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A B ST R AC T

For more than a decade, there has been considerable interest in the fabrication of metal matrix composites
by employing Friction Stir Processing (FSP). In this study a new model based on Zener-Hollomon (Z)
parameter has been developed, which is believed to be the first of its kind, to accurately predict
microstructural characteristics of Al-based composites Additionally, the processing window of composite
fabrication determined and revealed that sound samples achieve within the range of 2.42 to 24.61 rev/mm
for the ratio of rotation speed to travel speed (ω/ν). Recording the peak temperatures during processing
beside the optical and Scanning Electron Microscopic (SEM) studies showed that increasing the number of
FSP passes and the ratio of ω/ν have a remarkable influence on bolstering the role of nanoparticles in grain
refinement. Results also indicated that the mean grain size of FSPed samples and matrix of nanocomposites
decreases with an increase in the Z parameter. Finally, particular equations for various numbers of passes
developed, which make a correlation between the grain size of Al-based composites and the FSP parameters
via Z parameter.
Keywords: Metal Matrix Composites, Zener-Hollomon Parameter, Friction Stir Processing, Aluminum.

1. Introduction
Over past few years, aluminum matrix
composites (AMCs) have become intriguing to
many researchers due to their high specific strength
and young modulus, good resistance to corrosion,
creep, fatigue, and wear and their high thermal
conductivity. Aluminum based composites are
typically utilized in automotive, construction
and aerospace industries. Additionally, AMCs
reinforced with ceramic particles are widely used

in these industries due to their unique properties
and high particular strength. Recently, several
techniques such as laser beam radiation [1]
electron beam radiation [2] and plasma spray [3]
have been developed in order to fabricate Al based
surface composite layers. Since these high energy
processes are performed at high temperature
and in liquid phase, during these processes some
reactions may take place that lead to formation of
brittle phases. Another challenge is that parameters
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of the process must be chosen very accurately
in order to achieve desirable microstructure.
Moreover, there are limitations related to the size of
reinforcing particles. The problem is that in fusion
processes, reinforcing particles must be wetted
by liquid phase and the smaller the particles, the
more difficult the wettability will be. While one of
the most effective factors on strength and hardness
of composites is the size of reinforcing particles.
In a way, that the smaller particles will cause
more strengthening and hardening of composites.
Therefore, if the process of creating the surface
composite layers can be implemented at lower
temperature in solid state, the problem can be
overcome. Friction Stir Processing (FSP) is a solid
state processing technique, which can avoid the
inherent disadvantages of liquid based processes.
A rotating tool with specially designed pin and
shoulder is plunged into a plate and then traverses
along the scheduled line accompanied with severe
plastic deformation. FSP is a versatile technique,
which can be utilized for production of surface
layers with the required functional properties and
it enables us to fabricate composite materials by
introducing second phase reinforcement [4,5].
Besides, FSP provides microstructural refinement
and it can locally eliminate possible imperfections,
which results in improving strength and ductility.
FSP also can increase the corrosion and fatigue
resistance, and enhance formability [6-8].
In the case of composites grain size and
strengthening role of reinforcement particles, one
of the most determinant microstructural factors is
distance of reinforcement particles (L) which can
be estimated by Eq. 1 [9].
d

L = ( )(
2

2π 1⁄
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which resulted in enhancing the mechanical
properties. Accordingly, this process enables us to
fabricate ultrafine grain matrix composites. As an
example, Rajeshkumar et al. [10] employed a single
pass of FSP to refine the grains of a preprepared Algraphite composite. The grain size of the composite
was reduced significantly to ultrafine range and
as a result of uniform dispersion of fine graphite
particles, which was achieved due to strong stirring
action of rotating tool, the samples exhibited
superior hardness. In another work, You et al. [11]
produced Al matrix composites reinforced with
nano-sized Al2O3 particles from Al-SiO2 powder
mixture by using FSP. Microstructural examination
revealed that the Al2O3 particles present mainly in
the form of clusters of nano-sized particles with
fine dispersion in an ultrafine-grained Al matrix.
Accordingly, composites exhibited sustainable
tensile strength and ductility.
One of the most necessary aspects of every
process should be the ability of modeling the
process variables with a formula in order to
predict the result prior to operating the process.
The temperature and strain rate dependence
on plastic deformation can be analyzed using
the Zener-Hollomon (Z) parameter. The Z
parameter was originally proposed to describe
the combined effect of strain rate and temperature
of thermomechanical process on achieved flow
stress of metals at or below room temperature.
For instance, Moghadam et al. [12] conducted a
study to investigate microstructural, mechanical
and texture evolutions of a 7075 aluminum alloy at
the early stage of severe plastic deformation during
three different process under predetermined
thermomechanical condition based on the Z
parameter values. In another work, Lapin and
co-authors [13] investigated the hot deformation
behavior and microstructure of TiAl based alloy
reinforced with carbide particles. They concluded
that the size of recrystallized grains increases with
decreasing Z parameter. In addition, Jain et al. [14]
has characterized the Al5083-CNTs/SiC composites
developed via FSP and demonstrated that ZenerHollomon is the dominant restoration mechanism.
Moreover, Abbasi et al. [15] has subject Al powder
metallurgy to FSP and results illustrated that due
to increase of Z parameter the average grain size
decreased. There are also a few more investigations
on the effects of Z parameter on microstructure of
1600
𝑟𝑟𝑟𝑟𝑟𝑟 or FSWed steels [16,17], copper [18] and
FSPed
65 𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚𝑚𝑚
magnesium [19,20] alloys. However, literature
30
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survey depicts that to date there has not been an
adequate analytical model based on Z parameter
to predict the microstructural characteristics of
composite materials produced by FSP. Accordingly,
this study aims to provide a simple equation
for predicting the matrix grain size of Al-based
composites using Z parameter, which represents
process parameters of FSP. For this purpose,
different samples in two groups -with and without
reinforcements- were subjected to FSP under a
wide variety of parameters including rotation and
travel speeds and number of passes. Then, after
obtaining the processing window, the model was
developed. This model can be used with caution
for Al composites fabricated by 1 to 4 FSP passes.
To apply this model it is required to consider some
parameters including tool’s geometry and particle
size of reinforcements.

To preclude the spreading out of powders during
the FSP, a pin-less tool was employed to seal the
groove prior FSP. Surface composite layers were
fabricated by one to four FSP passes with rotation
speeds of 630, 800, 1000, 1250 and 1600 rpm and
travel speeds of 35 and 560 mm/min. Moreover, in
order to reveal the influence of Al2O3 nano particles
on evolution of microstructure, some aluminum
sheets encountered FSP without Al2O3 powder.
After each pass and before conducting the next pass,
specimens were cooled down to room temperature.
In order to determine the peak temperature during
process, a K type thermocouple was placed below
the substrate in the middle of the FSP track, where
metallographic samples were cut from.
Transverse and longitudinal sections of the
specimens were mounted for microstructural
studies and then grounded with SiC papers and
polished with diamond paste. After that they were
electropolished according to conditions illustrated
in Table 2. Temperature of electropolish solution
was kept constant by placing it’s container in
mixture of dried ice and methanol. Prepared
specimens were examined via optical microscope
Olympus BX60M. In addition, in order to
evaluate the microstructure and grain boundaries
of the polished samples, the composite layers
were examined before and after etching using a
CamScan MV2300 Scanning Electron Microscope
(SEM). Etching process was carefully performed in
accordance with ASM Handbook with a solution
by composition of 42.5 ml H2O, 30 ml HCL, 40 ml
HNO3 and 5.2 ml HF.

2. Experimental procedures
In this study, Al 6082 alloy plates with chemical
composition which is given in Table 1 and
dimensions of 200×75×7 mm were used as substrate.
In order to incorporate Al2O3 powders, a groove
with depth and width of 4 and 1 mm, respectively,
was machined on the surface in centerline and in
longitudinal direction. Then, to remove all surface
contaminations, prepared workpieces were placed
in solution of acetone and alcohol and cleaned in
an ultrasonic bath. Alpha type Al2O3 powders with
purity of 99.8% and average particle size of 50 nm
were dried in furnace at 200 °C for 30 minutes and
placed into the grooves. FSP tool was built from
hot-work steel H13 and undergone hardening
heat treatment. Hardness of the tool were varied
between 58 and 61 HRC. Shoulder and pin of the
tool were designed with diameters of 16 and 5
mm, respectively, and pin height was 4 mm. FSP
was performed by utilizing a conventional milling
machine with stationary top part and movable
desk. Depth penetration of the shoulder was fixed
to 0.2 mm and tilt angle of tool axes with normal
1. Chemicalwas
composition
as received
Al 6082.
axes ofTable
workpieces
enteredofthe
sheet with
3°.

3. Results and Discussion
3.1. Investigation of defects in surface composite
layers
Visual and microscopic examination of
specimens revealed that there are generally two
kinds of imperfections in specimens, which are
shown in Fig. 1. In Fig. 1(a) blistering on the
surface, which is attributed to excessive process
heat input is illustrated. Existence of porosity and

Table 1. Chemical composition of
as received
Al 6082.
Table
1- Chemical
composition of as received Al 6082

Table 2. Electropolishing
solution and
parameters
of FSPed of
samples
surface
layers. layers
Table 2- Electropolishing
solution
and parameters
FSPed and
samples
andcomposite
surface composite
Table 2. Electropolishing solution and parameters of FSPed samples and surface composite layers.




Table 3. Average grain size of aluminum matrix of surface composite layers at different parameters.
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cavities at the bottom of stirred zone and its border
with base metal is shown in Fig. 1(b), which is
related to inadequate heat input and material flow.
Increasing the ratio of ω/ν caused an increase in the
heat input, which is a consequent of intensifying
the friction between tool and workpiece as well as
the amount of plastic deformation. This expression
is demonstrated in Fig. 2 as the relationship
between processing speeds and heat input in terms
of experimental recorded peak temperature.
With decreasing the ratio of ω/ν, some cavities
were formed at the bottom of stirred zone and its
interface with the substrate, which is attributed
to low heat input and insufficient material flow
around the pin. Formation of these cavities
led to accumulation and trapping of Al2O3
reinforcements and consequently nonuniform
distribution of these ceramic particles. While,
at constant rotation speed (e.g. 630 rpm) with
decreasing travel speed (from 530 mm/min to

35 mm/min) cavities disappeared and defect free
composites were achieved. The recorded results of
temperature peaks also indicate the same trend. As
it can be observed in Fig. 2, at constant travelling
speed, peak temperature increased with increasing
rotation speed; besides, at constant rotation speed,
it decreased with increasing travel speed. The
maximum peak temperature, which is related
to ω of 1600 rpm and ν of 35 mm/min was 552
°C. While, the lowest peak temperature is 365 °C
for ω of 630 rpm and ν of 530 mm/min. Since
the liquidus and solidus temperatures of the base
alloy are 582 °C and 682 °C, respectively, it can be
concluded that no melting was occurred during
the FSP and the whole process was performed in
d 2π 1⁄
solid
L
= (state.
)( ) 2
3Vf
The2 amount
of generated heat (q) during the FSP
can be estimated by the following equation [21]:
4
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Fig. 1- SEM phographs of a) longitudinal section of surface composite layer fabricated
at rotation speed of 1600 rpm and travel speed of 35 mm/min b) traversal section of
surface composite layers at rotation speed of 630 rpm and
𝜀𝜀̇ travel speed of 530 mm/min.

𝜀𝜀 =
̇

𝑅𝑅𝑚𝑚 ×2𝜋𝜋𝑟𝑟𝑟𝑟
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𝑑𝑑 −1 = a + bLn(𝑍𝑍)

Fig. 2- Variation of peak temperature during FSP at different rotation and travel speeds
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Processing window and status of created defects in
surface composite layers at different variables along
with the ω/ν ratio for each sample is demonstrated
in Fig. 3.
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3.2. Microstructure
Optical macrographs of cross section of surface
composite layers fabricated with various variables
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Fig. 3- Status of presented defects at various parameter of FSP and fraction of rotation speed to travel speed.

Fig. 4- Macrographs of cross section of surface composite layers at a) rotation speed of 1000 rpm and travel
speed of 135 mm/min b) rotation speed of 1000 rpm and travel speed of 330 mm/min c) rotation speed of 1250
rpm and travel speed of 135 mm/min d) rotation speed of 1250 rpm and travel speed of 330 mm/min e) rotation
speed of 1600 rpm and travel speed of 135 mm/min f) rotation speed of 1600 rpm and travel speed of 330 rpm.
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Fig. 5- Variation of a) maximum width and b) depth of stirred zone by rotation speed at travel speeds of 135 mm/min and 330 mm/min.

Fig. 6- SEM images of distribution of AL2O3 particles in surface composite layers with one pass
of FSP at rotation speed of 1000 rpm and travel speed of a) 135 mm/min b) 330 mm/min.

Fig. 7- SEM images of distribution of Al2O3 particles in surface composite layers at rotation speed of 1000 rpm and travel speed
of 135 mm/min with a) one pass b) two passes, and c) three passes of FSP.

3.2.1. Distribution of reinforcing particles
Fig. 6 shows typical SEM images of stirred zone
illustrating the distribution of reinforcements in
surface composite layers after single pass of FSP
with rotation speed of 1000 rpm and travel speeds
of 135 mm/min and 330 mm/min. In these images,
dark spots represent the Al2O3 particles and the
light ones represent the precipitation of initial Al
alloy. As it can be seen, at constant ω the increase
in ν from 135 to 330 mm/min led to agglomeration
of ceramic particles and consequently diminished

their distribution. To clarify it more, decreasing
in the ω/ν ratio led to reduction in numbers of
rotations per millimeter and caused an increment
in material flow. Yet, it can be stated that regardless
of the values of ω and ν, distribution of Al2O3
particles in the Al matrix in none of the fabricated
samples with single FSP pass is completely uniform.
Distribution of Al2O3 particles in stirred zone
became more uniform with an increase in number
of passes, which is obvious in Fig. 7 as well. As it
can be observed after three FSP passes, distribution
34
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of Al2O3 nano particles became reasonably uniform
and there are barely agglomerated Al2O3 nano
particles with diameter of 500 nm. After four
passes, Al2O3 nano particles with diameter of 50 nm
are separated from each other as well or ultimately,
two or three particles are accumulated together.
This phenomenon is illustrated in Fig. 8.
3.2.2. Matrix grain size
Regarding that matrix grain sizes vary
within the stir zone, they were measured from
photographs of central region of stir zone, where
the temperature recording and calculation of
strain rates were performed. As shown in Fig. 9,
with increasing ω/ν, mean grain size of surface
composite layers increased, which is attributed to
higher heat input and consequently higher peak
temperature. Also, same trend can be observed in

Fig. 8- SEM images of cross section of surface composite layers
created with four FSP passes at rotation speed of 1600 rpm and
travel speed of 135 mm/min; two alumina particles are showed
with arrows.

Fig. 9- Variation of grain size by rotation speed at different travel speed for surface composite
layers created with one pass of FSP.

Fig. 10- Variation of grain size by rotation speed at different travel speed for surface composite
layers created with one pass of FSP.
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fig. 10 for FSPed samples without introducing Al2O3
particles. Fig. 11 shows the average grain size of Al
matrix in different specimens that have undergone
different numbers of passes. Several points can be
concluded from this columnar chart; first, in both
surface composite layers and FSPed specimens, with
increasing numbers of passes, grain size decreased.
Second, matrix grain size of surface composite
layers are smaller than those of FSPed samples
with same processing parameters. The reason is
that presentation of Al2O3 nano particles prevented
the growth of dynamic recrystallized grains, which
formed due to severe plastic deformation. Third, the
difference between grain size of surface composite
layers and FSPed specimens arises with increasing
in number of passes. In this case, it can be stated
that more FSP passes contributed to dispersion of
Al2O3 nano particles. As a consequent, the role of
reinforcements in pinning grain boundaries and
preventing the growth of dynamic recrystallized

grains became more prominent. For instance, grain
d 2π 1⁄
2
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composite layers fabricated at
L
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2 3Vf
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of 630 rpm and travel speed 530 mm/
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Fig. 12(a)
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4 2 and 12(b).
3
𝑞𝑞
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𝜋𝜋 𝜇𝜇𝜇𝜇𝜇𝜇𝑅𝑅
two
are
120
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3
Other average grain sizes of Al matrix are shown in
Table 3 at various parameters.
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3.3. 𝜈𝜈Relationship
between Zener-Hollomon
parameter and grain size
Since
FSP/FSW is a thermomechanical
𝜔𝜔
𝑄𝑄
∝
process,
the
evoluted microstructure depends on
𝜈𝜈
thermomechanical variables such as strain, strain
rate, and temperature. This section examines
800size
𝑟𝑟𝑟𝑟𝑟𝑟 and Zenerthe relationship between grain
𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚𝑚𝑚
Hollomon parameter, which is330
characteristic
of every
thermomechanical process and defines as below [9]:
𝑄𝑄

𝑍𝑍 = 𝜀𝜀̇exp( )
𝑅𝑅𝑅𝑅

1600 𝑟𝑟𝑟𝑟𝑟𝑟

65 𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚𝑚𝑚

(5)

𝜀𝜀̇
𝜀𝜀 =
̇

𝑅𝑅𝑚𝑚 ×2𝜋𝜋𝑟𝑟𝑟𝑟
𝐿𝐿𝑒𝑒

𝑑𝑑 −1 = a + bLn(𝑍𝑍)

Fig. 11- Grain size of aluminum matrix for FSPed samples at rotation speed of 630 rpm and travel
speed of 530 mm/min by number of passes.

Fig. 12- High resolution SEM images of surface composite layers at rotation speed of 630 rpm
and 530 mm/min with a) three and b) four passes of FSP.
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Table 3- Average grain size of aluminum matrix of surface composite layers at different parameters
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the material flow rate (Rm) can
−1
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𝑑𝑑 = a + bLn(𝑍𝑍)to half of the tool’s rotation
800strain
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1600 𝑟𝑟𝑟𝑟𝑟𝑟
speed. With this estimation,
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deformation, as below:
𝑅𝑅 𝑄𝑄
×2𝜋𝜋
𝑅𝑅𝑅𝑅
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𝑍𝑍 = 𝜀𝜀𝜀𝜀̇e=
̇ xp(𝑚𝑚 ) 𝑟𝑟𝑟𝑟
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Where re and Le are average effective radius and
depth of stirred zone, respectively. Since cross
𝑑𝑑 −1𝜀𝜀̇= a + bLn(𝑍𝑍)
section of stirred zone is elliptical, average radius
and depth are obtained by the product of in
visible radius and depth, respectively.
𝑅𝑅maximum
𝑚𝑚 ×2𝜋𝜋𝑟𝑟𝑟𝑟
𝜀𝜀 =
̇ According
to Eq. 2; the strain rate is also expected
𝐿𝐿𝑒𝑒
to increase as rotation speed increases. Whereas,
strain rate is not much dependent on changes
−1 travelling speed changes. The minimum and
𝑑𝑑 = a + bLn(𝑍𝑍)
maximum values of calculated strain rate from
Eq. 2 are 22.67 s-1 and 63.71 s-1, respectively. With
placing the values of strain rate and temperature
in Eq. 5, Z parameter values are obtained under
different variables. From Fig. 13, it is clear that
at constant travelling speed the values of Z
parameter decrease with increasing rotation speed.

Fig. 13- Values of Z parameter by rotation speed at various
travel speed.

It is noteworthy that according to Eq. 6, with
increasing rotation speed, the value of strain
rate increases and consequently, the value of Z
parameter increases according to Eq. 5. However,
on the other hand, at constant travelling speed,
temperature increases by increasing rotation speed
and resulting from Eq. 5 the Z parameter decreases.
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800 𝑟𝑟𝑟𝑟𝑟𝑟
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Ultimately, compromising of these two factors leads
to reducing the Z parameter (Fig. 13). On the effect
of travelling𝑄𝑄 speed on the value of Z parameter, it
𝑍𝑍
= be
𝜀𝜀̇exp
( )that according to Fig. 13, at constant
can
stated
𝑅𝑅𝑅𝑅
rotation speed, as travelling speed increases, the
temperature goes up, and subsequently, according
to Eq. 5𝜀𝜀̇the value of Z parameter increases. It worth
noting that, the reason is that travelling speed had
no significant effect on strain rate. The relationship
between
grain size and Zener-Hollomon parameter
𝑅𝑅 ×2𝜋𝜋
𝜀𝜀 =
̇ 𝑚𝑚 𝑟𝑟𝑟𝑟
𝐿𝐿𝑒𝑒
of Al alloys
after thermomechanical operation can
be defined as below:
𝑑𝑑 −1 = a + bLn(𝑍𝑍)

1600 𝑟𝑟𝑟𝑟𝑟𝑟

65 𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚𝑚𝑚

Noteworthy point about the diagram of Fig. 14
is that at specified Z parameter, there are different
grain size values relevant to each number of passes.
Therefore, for both surface composite layers and
FSPed specimens, a particular equation should be
derived for each number of passes to demonstrate
the relationship between grain size and Z parameter,
which are given in Table 4.
By using these equations and process variables,
we can predict grain size of surface composite layers
or FSPed specimens. It is also observed in Fig.
14 that at specified Z parameter, with increasing
numbers of passes, the difference between grain
size of each pass and its previous pass decreased.
This trend is more obvious in surface composite
layers in comparison with FSPed specimens, which
is attributed to the presence of Al2O3 nano particles.
In fact, increasing the number of passes in case

(7)

Where a and b are constant values and d is grain
size (µm). As it is depicted in Fig. 14; the grain size
decreases as the value of the Z parameter increases.

Table 4. Relation
betweenbetween
grain sizegrain
and size
Z parameter
for surface
layers and
FSPed
Table 4- Relation
and Z parameter
for composite
surface composite
layers
andspecimens
FSPed specimens

1

Fig. 14- Relation between grain size and Z parameter at different passes for a) surface composite layers and b) FSPed specimens.
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of surface composite layers played two rules; it
contributes to both more dynamic recrystallization
owing to more plastic deformation and more
uniform distribution of Al2O3 particle. Therefore, it
can enhance the impact of reinforcements on grain
refinement. On the other hand, in the case of FSPed
specimens, increasing the number of passes just
causes to increase the plastic deformation.
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4. Conclusions
The processing window besides the status of
created imperfections in Al-Al2O3 surface nano
composite layers fabricated by FSP were obtained.
In addition, a simple model based on Z parameter
for predicting the average grain size of the matrix
has been developed. It was found that presentation
of Al2O3 nano particles could obstruct the grain
growth of matrix after dynamic recrystallization.
Findings indicated that more FSP passes could
intensify the impact of reinforcements particles
in pinning grain boundaries. Comparison of
matrix grain sizes in nano-composites with those
of FSPed samples without reinforcement has been
indicated that increasing in number of passes leads
to more grain refinement not only by repeating
dynamic recrystallization but also by distribution
of particles more uniformly. Here in fact, the
presented model has been stablished a relationship
between microstructural aspects and processing
parameters for Al based composites. This model
could be employed with caution in any severe
plastic deformation process where predictions of
outcomes are needed. Future works should entail
developing this model for other metal-based
composites fabricated by FSP.
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