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Abstract
Friction stir extrusion (FSE) offers a solid-phase synthesis method consolidating
discrete metal chips or powders into bulk material form. In this study, an FSE
machine tool with a central hole is driven at high rotational speed into the metal
chips contained in a chamber, mechanically stirs and consolidates the work
material. The softened consolidated material is extruded through the center hole
of the tool, during which material microstructure undergoes significant trans-
formation due to the intensive thermomechanical loadings. Discontinuous
dynamic recrystallization is found to have played as the primary mechanism for
microstructure evolution of pure magnesium chips during the FSE process. The
complex thermomechanical loading during the process drives the microstructure
evolution. A three-dimensional finite element process model is developed using
commercial software DEFORM 11.0 to predict the thermal field, mechanical
deformation and material flow during the FSE process. Using the simulated
thermomechanical loadings as input, a cellular automaton model is developed to
simulate the dynamic evolution of the material grain microstructure. The pre-
dicted grain size is in good agreement with the experimentally measured grain
size. This numerical study provides a powerful analysis tool to simulate the
microstructure transformation for friction stir-based processes.

Keywords: friction stir extrusion, cellular automaton, finite element model,
microstructure evolution, dynamic recrystallization, magnesium

(Some figures may appear in colour only in the online journal)

0965-0393/19,/035006-+23$33.00 © 2019 IOP Publishing Ltd  Printed in the UK 1


https://orcid.org/0000-0002-0547-1579
https://orcid.org/0000-0002-0547-1579
mailto:hongtao-ding@uiowa.edu
https://doi.org/10.1088/1361-651X/ab044b
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-651X/ab044b&domain=pdf&date_stamp=2019-03-06
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-651X/ab044b&domain=pdf&date_stamp=2019-03-06

Modelling Simul. Mater. Sci. Eng. 27 (2019) 035006 R Abdi Behnagh et al

1. Introduction

Friction stir extrusion (FSE) is a mechanical deformation-based, solid-state recycling process
utilizing the principle of friction stir processing [1-6]. The recycling of metal chips is
important for society to meet the goals of waste management, pollution control, and reduction
of greenhouse gas emission [7, 8]. The conventional method of recycling by melting scraps
and chips leads to significant energy consumption. On the other hand, metal chips can be
compressed and deformed plastically in non-conventional recycling methods with less energy
consumption and without a requirement of subsequent operation for finish product [9-12].
During the FSE process, the chips are kept in a cylindrical container, and a specially designed
rotating tool with scrolled face and inner extrusion channel is inserted in the container. A
schematic representation of the FSE process and different components required for the pro-
cess are shown in figure 1. There is intense frictional interaction between the tool and the
chips that deforms the material at high strain rate. At the same time, frictional heat raises the
temperature of the material as well. In the process, the chips are solid-bonded and undergo a
backward extrusion through the extrusion channel in the tool.

Mechanical properties in terms of tensile strength and hardness and quality in terms of
surface crack and microstructure of the friction stir extruded wire have been experimentally
investigated for FSE process. Behnagh er al [1] produced defect-free wire from AA7277 chips
using FSE process. They showed that temperature was an important parameter and has a
dominating influence on quality of the extruded wire. Hot surface cracks and cold surface
tears were observed on the produced wire if the process temperature was too high and too low
respectively. Tang and Reynolds [2] observed the same trend of surface crack and tear for
their experiments with AA2050 and AA2195 aluminum alloy chips. They observed good
ductility and relatively uniform hardness on the friction stir extruded wires. Tahmasbi and
Mahmoodi [3] performed a compression test on the extruded wires and found that with
increasing tool rotational speed during the FSE process, hardness and yield strength of the
extruded wire were reduced. On the other hand, increasing the extrusion force to a certain
extent led to increase in yield stress of the material. They also showed that increased tool
rotational speed led to reduced dislocation density in the extruded wires. Material flow
behavior during the FSE process is also an important aspect that influences the quality of the
extruded part. Recently, FSE process is used to produce defect-free Al-SiC metal matrix
composite by introducing SiC powders with AA2024 chips during the process [13].

It is important to develop numerical models to capture the process mechanics and
material flow pattern for better comprehension of the process. Zhang et al [14] used com-
putational fluid dynamics to simulate the complex flow of material by considering the mat-
erial as non-Newtonian fluid with temperature and strain rate dependent viscosity. They
observed that a helical material flow induced by tool rotation and traverse occurred in the
extruded part. They predicted the velocity field, particle path lines, strain rates, viscosity
distribution, and the deformation region. 3D Lagrangian, thermo-mechanically coupled finite
element (FE) model was also developed to capture temperature distribution and material flow
path during the process [5].

Substantial microstructural change has been observed experimentally during the FSE
process of aluminum alloys [1-3] and magnesium alloys [4-6]. As the FSE process included
complex thermomechanical loading that incorporated plastic deformation, strong frictional
interaction at the tool-workpiece interface, it is essential to understand the mechanism of
microstructure evolution during the process to foresee the mechanical performance of the
extruded part. Dynamic recrystallization (DRX) is the most dominating mechanism of
microstructure evolution during friction stir processes [15-18]. Researchers have
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Figure 1. Experimental setup for the FSE process; (a) the container; (b) the tool with
scrolled face and central hole; (c) machined magnesium chips; and (d) schematic of the
process.

experimentally observed that plastic deformation at high temperature leading to DRX induced
microstructure in the extruded material [1-3, 6]. Tool rotational speed and plunge rate exerted
significant influence on the formation of the final microstructure of the extruded part as they
contributed to the deformation rate and heat generation. Multistep metallo-thermo-mechani-
cally coupled Eulerian-Lagrangian FE model with DRX kinetics has been developed to
predict the evolution of microstructure during the FSE process [6]. The model predicted the
distribution of DRXed grain size and the microhardness. However, the dynamic micro-
structure evolution by DRX in terms of nucleation and thermally driven grain growth is
beyond the scope of the FE model.

Cellular automaton (CA) method is capable of capturing the dynamic evolution of
microstructure under complex thermomechanical loading of hot forming processes [19, 20].
The microstructure evolution of steels [20-23], magnesium alloys [24, 25], copper
[19, 26, 27], and titanium alloy [28] governed by DRX has been simulated by CA method in
last few years. It has been widely acknowledged that it is a powerful numerical methodology
to simulate the DRX dominated evolution of microstructure with computational efficiency.
However, these CA models mainly simulated process with constant temperatures and low
strain rates. On the contrary, FSE process is a high strain rate problem with gradient strain rate
from edge to center of the extruded part, which makes it a challenging problem to model the
microstructure evolution. In recent years, authors have developed a CA-based microstructure
model [29] to simulate DRX governed microstructure evolution of the friction stir blind
riveting process of aluminum alloy. Gradient microstructure was simulated at the tool-
workpiece interface and validated against experimental results.
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Table 1. Materials and experimental conditions for FSE.

Processed alloy Pure Mg
Tool material H13 tool steel
Tool rotational velocity (rpm) 180, 250, 355
Tool plunge rate (mm min~") 14
Extrusion hole diameter (mm) 5

In this paper, a comprehensive analysis of the mechanism of DRX governed evolution of
microstructure is discussed for the FSE process of magnesium. A three-dimensional (3D) FE
process model is developed to simulate the thermomechanical response during FSE process.
Finally, for the first time, a two-dimensional (2D) CA-based microstructure evolution model
is established to simulate the DRX dominated microstructure transformation of work material
undergoing the FSE process. The thermomechanical response predicted by the FE model is
fed into the CA model as loading condition. The CA model consists of multiple mechanisms
including dislocation accumulation during plastic deformation, dynamic recovery, DRX, and
temperature driven grain growth kinetics. A comprehensive analysis is conducted to under-
stand how processing parameter affects the microstructure evolution. FSE experiments were
performed to validate the process model and microstructure evolution.

2. Principles of microstructure evolution during FSE

2.1. Experimental analysis

The schematic representation of the FSE process with main components is shown in figure 1.
The setup consists of three main components, i.e. the container, a tool with a scrolled face and
the magnesium chips as shown in figures 1(a)—(c). Dry and pure magnesium chips were
produced by machining a magnesium ingot using a planning machine in dry condition. The
container was filled with the magnesium chips. The rotating tool was driven into the container
at a constant speed. The stirring action of the tool created friction between tool and chip,
which deformed the work material and generated frictional heat. As a result, a solid wire was
extruded through the channel inside the tool. The temperature of all the components increased
during the process. The temperature on the extrusion container wall was recorded using an
infrared thermometer. Tool material and process parameters used in the experiments are listed
in table 1.

Optical microscopy (OM) images of the magnesium ingot and the chips used in the FSE
process are illustrated in figures 2(a) and (b). As-received pure magnesium ingot had uni-
formly distributed coarse grains of about 800 m. The machined chips which were produced
by machining the ingot had an average grain size of 13.5 um. The extruded wire was sec-
tioned perpendicular to the extrusion direction to investigate the microstructure. The samples
were polished and etched following the ASTM standards [30, 31]. In the beginning, 1000-grit
Al,O5 paper, with 1 ym diameter diamond paste was used to polish the specimens followed
by polishing with silica paste with particle size of 40 nm. Post polishing, Acetic-Picral etchant
(5 ml Acetic Acid, 6 g Picric Acid, 100 ml Ethanol, and 10 ml Water) was used to etch the
polished surface to prepare it for microstructure measurement. Optical micrographs were
taken at the center, middle and edge of the cross-section area of the extruded wire using
OLYMPUS PMG3 OM. From figure 2, significant grain refinement was observed from the
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Figure 2. Experimental analysis of microstructure: (a) magnesium ingot; (b) machined
chips; (c) illustration of cross-section area; grain structure (d) at the center; (e) at the
middle and (f) at the edge.
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Figure 3. Average grain size distribution from the center to edge of the friction stir
extruded part.

center to edge of the friction stir extruded part. The grain size was measured from the
micrograph using open source MATLAB program ‘linecut.” Average grain size was 5—8 yum
at the edge whereas near the center area it was around 15-20 pm in size (figures 3(d)—(f)).

2.2. Mechanisms of microstructure evolution during FSE

Intense work material and tool interaction is one of the prime features of friction stir processes
and both sliding and sticking friction contribute to the deformation of the work material
[32, 33]. The material around the tool experiences stirring effect which deforms the work
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material. Unlike other hot metallurgical deformation processes, friction stir processes are high
strain rate processes where strain rate is heavily influenced by tool rotational speed [34-36].
The friction between the rotating tool and work material also generate a lot of heat during the
process, which takes the process temperature beyond the recrystallization point of the work
material [36-38]. High temperature plastic deformation means the material has conserved
enough strain energy to trigger DRX [6, 29, 39, 40].

Three main DRX mechanisms are reported for engineering metals and their alloys, i.e.
continuous dynamic recrystallization (cDRX) [41-43], discontinuous dynamic recrystalliza-
tion (dDRX) [44-47] and geometric dynamic recrystallization (gDRX) [46, 48, 49]. During
cDRX, dislocation buildup and increase of misorientation between subgrains led to form new
grains. On the contrary, for dDRX, high accumulation of dislocations led the formation of
new grains on the grain boundaries followed by migration of the high-angle grain boundaries
(HABs) [41, 44]. On the other hand, subgrain boundary formation within a grain and dynamic
recovery at high-temperatures and low strain rates for some materials created new grains by
gDRX [49]. The stacking fault energy (SFE) is one of the key factors that decide the
mechanism of DRX. High SFE metals, such as aluminum alloys, ferritic steels, and alpha
titanium alloys are more prone to endure cDRX rather than dDRX at plastic deformation in
high temperature. On the other hand, low to medium SFE metals, such as beta titanium alloys,
austenitic steels, and magnesium alloys, trend to experience dDRX rather than cDRX for
similar thermos-mechanical loading condition [41, 42, 50]. Strain rate is another key factor
that contributes to the mechanism of DRX [48, 51]. It has been observed that cDRX is
dominating mechanism when the strain rate of the deformed region is low whereas dDRX is
dominating when the strain rate is high [48]. Magnesium and its alloys show the occurrence
of both cDRX and dDRX for hot deformation processes [18, 52-54], but friction stir pro-
cesses predominantly induce dDRX. Both Yuan e al [55] and Chang et al [56, 57] indicates
that due to high strain rate during friction stir processes, microstructural defects are generated
in the workpiece which is favorable for dDRX nucleation. Fatemi-Varzaneh et al [54] suggest
that both temperature range and strain rate play influential roles to decide the DRX mech-
anism of AZ31 magnesium alloy. If the temperature is above 450 °C and the strain rate is
above 0.1 s—1, dDRX dominates the recrystallization process.

During the FSE process, a high-speed rotating tool approaches the magnesium chips in
the container, the chips around the tool undergo stirring which leads to plastic deformation of
the work material. High strain and strain rate exist at the outside of the extruded wire whereas
material away from the edge experiences less strain and strain rate. The extruded part has
different grain size distribution from edge to center as shown in figure 2. Based on the
thermomechanical conditions of the extruded part, the optical micrographs at a different
location and prior research done on magnesium and its alloys, the work material in FSE
process undergoes dDRX which predominantly influence the microstructure evolution during
the process.

3. Finite element process modeling

A 3D thermomechanical model was developed using a commercial FE software package of
DEFORM 11.0, a Lagrangian implicit code designed for metal forming processes, to simulate the
thermomechanical process response during the FSE process and subsequent cooling process. The
deformation and thermal history were simulated simultaneously. The thermomechanical
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Table 2. Thermo-physical properties for pure Mg [6, 59].

Property Value

Density (kg m3) 1741.6-0.1369 - T (T < 650 °C)

Young’s modulus (GPa) 44.104-0.0242 - T (T < 350 °C)
35 (350 < T < 650°C)

Poisson’s ratio 0.35

Melting point (°C) 650

Thermal conductivity (W m™~' °C) 418

Specific heat (J kg~ °C) 1009.6 + 0.5305 - T (T < 650 °C)

Thermal expansion (umm™~' °C) 25.2

Table 3. JC model parameters for pure Mg [60].
A (MPa) B (MPa) nyc C mc T, (°C) &, (1/s)

153 291.8 0.1026 0.013 1.5 20 1

responses were fed into the subsequent CA microstructure evolution model to simulate the
dynamic microstructure change during the FSE process.

According to experiments, the FSE process can be divided into two main stages. First
stage was to consolidate the Mg chips inside the container and convert them into a billet with
continuous material. Second stage was the extrusion of the wire. In this step material extruded
from the top surface into the extruded wire. One of the most critical aspects of the FSE
simulation was the material modeling for the magnesium chips. It should be noted that the
chips were discrete and there were voids or pores in between the chips. It is very complicated
and computationally expensive to model individual chips and the frictional interaction
between them. It has been shown by researchers that the chips were compacted inside the
extrusion container and porosity reduced to zero before the beginning of the extrusion process
as a result of the deformation and material stirring of the tool [58]. Consequently, it is
assumed that all the chips inside the container were a single object. As an initial condition of
the FE simulation, the magnesium chips are already compacted and considered as a single
object. So, the properties of continuous magnesium are used for the simulation.

Table 2 lists the temperature-dependent thermal and physical properties of pure mag-
nesium which are used in the FE model. The flow stress behavior of the work material was
modeled using Johnson—Cook (JC) constitutive model. JC model defined the material flow
stress as a function of strain, strain rate, and temperature during the process simulation

-~ ne N | e
5=+ Be >[1 ¥ Cln(éo)](l (Tm = T,) ) 1)

where € denoted the equivalent plastic strain; ¢ represented the equivalent plastic strain rate; T
was the temperature, A, B, njc, myc, €, and C are material parameters; 7,, and T, were the
melting and room temperature respectively. The material parameters used in the JC model
were listed in table 3.

In this FE model, only second stage of the process was simulated, but, it should be noted
that the temperature has risen to some extent during the first stage of compaction of chips [4].
In this present work, the chips were assumed to be a single solid material, and the effect of
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Figure 4. FE modeling setup for FSE process.

compaction stage at the process was considered by applying the preheating temperature to the
billet. A preheating temperature of 200 °C was applied to the billet prior to the start of FSE
process simulation as a similar temperature was observed from previous experimental
work [4].

Figure 4 shows the cross-section of the modeling configuration for the FSE process in
DEFORM 11.0. Both of tool and the container were considered as rigid bodies, and the
extrusion container was fixed in all direction. The tool was provided with a rotational motion
about the longitudinal axis and a linear plunge rate towards the workpiece billet as shown in
figure 4.

A clearance was provided between the inner hole of the rotating tool and the extruded
wire to avert additional frictional obstruction and to reduce power consumption during the
process. The tool, extrusion container and workpiece were meshed with tetrahedral elements.
Multiple simulations were conducted with varying tool rotational speed from 180 to 355 rpm
and a constant plunge rate of 14 mm min~'. A uniform shear friction was considered between
tool-billet and billet-container interface. A friction factor of 0.57 was used at those frictional
interfaces [61] and the heat transfer coefficient was assumed as 10Wm 2K ! in the fric-
tional interface. After the FSE process simulation, the tool was disconnected from the
simulation system, and the workpiece was cooled using a natural convection (20 W m > K)
condition.

4. CA modeling of microstructure evolution

A 2D DRX model based on CA method was developed for the FSE process for the first time
considering the complex thermomechanical loading, dDRX, and grain growth kinetics. The
CA model was built on the evolution of dislocation density. The evolution of dislocation
density was modeled based on the authors’ previous work [29] for the aluminum alloy for the
friction stir blind riveting process. The commencement of DRX at high temperature was
modeled using the critical dislocation density approach [19, 20, 24, 28, 62]. The dislocation
density evolution model was combined with the DRX nucleation model and thermally driven
grain growth kinetics model adopted from Ding and Guo [62]. Microstructural evolution
during FSE process of magnesium chips was simulated using the CA model developed in
MATLAB. As explained earlier, the FSE process imposed plastic deformation on the work
material, and friction between tool and workpiece increased the temperature very close to
material recrystallization temperature. The strain rate and temperature simulated in the FE
based process model was fed into the CA model as loading conditions. The microstructure
evolution was captured based on this loading condition following a given set of evolution
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laws. The CA model developed in this research can simulate the evolution of grains in the
cross-sectional plane of the extruded wire. The main rationale behind the development of
the CA model was to capture the gradient microstructure in the radial direction as observed in
the experimental analysis. As the model was 2D in nature, it was unable to capture the
evolution of microstructure in the extrusion direction.

It was assumed that the initial crystal structure was defect-free with uniform dislocation
density and no grain rotation. DRX was assumed to take place when the dislocation density of
a particular grain reached a critical value determined by thermomechanical loading condi-
tions, i.e. strain rate and temperature [62, 63]. The grain boundary energy and dislocation
energy were considered as the two main driving force for DRX. The elastic strain energy and
surface energy were assumed to have no effect on the driving force for recrystallization. As
discussed in section 2.2, dDRX was established as the mechanism of recrystallization for the
FSE process. Hence, DRX nucleation was assumed to take place only on grain boundaries
that included both primary grain boundaries and DRX grain boundaries. This assumption
agreed to the grain boundary bulging nucleation mechanism of dDRX of Magnesium, which
was supported by many experimental observations [54-57].

4.1. Dislocation evolution laws, DRX nucleation, and grain growth kinetics

During plastic deformation, dislocations were gathered in the deformed grains leading to
work hardening. At the same time, dislocation annihilation led to dynamic recovery. When
the resultant dislocation density reached a critical value, DRX took place and new grains were
nucleated and the dislocation density was reset. All these three competing mechanisms
contributed to the evolution of dislocation density during any process with plastic defor-
mation. Kocks and Mecking model proposed by [64, 65] combined work hardening and
dynamic recovery to calculate the change of dislocation density of a cell.

Oy _ ki[5 — kapiy @)
RE & &

where p;; was the dislocation density of a cell at location i, j; € was the strain; k; and k, were
material constants. The value of k; and k, can be determined from stress-strain data. k;
remained constant for different strain rate and temperature whereas k, was a strong function
of strain rate and temperature [66]. k, can be expressed as:

ky, = Al(é exp(RQ—;)) , 3)

where A, O,, n were material parameters; € is the strain rate; R is the gas constant and 7 is the
temperature in Kelvin scale.
Average dislocation density (p,,.,,) Was calculated over the domain at each simulation

step
1
= — -y 4
Pmean N%:p”] 4

where N is the total number of cell in the simulation domain. The flow stress (o) was
calculated at each step as expressed in [23]:

o= aGb [pean > 5)

where o represented the dislocation interaction term which was 0.5 for magnesium; G was the
shear modulus, and b is the Burger’s vector.
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During DRX simulation, the event of DRX nucleation was one of the essential condition
which took place when accumulated dislocation density reached a critical value. This critical
value depended on the material and thermomechanical deformation condition in terms of
temperature and strain rate. When the accumulated dislocation density in a specific grain of
the work material attained the critical dislocation density, new nucleus would generate at a
random cell along grain boundaries. That critical dislocation density value was calculated by
[67]:

1

207, )3

o = |55 | - ©)
3bIMy, &

where +,, denoted the grain boundary energy of high-angle boundary; / represented the
dislocation mean free path; M, stood for the grain boundary mobility; and § was the
dislocation line energy. They were calculated by [51, 66, 68]:

Gbh,,

= 7
i A7 (1l — v) @
g
. 6Dgpb Oy
Mgy, = ST CXP(—E), )
£ = c,Gb?, (10)

where 6, stood for HAB, it was considered as 7/12 radian; v was the Poisson’s ratio; 6
denoted the grain boundary thickness; D, represented the grain boundary self-diffusion
coefficient at 0 K; K denoted the Boltzmann constant, Q;, was the grain boundary diffusion
activation energy; R stood for the ideal gas constant; and ¢, and ¢, were material parameters.

The nucleation rate 71 (¢, T') per unit grain boundary was modeled as a function of strain
rate [69] and temperature [63] and it is expressed as:

Y _ -m Qacl
nE, T) = c3é exp( RT ), (11)
where Q,.; denoted the activation energy; and c; and m were material parameters.

The dislocation density of the new DRX nuclei was set to p;;,; Which was a small
number very close to zero. The difference in dislocation density between the newly recrys-
tallized grains and the matrix worked as the driving force for the growth of new DRX nuclei.
The grain boundary moved from recrystallized grains towards the matrix grains as matrix
grains had higher dislocation density compared to recrystallized grains. The grain growth rate
can be calculated by:

Vi = My, ;. (12)

where f; denoted the driving force per unit area that contributed to the evolution of
recrystallized grains, which is given by:
%

)

n 13)

fi=70n—p) =2

where p,, stood for total dislocation density of matrix grains; p; represented the total
dislocation density recrystallized grains, respectively; d; was the diameter of DRXed grain,

10



Modelling Simul. Mater. Sci. Eng. 27 (2019) 035006 R Abdi Behnagh et al

and +; was the grain boundary energy of the DRXed grain. ; was determined by the equation
proposed by Read—Shockley [70],

0; 0;
—|1 — In|— Hi < em
y = 7’”9,,,[ n(em)] for : (14)
Yin for 6; >0,

where 6; denoted the difference in orientation between grains i that has undergone DRX, and
it is adjacent grains.

All the parameters discussed above for the development of the CA model for micro-
structure evolution of Magnesium were listed in table 4.

4.2. CA model formulation

The 2D CA model code was written in MATLAB combining dislocation density evolution
model, DRX nucleation model and grain growth kinetics model along with CA transfor-
mation rules. The simulation domain consisted of equally spaced CA cells that evolved during
the simulation based on the loading condition and transformation rules. Each CA cell had six
variables that attributed to six physical parameters that control the state of the cell during the
simulation. Those six variables included (1) orientation of grain, (2) the label of grain
boundary, (3) total dislocation density, (4) the label of recrystallized grains, (5) index of
recrystallization, and (6) index of color. The CA cells evolved depending on the status of
neighboring cell according to the 2D von Neumann’s nearest neighboring rule. The initial
microstructure of the simulation domain was constructed by a grain growth algorithm.
Randomly distributed nuclei were set inside the domain, and those nuclei grew until the
whole domain was covered. Subsequently, actual CA simulation was performed based on the
thermomechanical loading from the FE model.

During the simulation, the dislocation density of each cell (p;;) was updated continuously
at each time step based on the thermomechanical loading obtained from the FE simulations.
When the dislocation density went beyond critical dislocation density, a random distribution
of DRX nucleus was introduced along the grain boundary based on a probabilistic trans-
formation rule. In each step, DRX nucleation probability, P,,. was calculated according to the
following equation:

Bue = 1 X At X Sca, (15)

where At denoted the time increment in CA simulation; Sc, represented the area of a CA cell.
As the current model assumed square CA cells, Sca = L%, where Lca was the length of
the cell.

A random number P between 1 and 0 was generated and assigned to cells on the grain
boundary. The value of P was compared with P, in each step. If P < P,,. condition was
satisfied, the cell was turned into a DRX nucleus. The state variables of that particular cell
were updated as well. Otherwise, the cell remained in the original grain and the value of the
state variables remained the same.

The newly created DRX nucleus was subjected to further evolution and growth based on
the thermomechanical loading, and the grain boundary migrated accordingly. The migration
distance (Lg) of grain boundary was calculated by:

L; = ViAt. (16)
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Table 4. CA model parameters [66, 71-73].
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Table 5. Details of CA simulations.

Simulation Location  Simulation domain (um?)  Lca (um)

1 Center 250 x 250 1
Middle 250 x 250 1
3 Edge 125 x 125 0.5

The size of a particular recrystallized grain (r) was calculated by [23]:

r = ,/Nprx X SC—A, 17
T

where Nprx denoted the total number of the CA cells occupied by this recrystallized grain.
When the value of V; reached to zero, grain growth stopped. To track the progress of DRX,
volume fraction of recrystallized grain (Xprx) was calculated by:

M, (18)
NX X Ny

where Ny and Ny denoted the number of cells in the domain along X- and Y-axis respectively.

The radius of the extruded wire was 2.5 mm which was significantly large considering
the computational cost. So, three separate simulation domains were chosen for the center,
middle and edge area of the cross-section. The edge area had shown small grain size as
observed from experimental analysis. The thermomechanical loading histories were extracted
from the FE simulation conducted in section 3 and fed into the CA simulation. A square shape
2D simulation domain with 250 square cells in each direction was used with a resolution of
the domain denoted by Lca. The details of each CA simulation was listed in table 5. The CA
simulation consists of two steps, i.e. the deformation process during FSE and subsequent
cooling step.

Xprx =

5. Results and discussions

5.1. Finite element process model results

The predicted temperature profiles were compared with the values obtained with the infrared
thermometer to verify the simulation results. The temperature of the extruded wire was
difficult to measure as it was enclosed by the rotating tool, so the temperature was measured
at location A on the container wall as shown in figure 1. Figure 5 showed the comparison of
simulated and experimentally measured temperature histories at the container wall. The
simulated temperature profiles agreed well with the experimentally measured values. As the
rotational speed of the die increased, the peak temperature also increased. The peak temp-
erature was almost 200 °C higher as the tool rotational speed increased from 180 to 355 rpm.
The simulated results also followed the same trend as the experimental result. Figure 6
showed the temperature distribution on the extruded wire after 10 s of FSE process simula-
tion. The peak temperature was observed near the neck area near the extrusion hole. Higher
rotational speed contributed to the higher rate of friction between work material and tool that
resulted in higher frictional heat generation. As the tool rotation speed increased from 180 to
355rpm, the temperature on the extruded wire increased from 530°C to 630 °C. The
temperature contour was also very uniform in the cross-section of the wire. The temperature
on the wire for all rotational speed in this study was higher than 0.8 T,,, which was required to
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Figure 5. Comparison between predicted temperature and experiments.
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Figjure 6. Temperature distribution at different tool rotational speed: (a) 180 (b) 250; (c)
355 rpm.

trigger DRX. There was limited relative movement between container and billet during the
extrusion stage. Most of the relative movement was between tool and billet. So, the friction
between tool and billet played the major role in heating during the simulation. At this stage,
friction between the billet and the container existed, but had no effect on heating due limited
relative velocity between billet and container.

The strain distribution on the wire for different rotational speed was shown in figure 7
after 10 s of process simulation. The cross-section was taken at the neck region of the wire
and distribution of strain from the center to edge was shown as well. As the tool rotational
speed was increased, the strain was also increased. When the tool rotational speed was
180 rpm, most of the area at the wire center had strain value in the range of 2.2 < strain < 3.
The strain value suddenly increased from 3 to 4.5 near the edge region covering a distance of
1.1 mm (figures 7(a) and (d)). The same trend was followed for higher tool rotational speed
for 250 rpm and 355 rpm. The high strain region (strain > 3) increased to 2 mm and 2.5 mm
respectively for 250 rpm and 355 rpm tool rotational speed (figures 7(b)—(d)). Higher tool
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Figure 7. Strain distribution after 10 s of simulation at different tool rotational speed:
(a) 180 (b) 250; (c) 355 rpm and (d) strain distribution from the center to the edge of the
extruded wire.
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Figure 8. Strain rate distribution after 10 s of simulation at different tool rotational
speed: (a) 180 (b) 250; (c) 355 rpm and (d) strain rate distribution from the center to the
edge of the extruded wire.

rotational speed stood for more material stirring near the tool surface which led to higher
strain depth from the tool surface.

Figure 8 showed the strain rate distribution of the extruded wire for different rotational
speed. A cross-section was taken at the neck region of the extruded wire and shown in
figures 8(a)—(c) for tool rotational speed of 180 rpm, 250 rpm, and 355 rpm, respectively. As
the tool rotational speed increased, the strain rate increased because higher rotational speed
led to higher tangential stirring velocity around the tool. As a result, material deformation rate
increases leading to a higher strain rate. This trend agreed with other friction stir processes
[29, 34]. The strain rate around the tool increased by 45% as the rotational speed increased
from 180 to 355 rpm (figure 8(d)).

The material flow had a key role in the formation, structural integrity, and the overall
properties of the extruded wires. The material flow in forming processes was usually tracked
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Top View

3D View
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Figure 9. Top view and 3D view of material flow by tracking positions of predefined
points at different time step with tool rotation of 355 rpm.

experimentally by applying the so-called marker insert technique. The markers were inserted
into the workpiece material, and their final positions after the forming process were dis-
covered using a metallographic study or x-ray radiography. However, this method was very
costly and time-consuming. Alternatively, material flow can be tracked by numerical simu-
lation by tracking some specified points before and after the simulation. In this case, a series
of point on a straight line is tracked at a depth of 1.5 mm from the surface. Figure 9 showed
the evolution of the positions tracking points at different time frames when the tool rotation
was 355 rpm. The material was restrained by the rigid rotating tool and the wall of the
container. At the beginning of the process, material flowed toward the extrusion hole from the
top of consolidate chips, with a defined speed of the feed rate. It can be observed that the
movement of the nodes were centrifugal along the thickness direction where they were pulled
upwards and rotated simultaneously. The centrifugal movement of the nodes of the extruded
wire was due to the axial movement in the feeding direction and rotational movement of the
tool happening at the same time. The rotational movement of the tool facilitated the stirring
action that induced spiral movement of material along the radial direction, and the axial
movement of the tool pulled the spiral upward to make a 3D spiral distribution of the material.
The billet material was also involved in rotational movement during the simulation but, the
movement was limited compared to the flow inside extruded wire as shown on the top views
in figure 9. The tool rotation could not rotate the entire billet during extrusion. It only rotated
the material on the surface layer. The billet was almost fixed in the bottom of the container
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Top View

3D View

Figure 10. Top view and 3D view of material flow by tracking positions of predefined
points at different tool rotational speed: the position of the tracking points after 14 s of
simulation for (a) 180; (b) 250 and (c) 355 rpm.

and side of the container due to larger frictional surface. As the simulation progressed, the
tracking points came near to the surface and the rotation can be seen. The scrolled face of the
rotating tool further facilitated the stirring action and flow of the material into the extrusion
hole, but it is not considered in this study.

Figure 10 showed the evolution of the positions of tracking points after 14 s of simulation
for different tool rotation conditions. As the tool rotation increased from 180 to 355 rpm, the
same material point endured more helical movement. It meant the same material element
suffered more strain and strain rate at higher tool rotation. These numerical results agreed well
with the reported computational fluid dynamics and experimental work by Zhao et al [74].

5.2. Microstructure simulation results

Using the above established 2D CA model, the microstructure evolution of the magnesium
undergoing FSE process was simulated. It was assumed that the consolidated chip was
annealed during the FSE process and had an initial average grain size of 25 ym. It was
considered that a uniform dislocation density of 10'® m~2 existed in the hole domain (typical
level of dislocation density for well-annealed magnesium [75, 76]). As the FSE process
involved intense frictional interaction between tool and work material, the temperature of the
work material was simulated to go beyond 0.8 7,, for triggering the DRX. Previous work
suggested that DRX commenced before the consolidated chips go into the die inlet due to
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Figure 11. Difference in DRX nucleation at a different location of the cross-section of
the extruded wire: (a) at the center; (b) at the middle and (c) at the edge.

high temperature and plastic deformation [6]. As the simulation progressed, the dislocation
density was evolved based on the thermomechanical loading condition of the domain. When
the condition of accumulated dislocation density of a specific grain became equal or above the
critical dislocation density, sporadic DRX nuclei were generated on the grain boundaries as
shown in figure 11. The strain and strain rate of the edge area of the extruded wire was
significantly higher compared to center area as demonstrated by the FE simulation results. As
the value of dislocation density was proportional to strain and strain rate, the dislocation
density of edge area increased faster compared to the center area of the extruded wire. It
indicated that the edge area grains reached critical dislocation density much faster than center
area grains. As a result, more DRX nuclei were generated in edge area compared to center
area (figures 11(a)—(c)).

After the material went beyond the neck region, the plastic deformation ceased very
quickly, and the extruded wire underwent cooling phase. Therefore, nucleation of new DRX
site ceased, and only temperature driven grain growth took place subsequently. As the
extruded wire passed through the inside hole of the die, it was not exposed to the environment
immediately. As a result, the cooling rate was not as first as other friction stir processes.
Consequently, a significant amount of grain growth happened. Figure 12 showed the final
simulated microstructure from the CA model and compared them to the experimentally
observed microstructures at the center, middle and the edge area of the extruded wire when
the tool rotational speed was 250 rpm. The simulated microstructure reasonably agreed with
the experimentally observed microstructures. In the center area, the grains (figure 12(d)) were
relatively larger compared to the middle and edge area (figures 12(e) and (f)). The center area
cooled slower than the edge area which let the center area to have more time for thermal
driven grain growth or grain coarsening. At the same time, the edge area had more DRX
nuclei that had less space to grow whereas the center area had less DRX nuclei and more
space to grow. The simulated microstructures were analyzed using open source MATLAB
program ‘linecut.” The histogram plot of grain size showed that the percentage of simulated
grain sizes matched reasonably well with the experimentally measured values as shown in
figures 12(g)—(@).

More CA simulations were conducted with the FE model simulated thermomechanical
loading conditions for different tool rotational speed. Figure 13 showed the comparison of
simulated average grain size and experimentally measured average grain size. A significant
agreement has been found. The CA simulated grain size was under-predicted by 5%—15%
compared to experimentally observed values. The source of the error came probably from the
fact that the deformed shape of the grains was not included in the current study.
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Figure 12. Optical micrographs (a)-(c) and simulated microstructures (d)—(f), and
comparison of histograms of experimentally measured and predicted grain size
distribution for FSE process with tool rotation 250 rpm for three CA simulations (Sim.
1 at center of the extruded wire, Sim. 2 at mid region along radius of the extruded wire,
and Sim. 3 at the edge area of the extruded wire).
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Figure 13. Comparison of simulated and experimentally measured average grain size.
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6. Conclusion

In this work, microstructure analysis had been performed on the extruded wire from FSE
process of magnesium chips. DRXed microstructure was observed on the cross-section of the
extruded wire. Fine and coarse grains were observed on edge and the center of the extruded
wire, respectively. dDRX was argued to be the DRX mechanism during the process. A
thermomechanical FE element process model was developed to simulate the thermo-
mechanical behavior during the process. The FE model was validated against the measured
temperature during the experiment.

A MATLAB based CA model was established to simulate microstructure transformation
during the FSE process. The microstructure evolution from the center to the edge of the
extruded wire was simulated for different tool rotational speed. The dDRX of the grains was
modeled based on the dislocation density evolution under thermomechanical loading con-
dition. The simulation results showed that the strain and strain rate distribution across the wire
cross-section and process temperature played the principal role for DRX event during the
process. The simulated grain size and distribution was in good agreement with the experi-
mentally observed microstructure.
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