were assumed to be 4 and 2.759 10�5,
respectively [these values were based on a detailed study on
grain growth kinetics in AZ31 by Miao et al. (Ref 23)].

4. Results and Discussion

Figure 2 shows the microstructure of the as-received and the
FS-processed AZ31 magnesium samples. The results show that
significant grain refinement was achieved using FSP; moreover,
an average grain size (d) as small as 4.7 lm was attained by
FSP AZ31 magnesium samples with an initial average grain
size of 8.9 lm under the as-received condition.

The results show that more grain refinement can be achieved
at lower rotational speeds. This is believed to be related to the
thermal histories associated with the process because more heat
is generated at higher rotational speeds, and therefore, more
grain growth takes place. The effect of translational speed is the
opposite: as the translational speed increases smaller grain sizes
can be achieved. Again, this can be explained by the fact that at
lower translational speed, the processed material is exposed to
heat for longer periods of time, which allows for more grain
growth. The results suggest that controlling the process
parameters can dramatically change the resulting grain structure
and, consequently, the properties of the processed material. It
can even reverse the process from a grain refinement process to
a grain-coarsening process, Fig. 2(d) shows a resulting average
grain size of 14.4 lm (which is larger than the as-received
average grain size); this sample was processed at high and low
translational speeds, which means more grain growth due to
being subjected to higher temperature for a longer period
of time.

The effects of rotational and translational speeds on both the
peak temperature reached during FSP and the time during
which the processed material�s temperature was above the
assumed reference temperature (Tref) are shown in Fig. 3. The
results show that as the translational speed decreases, both
the peak temperature and time increase, because of lower
translational speeds; the processed material is exposed to the
heat source (frictional heat and heat due to plastic deformation)

for a longer period of time. However, the effect of rotational
speed is the opposite: as rotational speed increases, both peak
temperature and time increase because a higher rotational speed
means more frictional heat and more heat due to plastic
deformation. The results also suggest that the peak temperature
is more sensitive to the rotational speed, while the period of
time during which the material�s temperature is above Tref is
more sensitive to the translational speed.

To evaluate the values of constants a and m in Eq 9, the
measured grain sizes for two arbitrary samples were used (the
two samples used are with Nos. 2 and 6 in Table 1). Therefore,
Eq 9 can be rewritten as

d4 ¼ 3:126� 1010
� �

Z�0:696 þ k0t exp �Eg=RT
� �

ðEq 10Þ

A comparison between the predicted and the measured
resulting grain sizes is shown in Fig. 4. The predicted model�s
results show good agreement with the experimental ones,
which is a good indication of the model�s ability to predict the
resulting grain size of FSP samples.

Fig. 3 Effects of (a) rotational speed, and (b) translational speed on
both the peak temperature and the time during which the material�s
temperature is above the reference temperature (Tref)
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5. Conclusions

In this study, the effects of the process parameters on the
resulting grain structure and thermal histories were investi-
gated. I addition, a model to predict the resulting grain size was
proposed, in which both dynamic recrystallization and grain
growth were taken into account. The results of this study lead to
the following conclusions:

• FSP is an effective microstructural modification technique
in which choosing the process parameters is crucial for
successfully FSP a specific material and obtaining the pre-
ferred grain structure.

• The thermal histories of FS-processed materials are found
to be sensitive to both rotational and translational speeds.
Moreover, because the process is considered to be a hot
working process that involves both dynamic recrystalliza-
tion and grain growth, both the peak temperature and the
time during which the material is above a reference tem-
perature are critical for determining the resulting grain
size.

• The proposed model is capable of predicting the resulting
grain size.
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