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� A multi-layer pseudo thermo-
mechanical model considering
frictional heating and plastic
deformation have been developed for
additive friction stir deposition.

� The pseudo thermo-mechanical
model provides reasonable accuracy
and computational efficiency (run
time < 20 min for 5 layers).

� Simulations reveal the effect of
process parameters (rotational speed,
and traverse speed) on temperature
and strain rates during AFSD.

� EBSD and TEM analysis suggested
occurrence of dynamic
recrystallization followed by grain
coarsening during multi-layer
depositions.

� Phenomenological relationship
between Zener-Holloman parameter
and grain size elucidates unique
thermo-mechanical imprint on
microstructure evolution during
AFSD.
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a b s t r a c t

Additive friction stir deposition has been proposed as a disruptive manufacturing process; involving com-
plex thermo-mechanical mechanisms during multilayer material deposition. The current efforts have
attempted to develop a FEM based pseudo-mechanical thermal model accounting for heat generation
due to friction and plastic dissipation during multilayer additive friction stir deposition. The primary
motivation for development of the model was to seek an understanding of thermo-mechanical mecha-
nisms and their impact on microstructural evolution during additive friction stir deposition. The pre-
dicted temperature–time profiles agreed well with the experimentally derived ones. The
computational predictions indicate rise of the peak temperatures up to 0.8 times the melting temperature
of Mg-alloy. In addition, the Zener-Holloman parameter, Ze evaluated using the computational model
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Nomenclature

Es Specific linear energy density (J/mm)
M Tool Torque (Nm)
x Tool rotational speed (rpm)
V Tool linear travel speed (mm/s)
rs Tool shoulder radius (mm)
rd Tool feed rod radius (mm)
d Slip factor
dpl Plasticized layer thickness (mm)
q Density (kg/m3)
Cp Specific heat (J/(Kg*K))
u! Advection velocity (mm/s)
k Thermal conductivity (W/(m*K))
Q 000

plastic Volumetric heat source due to plastic deformation (W/
m3)

T Temperature (K or �C)
qf Boundary heat flux due to frictional contact at feed rod/-

substrate interface (W/m2)
syield Shear stress experienced by deformed material at feed

rod (MPa)
h Angular displacement
ryield Yield strength of the material (MPa)
qs Boundary heat flux due to frictional contact at extruded

material/substrate interface (W/m2)
stool Shear stress experienced by deformed material at tool

shoulder interface (MPa)
g Mechanical efficiency
do Scaling constant (<1)
xo Scaling constant reference for tool rotational speed

qloss Convective and radiative heat loss (W/m2)
h1 Convective heat transfer coefficient to ambient (W/

(m2K))
e Emissivity of a material
r Stefan-Boltzmann coefficient (W/(m2K4))
T1 Ambient temperature (K or �C)
gth Thermal efficiency
re Equivalent stress (MPa)
_e Equivalent strain rate (1/s)
rf Flow stress (MPa)
rr Material parameter (MPa)
a Material parameter
m Material parameter
Ze Zener-Holloman parameter (1/s)
Qact Activation energy (kJ/mol)
R Universal gas constant
d0e; de Spatial adjustment scaler
zi Initial substrate coordinates
Rl Moving locus of the tool assembly in cartesian coordi-

nates
d0pl Scaling constant
ND AFSD sample thickness direction
DDRX Dynamically recrystallized grain size
C Fitting constant
n Stress exponent
D Grain size after coarsening

S. Sharma, K.V. Mani Krishna, M. Radhakrishnan et al. Materials & Design 224 (2022) 111412
Strain rate
Zener-Holloman parameter
Thermal model
Grain size
Microstructure
Dynamic recrystallization
was correlated with the microstructural evolution during the deposition process. The unique thermo-
mechanical processing conditions during additive friction stir deposition led to dynamic recrystallization
followed by grain coarsening. A significant extent of texture strengthening was observed in the AFSD pro-
cessed samples. The already established phenomenological relationship between Ze and grain size was
used to predict the grain size in the present work. The computational predictions indicate that the recrys-
tallized grain size ranged from 4 to 6 lm, and the post deformation grain coarsening varied in the range
of 4–24 lm, thereby providing reasonable agreement with the experimental observations.
� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Additive friction stir deposition (AFSD) is a point of need disrup-
tive manufacturing technology with the ability to print macro
metal parts. Given its similarities with existing hot deformation
processing techniques, AFSD is expected to result in considerable
microstructural modifications and potentially superior mechanical
properties of the deposited product. In AFSD, the feed rod material
experiences frictional heating, thermal softening, compression,
extrusion, and stirring, followed by deposition. Compared with
existing friction-based manufacturing/ additive manufacturing
(AM) methods, AFSD can be correlated to Continuous Drive Friction
Welding (CDFW) such as friction stir welding/processing (FSW/
FSP), rotary friction welding (RFW) and Friction surfacing (FS) [1–
3]. The initial phase during AFSD, in which the rotating feed rod
comes in contact with the substrate, results in frictional heating
and thermal softening followed by plastic deformation, which is
quite similar to RFW/FS. However, unlike RFW/FS, where the
deformed material results in a flash, in AFSD the plasticized mate-
rial is extruded between the tool-substrate gap and experiences
extreme shearing similar to that in FSW. Thus, material deposited
2

during AFSD experiences intense thermo-mechanical history,
thereby resulting in generation of unique microstructure [4,5].

Most importantly, AFSD is a layer-by-layer material deposition
process where the thermo-mechanical phenomena repeat during
deposition of each layer, thereby subjecting the deposited layers
to cyclic and varying degrees of complex thermo mechanical pro-
cess flows. Therefore, unlike FSW and RFW processes, AFSD entails
a thermal cycling effect that profoundly affect the microstructural
evolution during the deposition process. Thus, it is imperative to
understand the thermo-mechanics and its possible consequences
on microstructural evolution, ultimately establishing process-
microstructure-property linkage in AFSD.

In literature, numerous attempts have been made to understand
the complex thermo-mechanics of the friction-based manufactur-
ing processes. These attempts can be classified into three different
approaches (1) pure conduction-based thermal modeling [6–8], (2)
computational fluid dynamics (CFD) [9–11] based material flow
models, and 3) thermo-mechanically coupled computational solid
dynamics models (CSM) [12–14]. The CFD and CSM models have
attempted to incorporate pertinent physics of the friction-based
manufacturing process, such as complex temperature-dependent
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stress–strain relations during deformation, heat generation due to
plastic deformation, and evolution of contact state (i.e., sliding or
sticking mechanism) between tool/workpiece. Whereas thermal
models offer a pseudo-mechanical approach where analytical esti-
mation of frictional heat generation is solved to approximate tem-
perature evolution during friction-based manufacturing process. In
the context of AFSD, formulation of CFD or CSM-based techniques
are challenging, as accommodation of extreme plastic deformation
and layer-by-layer deposition is problematic in terms of meshing
strategy for either Eulerian, Lagrangian, or coupled Eulerian-
Lagrangian methodologies. Further, CFD or CSM simulation
requires sophisticated computational resources and higher run-
times, rendering parametric variation studies rather cumbersome.
Recently, a Smooth Particle Hydrodynamics-based AFSD model has
been proposed, which alleviates the above challenges [15]. How-
ever, the model was restricted to a single-track deposition and
the reported computational run time was substantially high (>30
hrs). Thus, there is a need for pure conduction-based multilayer
thermal modeling in AFSD as a reasonable computationally effi-
cient alternative. In light of this, in the present work a multilayer
pseudo-mechanical thermal model for AFSD was developed. Fur-
thermore, the thermal model was validated with experimentally
acquired data during the AFSD. The primary motivation behind this
work was to apply the validated thermal model in understanding
the microstructural evolution during AFSD.

The material chosen for the present AFSD model was AZ31B
Magnesium alloy. The primary reason of AZ31B as AFSD material
was wide range of applications of magnesium-based alloys in auto-
mobile, aerospace, and biomedical industries [16–18]. In addition,
Mg alloys have poor mechanical and formability characteristics
due to their HCP crystal structure and associated lack of sufficient
number of slip systems. Therefore, thermo-mechanical processing
of Mg alloys (at high temperatures) has been explored immensely.
Processes such as Equal Channel Angular Pressing (ECAP), uniaxial
hot compression, tension, rolling, torsion, and more recently fric-
tion stir process have been employed to understand the formabil-
ity and resulting microstructures of Mg alloys [19–22]. It has been
observed that hot working of Mg alloys is conducive to grain
refinement and weakening of (0002) fiber texture resulting in
improvement in plastic anisotropy and ductility [21,23]. Recent
studies have shown under varying thermo-mechanical processing
conditions, AZ31B experienced dynamic recrystallization induced
grain refinement, which resulted in exceptional mechanical prop-
erties [4,24]. Naturally, AFSD processing of AZ31B and its
microstructural evolution warrants similar systematic investiga-
tion. Thus, in order to assess the thermomechanical response under
extreme conditions of stress/strain coupled with the process gen-
erated high temperature in a process such as AFSD was considered
in the present work. Such AFSD based processing also offers the
advantage of grain refinement and associated enhancement in
mechanical properties. Hence, AFSD based fabrication coupled
with experimental-computational examination of AZ31 AFSD
deposits require further exploration.

In light of this, the efforts presented in this manuscript dwelled
on an integrated computational and experimental approach to
understand the thermo-kinetics and thermo-mechanical mecha-
nisms and associated microstructural evolution during AFSD of
AZ31B. The numerical methodology with assumptions, governing
equations, and respective boundary conditions have been
explained. The thermo-mechanical evolution in terms of tempera-
ture, strain state, and state of stress during AFSD process have been
elucidated. Lastly, it is demonstrated that the thermo-mechanical
computational approach adapted in the present efforts has the
ability to predict possible deformation mechanism, degree of
recrystallization, and grain size approximation during AFSD of
AZ31B.
3

2. Materials and methods

2.1. Experiments

A bar stock of 9.5x9.5 mm2 cross-section and length of 460 mm
was used during AFSD as a feed stock was machined/cut out of a
commercially available of AZ31B Mg (Mg-3Al-1Zn-0.5Mn in wt%)
plate of dimensions 9.5x460x460 mm3. As per the material data
sheet provided by the supplier, the AZ31B Mg plate (from which
the feed stock was machined) was produced via wrought process-
ing followed by H24 tempering (170–200 �C). AFSD was conducted
on MELD� machine equipped with a hollow tool of 38.1 mm outer
diameter and a coaxial cavity of dimensions 9.5x9.5x118 mm3.
Fig. 1 illustrates the schematic of the experimental setup used in
this study. The feed stock was fed into the hollow AFSD tool and
pushed down using actuator assembly against the AZ31B Mg base
plate (substrate). While, the AFSD tool was rotated at a constant
rotational velocity of 400 rpm, the tool linear velocity was varied
in the range of 4.2–6.3 mm/s. A gap of � 1 mm was maintained
between rotating tool and the base plate surface with the help of
tool protrusions (Fig. 1 (b-d)), to provide a room for the feed mate-
rial to soften and shear during the deposition. Note that for the
sake of visual aid, the tool protrusions are not illustrated in Fig. 1
(a), rather they are represented in the cross-sectional view (Fig. 1
(b-d)) with accurate spatial location. The tool was linearly trans-
lated to deposit a layer of dimension 140x40x1 mm3. The tool
was then displaced upward by 1 mm to deposit a successive layer.
Total 5 layers were deposited under each set of AFSD process
conditions.

It should be noted that, unlike other friction-based manufac-
turing processes (i.e., FSW, and CDFW), AFSD entails multiple
physical processes such as feed rod deformation, material extru-
sion, stirring, and deposition. Understanding the chronology and
interrelation of these physical processes is necessary to develop
a thermal model. Accordingly, (Fig. 1 (b-d)) illustrates various
steps/phases involved in the AFSD. Firstly, the revolving tool
head assembly is lowered towards the substrate so that a mini-
mal gap persists between tool and substrate with the help of
tool protrusions (Fig. 1 (b)). After that, the rotating feed rod is
translated downwards through the tool cavity with a low feed
rate to achieve contact between substrate and feed rod. Once
contact is made, the rotating feed rod generates frictional heat-
ing under given actuator force and tool torque, raising its tem-
perature (Fig. 1 (c)). With time, the thermal softening effect
becomes prominent, and the downward thrust of the feed rod
initiates material deformation at the feed rod- substrate inter-
face. Following the above, the deformed material gets extruded
between the tool-substrate gap (Fig. 1 (d)). Finally, the tool head
assembly is linearly traversed along the substrate in which the
deformed material undergo extrusion, stirring, shearing, and
deposition (Fig. 1 (a)). Once the concerned layer is deposited,
the tool head assembly is raised per desired layer thickness,
and the above process is repeated during subsequent layer by
layer deposition.

It is worth noting that, based on prior experiments [25] the
optimum material feed rate was maintained at 50 % of the tool lin-
ear velocity to get a successful deposit with minimal flash, hence-
forth in the manuscript this condition will be referred to as
optimum feeding condition. Experimental parameters are listed
in Table 1. Onboard sensors were utilized to collect temporal vari-
ation in process attributes such as actuator force and tool torque. In
order to calculate the energy input with varying process parame-
ters, specific linear energy density Esð Þ which relates to tool rota-
tional speed (x) and tool linear travel speed (V) and tool torque
(M) is defined as follow



Fig. 1. Schematic representation of (a) MELD experimental setup for additive friction stir deposition (AFSD) of AZ31B Mg, and sequential steps involved in the deposition
process (b) tool plunging, (c) material feeding and (d) material deposition. (Note that for the sake of visual aid, the tool protrusions are not illustrated in Fig. 1 (a), rather they
are represented in the cross-sectional view with accurate spatial location).

Table 1
List of experimental parameters and evaluated specific energies during AFSD of AZ31B
alloy.

Tool rotational
speed x

Tool linear travel
speed V

Tool Torque
M

Specific
Energy

400 rpm 4.2 mm/s 132 Nm 210 J/mm
400 rpm 6.3 mm/s 143 Nm 151 J/mm
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Es � M
x
V

ð1Þ

A type K thermocouple was embedded 4 mm beneath the sur-
face of base plate directly below the center of the deposit to collect
variation in temperature at that particular location while multiple
layers were deposited (Fig. 1 (a)). Omega multichannel digital data
acquisition module was utilized for recording the thermocouple
data. The transient temperature recordings were collected at a
temporal resolution of 1 s. The thermocouple data was utilized to
validate the computational model. Several trials were carried out
to find a successful materials processing window for the AFSD of
AZ31B Mg. Previous publication by the authors provides detailed
description of the AFSD process of AZ31B and multi scale observa-
tions of the deposits [25]. In addition, as the material is deposited
in the gap between the tool and the substrate, the deformed mate-
rial flow behavior in the above gap was examined in-situ with the
help of an optical camera (60 frame rates per second go-pro cam-
era) (Fig. 1 (a)).

Microstructure evolution in AFSD AZ31B was characterized
with the aid of electron back scatter diffraction (EBSD). Thermo
Fisher Nova Nano SEM 230 scanning electron microscope (SEM)
4

equipped with Hikari super detector operated at 20 KeV was used
for acquiring EBSD scans. Sample preparation for EBSD consisted of
a two-step approach of mechanical and ion polishing. First the
samples were mechanically polished using 800–1200 grit SiC
papers with ethanol as the lubricant. Mechanical polishing was
then continued on Buehler texmet cloths with diamond suspen-
sions of 1 and 0.25 lm average particle sizes respectively in etha-
nol medium. Final stage included mechanical polishing using
0.06 lm silica suspension on a Buehler chemomet cloth. The
mechanically prepared samples were then cleaned using ethanol
and immediately transferred to Gatan 682 ion polishing system
operated at 5 KeV voltage and 190 lA current for the next step
in sample preparation. The sample was kept at 4� angle with
respect to the ion gun and polished for 30 s to obtain a mirror fin-
ish suitable for carrying out EBSD scans. The EBSD dataset was post
processed on TSL OIM 8.0 software to extract orientation image
maps (OIM) and Kernel average misorientation (KAM) maps. A
Thermo-Fisher Nova 200 Nanolab dual beam focused ion beam
(FIB) microscope was used for the preparation of cross-sectional
transmission electron microscopy (TEM) foils. TEM imaging was
performed using a Thermo-Fisher Tecnai G2 F20 microscope oper-
ating at 200 kV to obtain micrographs and corresponding selected
area diffraction patterns (SADP).
2.2. Numerical modeling

In order to predict accurate thermal evolution during AFSD,
consideration of frictional heating as well as heat generation due
to plastic deformation is necessary. As discussed above, the AFSD
process can be categorized into two spatial regions. The material
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directly underneath the feed rod predominantly experiences fric-
tional heating at the feed rod/substrate interface followed by its
deformation due to thermal softening. Thus, the region beneath
the feed rod can be termed as ‘‘deformation zone” (Fig. 1(c-d)).
Thereafter the deformed material gets extruded between the tool
substrate gap, and depending upon conditions such as tempera-
ture, friction, and material properties; the deformed material
either fully slips or partially sticks/slips under the moving tool
shoulder. This region can be termed as ‘‘deposition zone” (Fig. 1
(d)). The slipping behavior under the tool shoulder varies with
the deposit material. For instance, Cu-AFSD deposition has been
observed to occur with fully slip conditions beneath the tool shoul-
der. Whereas Al6061-AFSD showcased partial stick/slip behavior
[26].

In light of the above-described physical process occurring dur-
ing AFSD, prior to mathematical formulation in the deformation
and deposition zones it is essential to evaluate the nature of slip-
ping experienced by the material during AFSD. To this end, prelim-
inary observations were conducted using an optical camera setup
(60 frame rates per second go-pro camera) to understand flow
behavior of AZ31B alloy under AFSD conditions. Fig. 2 provides
still-frame images from the in-situ optical camera, in which the
revolving tool, deformed material underneath and substrate are
annotated for reader’s reference. In addition, for more clear visual-
ization of the flow behavior, the in-situ videography of the same
image has been provided as a supplementary material (refer to
the online version of the article). In order to assess the state of
material flow in the deposition zone (material underneath tool
shoulder), a material point is marked (Fig. 2 (b), marked point
‘‘A”) and the change in its relative position is observed for the dura-
tion of next six seconds (Fig. 2 (c)). The marked point ‘‘A” is
observed to have travelled a distance of 10.6 mm relative to its
original position. Thus, the linear velocity of the marked point
‘‘A” in the observed images is � 1.76 mm/s which is roughly 1 %
of tool rotational velocity at the same radius. Therefore, under such
conditions and as confirmed through the in-situ photographic
observations (Fig. 2), the material flow under the tool shoulder
was dominated by slip mechanism. Also, the in-situ photographic
observations indicated that the deformed material under the tool
shoulder appeared to translate radially away from the tool center
rather than moving along the rotating tool shoulder. Therefore, in
case of AZ31B alloy, deformation zone is characterized as per stick-
ing condition [22], where the frictional heating and plastic defor-
mation occur. The deposition zone entails material slipping with
frictional heating due to the rotating tool shoulder.

In AFSD, previous studies have reported optimum deposition
conditions as 50 % ratio of travel speed and actuator feed rate.
When this ratio is<50 %, so called starved deposition condition is
observed, with apparent gaps and truncated build profile. Whereas
ratio higher than 50 % results in overfed deposition with excessive
flash and wider build profile. However, the effect of feeding condi-
tion on temperature is minimal [15,26]. Therefore, in the context of
developed model within the framework of process thermokinetic-
structure linkage, optimum feeding conditions have been assumed
to be in effect.

Other than frictional heating, plastic deformation and material
sticking/slipping behavior in the deformation and deposition zone,
the deformed material interaction with the tool protrusion might
have possible bearing on the AFSD deposit. Geometrically, the tool
protrusion height is roughly 1.5 mm, thus for a layer thickness of
1 mm, the tool protrusion will interact with both substrate/preced-
ing layer and the layer being deformed/deposit. However, the sur-
face area of these protrusions is significantly less than that of the
tool assembly (ratio of 1:100). Thus, on a global scale the presence
of protrusion will have minimal effect on heat generation and
material flow mechanism. Therefore, for the sake of simplicity in
5

thermal model formulation effects related to tool protrusion has
been neglected in this study. Note that, during the deposition of
AZ31B Mg any noticeable effect of tool protrusion on microstruc-
ture morphology has not been observed in the present study (dis-
cussed in subsequent sections).

Under the premise of above discussion, a 3D pure conduction
based thermal formulation of multi-layer AFSD is developed. Fur-
ther, to account for plastic dissipation in the deformation zone, a
pseudo-mechanical formulation based on the theory of FS and
CDFW is proposed [27–31]. Accordingly, the following assump-
tions are considered in the proposed computational model: -.

1. The model assumed a steady-state deposition under optimum
feeding conditions as the basis of the thermal formulation.

2. Thermal contribution of dwelling stage during deposition is
considered insignificant.

3. The effect of tool protrusions on temperature evolution was dis-
regarded. As the protrusion surface area is much smaller than
that of tool surface, and the interfacial heat generation at pro-
trusion substrate/deposit interface is expected to be small [26].

4. The volumetric heat generation owing to plastic dissipation was
assumed to restrict in the deformation zone. Further, the
deformed material was considered to stick at the feed rod/sub-
strate interface during plastic deformation.

5. Since the linear velocity of the tool (4.2 mm/s and 6.3 mm/s) is
significantly lower than the rotational velocity (400 rpm, equiv-
alent to� 798mm/s maximum linear speed for the tool of outer
diameter of 38.1 mm), it is assumed that the material flow is
predominantly governed by the rotational motion than the lin-
ear motion of the tool. Hence, the material flow velocity in the
deformation zone was assumed to be centro-symmetric with
torsion like state. In view of this, the variation in its magnitude
considered to occur radially depending upon tool rotational
speed.

6. A plasticized feed material layer thickness was defined as the
region, where the material velocity decayed exponentially from
its maximum at elastic–plastic feed rod interface towards fully
sticking feed rod/substrate interface.

7. Temperature evolution and associated stress and strain rate due
to plastic dissipation in the deformation zone is based on the
centro-symmetric material velocity formulation.

8. The material properties were treated as isotropic, homogenous,
and temperature dependent.

2.2.1. Governing equation
The governing equation pertaining to conduction-based heat

transfer can be expressed as follows: -

qCp
@T
@t

þ qCp u!�rT
� �

¼ r � krTð Þ þ Q 000
plastic ð2Þ

Importantly, the term Q 000
plastic represents the volumetric heat

generation. In context of AFSD Q 000
plastic can be related to the volumet-

ric heat generation due to plastic dissipation, and its formulation is
discussed in subsequent subsection.

2.2.2. Frictional boundary conditions
As discussed in the sections above, friction heating occurs at the

feed rod/substrate interface in the deformation zone and tool
shoulder/deformed material interface in the deposition zone.
Therefore, based on the theory of pure conduction models on
FSW [6,8], a surface heat flux boundary condition was employed
to accommodate frictional heating during AFSD. The radially
dependent boundary heat flux due to frictional contact between
feed rod/substrate interface can be expressed as:

qf ¼ syield � xr � Vsinhð Þ;0 < r � rd ð3Þ



Fig. 2. The observed material flow behavior of AZ31B Mg under AFSD condition. tool rotational velocity 400 rpm and tool travel velocity 4.2 mm/s. (The in-situ videography of
the material flow behaviour has been provided as a supplementary material, please refer to the online version of the article).
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The underlying assumption of above formulation was on the
basis of fully sticking contact condition under plastic deformation
(Fig. 1 (d)). As the feeding material thermally softens and plasti-
cizes, the shear stress syield under sticking assumptions can be
expressed as [32]

syield ¼ ryieldffiffiffi
3

p ð4Þ

Note that the term ryield is temperature dependent. Similarly,
the surface heat flux at extruded material/tool shoulder interface
(Fig. 1 (d)) can be expressed as following

qs ¼ stool � d xr � Vsinhð Þ; rd < r � rs ð5Þ
6

In the above equation, d corresponds to the slip-rate signifying
the sliding/sticking contact state of the extruded material under
tool shoulder. Thus, d ¼ 1 corresponds to fully sticking regime
and d ¼ 0 denotes fully sliding regime. In case of sliding/sticking
regime, the value of d ranges anywhere from 0 to 1. The term
stool is derived from back calculation using experimentally obtained
tool torque (M) data during deposition [25], as explained below

M ¼
Z 2p

0

Z rs

rd

g� r � stoolrdrdhð Þ ð6Þ

Furthermore, the slip rate [33] can be expressed as

d ¼ 1� 1� exp
�doxðr � rdÞ
xo rs � rdð Þ

� �� �
ð7Þ
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Where, do is a scaling constant (<1) and xo is the reference
value for the rotational tool speed. According to experimental
observations, these values are adjusted to represent material
flowability under the tool shoulder. For instance, for a given mate-
rial that is readily extruded, covering a large portion of the tool
shoulder area, the d should gradually shift from 1 towards zero
as r changes from rd to rs and vice versa. As discussed in the sec-
tions above, AZ31B exhibits dominating slip behavior under the
tool shoulder, hence appropriate adjustments in the scaling con-
stants (as shown in Fig. 3) were done to mimic the observed flow
behavior. Thus, the above two position-dependent boundary heat
flux conditions constitute the thermal contribution in the devel-
oped model.

2.2.3. Convection and radiation boundary conditions
All the boundaries associated with deposited material were

assigned convective and radiative boundary conditions with
respect to heat flow, as expressed below: -

qloss ¼ h1ðT1 � TÞ þ erðT4
1 � T4Þ ð8Þ
2.2.4. Pseudo-mechanical formulation in deformation zone
The general expression for volumetric heat generation due to

plastic dissipation in the deformation zone can be expressed as

Q 000
plastic ¼ gthre _e ð9Þ
In case of high-temperature and high strain-rate applications,

Sellars-Tegart constitutive model is often used to describe the
relation between effective stress and effective strain rate with
the help of temperature compensated strain rate parameter
Zener-Holloman parameter [9–11]. The corresponding equations
are described below.

re ¼ rrsinh
�1 Ze

a

� �1
m

ð10Þ

In the above expression the terms rr , a, and m are calibration
constants, whose values are taken from hot deformation calibra-
tion of AZ31B, listed in Table 2 [34]. The term Ze can be expressed
as
Fig. 3. Variation of the slip rate (d) with respect to variation in scaling constants.
Deformation zone corresponds to the area under feed rod, whereas deposition zone
is the area under tool shoulder. Note that term d is meaningful in the deposition
zone.

7

Ze ¼ _eexp
Qact

RT

� �
ð11Þ

The value of activation energy Qact is taken as 151 kJ/mol as per
high strain rates problems. Note that the deformation mechanism
in AZ31 alloy changes with process conditions and thus a change in
material constitutive behavior (and material constant Q) is
expected. In case of AFSD the expected strain rates and tempera-
ture is very high [25]. Accordingly, the value of apparent activation
energy in case of high strain rate as well as high temperature
reported during hot deformation case study has been adopted
[35]. Note that there is a slight variation in reported Q values in
the high strain rate and high temperature regime [36–38], a sensi-
tivity analysis was employed and the best suited value of Q yield-
ing acceptable T evolution was selected. That is 151 kJ/mol as
reported in [35,37].

Lastly, on the basis of centro-symmetric strain rate assumption
on FS and RFW problems [27,30,31] the equivalent strain rate in
the deformation zone can be expressed as

_e ¼ d0e
xRl

dpl

1
de

exp
z� zi
dpl

� �� �
;Rl � rd ð12Þ

Rlðx; tÞ moves along the deposited area as per tool traverse
speed, de and d0e prescribe the upper limits of the deformation zone
radially. The term dpl scales the variation of strain rate along the z-
direction in the deformation zone. The experimental evaluation of
dpl is difficult, however its upper limit can be the prescribed layer
thickness. In addition, the extent of plastic deformation primarily
depends on tool rotational and traverse speeds. Thus, as a first level
of approximation, the plasticized layer thickness is expressed in
the following manner [39], where d0pl is a scaling constant.

dpl ffi d0pl
V
x

ð13Þ
2.2.5. Numerical solution procedure
Fig. 4 illustrates the schematic representation of the longitudi-

nal cross-section of the computational domain. A quiet element
activation/de-activation strategy was employed to incorporate
the multilayer deposition [40,41]. For any given point during depo-
sition, the material preceding the moving tool area corresponded
to deposited material. Hence, the material properties of the consol-
idated material have been assigned to those elements. For the rest
of the elements, material properties of air were assigned. In other
words, the activation or de-activation status of mesh elements
depends upon the transient tool position for each layer.

The above formulation completes the multilayer frictional heat-
ing thermal model for AFSD. Note that all the thermophysical
parameters discussed above are temperature dependent and are
listed in Table 2. Note that in the developed model, the variation
of tool torque (M) due to change in x or V is incorporated in the
frictional boundary condition (Eq. (5)), in which direct input from
experiments are utilized. Moreover, stick/slip behavior of the
deformed material in the deposition zone is included on an ad-
hoc basis (based on experimental observations) with the help of
slip rate coefficient d.

In sum, the developed model incorporates pertinent process
parameters such as (M,x, V) on a physics-based premise. Whereas
parameters such as (de, dpl, do, xo)are included on an ad-hoc basis
which are meaningful in a limited process window (such as opti-
mum feeding condition). Moreover, the choice of values of (de,
dpl, do, xo) are not arbitraray, rather it depends upon material
deformation characteristics, as stated earlier were observed
through in-situ photographic recording of the AFSD process. The
above mathematical model was executed on a commercial FEA
software COMSOL Multiphysics�. The solution algorithm is defined



Table 2
List of thermophysical parameter and material constant employed in the numerical model.

Thermophysical Properties of AZ31 [42]

Thermal Conductivity Specific Heat Density

T [�C] k½W=mK
 T [�C] Cp½J=kgK
 q½kg=m3

20 76.9 20 1040 1780
50 83.9 100 1042
100 87.3 300 1148
150 92.4 >600 1414
200 97
250 101.8
424 118.5
630 60
635 120
680 240
Material Constants [25,34]
ryield½MPa
 1:067� 10�3 � T2 � 1:969� T þ 898:056
h1 m2K

� �
35; r � rd

20; rd < r � rs
10; elsewhere

8<
:

9=
;

T[�C] 25

r½W=m2K4
 5.67 � 10-8

e 0.5
rr ½MPa
 53.3
m 1/4.36
a½1=s
 7.78 � 108

Fig. 4. Schematic representation of layer activation strategy adopted during thermal model of multilayer AFSD.
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in Fig. 5, in which the ad-hoc parameters were adjusted iteratively
to achieve conformity with experimental results. An adaptive
meshing strategy (dependent upon temperature and thermal gra-
dient of mesh elements) was employed to achieve reasonable com-
putational time considering the pure conduction problem. The
dimension of each deposited track is 100 � 38 � 1 mm3. Accord-
ingly, the adaptive meshing strategy ensures a minimum element
size of 0.5 mm in the instantaneous region directly beneath the
moving tool. The choice of 0.5 mm element size was based on mesh
sensitivity analysis. The computational run time for consecutive 5-
layer deposition was<20 min on an Intel(R) Xeon (R) (Gold 6252
CPU @2.10 GHz-190 GB) processor.
2.2.6. Experimental validation
The validation of the proposed thermal model was assessed

using thermocouple temperature measurements. A K-type thermo-
couple was inserted 4 mm below the substrate surface at the cen-
ter location of the deposition. Fig. 6 depicts the comparison of
thermocouple and simulated thermokinetic evolution at the exact
location for Es ¼ 210J=mm. The temperature peaks in Fig. 6 are
associated with each track’s deposition during AFSD. As can be
observed, the thermal model provides reasonable agreement with
the actual thermal evolution during the AFSD as it captures the
essential thermal events in the region of interest. The minor varia-
tions from the actual temperature profile (Fig. 6) can be attributed
to difference in the size of actual base plate used in experiments to
8

that of computational domain size. Note that there is slight tem-
perature drop across different layers, this marginal error is associ-
ated with the re-initialization of the problem once the new layer
activates. Overall, the effect of such discontinuity in change in layer
has minimal effects on the thermal representation of the model. In
addition, Table 3 provides comparison between peak temperature
data obtained from multi-layer experiments for both the process
conditions, the error is within 9 %. It is remarked that despite the
limitations of the developed model in terms of its incorporation
of ad-hoc parameters (de, dpl, do, xo), the model predicts tempera-
ture evolution and thermal cycle with acceptable agreement with
experiments. More importantly, the present model establishes a
framework for multi-layer thermo-mechanical predictions of AFSD
process in a computationally efficient manner. In the sections
below, the process-microstructure linkage has been elucidated
based on the results of the validated pseudo-thermo-mechanical
model for AFSD.
3. Results and discussions

3.1. Thermal evolution during AFSD

As discussed in the sections above, heat generation during AFSD
is primarily associated with 1) frictional contact heating at the feed
rod/substrate interface and deposit/tool (tool shoulder) interface,
and 2) plastic dissipation at the feed rod/substrate region (defor-



Fig. 5. Computational strategy adopted in thermal modelling of multilayer AFSD.

Fig. 6. Comparison of thermal profiles obtained from simulation (red lines) and
experiments (black lines) for a 5-layer AFSD deposition (Es ¼ 210J=mm). Note that
thermocouple probe was embedded 4 mm beneath the surface of substrate. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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mation zone). Therefore, it is essential to understand the thermal
contribution of both of these physical phenomena during AFSD.
Fig. 7 (a) and (b) present the top view and longitudinal cross-
section (in the tool traverse direction) of temperature contours
respectively during AFSD when both plastic dissipation and fric-
tional heating are considered and the process parameter corre-
sponds to Es ¼ 151J=mm. As can be observed, the peak
temperature is 600

�
C (Fig. 7), is very close to the melting point of

AZ31Bb alloy Ts ¼ 605
�
C; Tl ¼ 632

�
C

� �
. Note that previous experi-

mental measurements [4,15,26] on AFSD stir zone temperature
have been reported in the range of 50� 93%ofTmeltð Þ. Moreover,
simulation studies reported stir zone temperature of AFSD exceed-
ing its melting temperature (material: AA6061) [4,15,26]. In addi-
tion, peak temperatures in RFW/FS have also been reported to
attain maxima near melting temperatures [43,44].

Furthermore, the maximum temperature region during AFSD is
in the vicinity of the deformation zone (Fig. 7 (b)). There is a slight
drop in the temperature field inside the deformation zone, which
can be attributed to centro-symmetric strain approximation (As
the strain rate formulation largely varies with the tool rotational
9

speed, the xRl term in eq. (12) will increase with the radial direc-
tion, hence the contribution of Q 000

plastic will be less towards the cen-
ter of the deformation zone.) and conduction losses to the
undeformed feed rod.

Another important observation is contour profiles correspond-
ing to T 380

�
C extended up to 4 mm depth into the substrate. This

observation has been validated with the thermocouple measure-
ment presented in Fig. 6. In addition, the overall thermal profile
inside the tool area (R � rs) is uniformly distributed with a slight
drop in the temperature at the leading edge of the tool. This can
be reasonably explained with the help of the slip factor dð Þ. As dis-
cussed in section 2.2.2, the deformed AZ31B material covers the
region beneath the tool shoulder under a slip dominating contact
state that was also confirmed from the in-situ video recording of
the AFSD process. Therefore, although the term ðrxÞ increases,
the term ðð1� dÞ � rxÞ decreases as r moves from (rd to rs), hence
the frictional heat contribution term in Eq. (4) decreases resulting
in the drop in the temperature profiles.

More importantly, the present results indicate symmetric tem-
perature distribution on both the advancing and retreating sides of
the moving tool. This aspect has been discussed in a previously
reported AFSD model with optimum levels of actuator feed rate
[15]. This observation is contrary to asymmetric temperature dis-
tribution in the FSW process as the marginal temperature differ-
ence in advancing and retreating sides is observed (Fig. 7 (b)).
The primary reason for this aberration is the majority of heat gen-
eration in the deformation zone is due to plastic dissipation and
feed rod/substrate interaction in AFSD. Whereas, in the FSW, tool
shoulder material interaction results in frictional and plastic dissi-
pation. Another distinction from FSW is the partial/entirely slip-
ping behavior of the deformed material underneath the tool
shoulder during AFSD. Nevertheless, the present model assumes
the case of optimum actuator feed rate to ensure uniform deposi-
tion and minimal aberration in the temperature in advancing and
retreating sides of the tool.

Finally, during any point in the deposition interval, the
deformedmaterial AZ31B will experience temperature in the range

of 400� 600
�
C

� �
while traveling from the deformation zone to the

deposition zone. The duration of the above thermal exposure pri-



Table 3
Evaluation of numerical model on the basis of peak temperatures obtained from AFSD multilayer experiment.

Layer No. Es ¼ 210J=mm Es ¼ 151J=mm

Thermal evolution in AFSD Simulation (�C) Experimental (�C) % error Simulation
(�C)

Experimental (�C) % error

1st layer 391.92 389.28 0.51 381.7 373.59 2.17
2nd layer 402.18 411.17 2.1 388.05 406.85 4.62
3rd layer 401.76 400.49 0.3 389.8 407.51 4.34
4th layer 397.03 384.20 3.38 381.2 397.36 4.06
5th layer 399.54 364.42 9.64 381.6 390.88 2.35

Fig. 7. Simulated thermal evolution during AFSD with consideration of frictional
heating and plastic deformation. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 8. Simulated thermal evolution during AFSD with consideration of only
frictional heating. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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marily depends on the tool linear travel speed (V). Naturally, for a
given rotational speed of the tool (x), variation in V will result in
different exposure durations. Hence, any change in thermal expo-
sure time duration (as a consequence of varying V) will affect the
final microstructure of the deposited material. The significance of
the extent and duration of thermal exposure of material during
AFSD to microstructural evolution is discussed later in the follow-
ing sections.

In order to probe the role of plastic deformation in dictating the
thermal evolution, simulations were run with only consideration of
frictional heating and resulting temperature distribution is pre-
sented in Fig. 8. A significant reduction in peak temperature from
600 to 400

�
C can be noticed. Further, the overall temperature pro-

file around the tool (advancing and retreating side) is significantly
more asymmetric with a higher temperature region on the retreat-
ing side of moving tool/feed rod assembly. Finally, the temperature
contour profile corresponding to T ¼ 300

�
C is observed in the

region 4 mm below substrate, which is a substantial underestima-

tion (of around 100
�
C

� �
Þ compared to the case described above

and the experimental thermocouple data (Fig. 6). This demon-
strates the importance of the consideration of heat generation
due to plastic deformation (in the deformation zone) for accurate
estimation of the thermokinetic evolution during AFSD.

3.2. Thermo-mechanical evaluation of deformed zone

Based on the pseudo-mechanical formulation described in the
earlier sections, temperature, strain rates, and flow stress in the
deformation zone are appraised for both the sets of processing
parameters (Table 1), with the help of the transverse cross profiles
10
shown in Fig. 9. As can be observed, higher magnitude of temper-
atures and strain rates are observed in case of Es ¼ 210J=mm as
compared to that of Es ¼ 151J=mm. In contrast, the stress contour
profiles have larger spread of high magnitude stress (120 MPa) in
case of Es ¼ 151J=mm.

The higher temperature in Es ¼ 210J=mm can be related to the
relatively slower linear tool travel speed of 4.2 mm/s (Table 1).
For a given rotational speed, when the tool linear travel speed
increases the thermal exposure time decreases, as a result thermal
effects are less pronounced. In addition, the formulation of _e (strain
rate), Ze (Zener-Holloman parameter), and r (Flow stress) and in
turn Q 000

plastic(volumetric heat generation due to plastic deformation)
depend onx (tool rotational speed) and dpl (plasticized layer thick-
ness beneath feed rod) (Eqs. 8–12). In case of Es ¼ 210J=mm,
dpl � 650lm, which increases up to dpl � 1000lm for
Es ¼ 151J=mm. Therefore, small plasticized layer thickness in
Es ¼ 210J=mm facilitate larger strain rates contributing towards
higher Q 000

plastic resulting in development of higher temperatures.
Furthermore, generation of higher strain rates in Es ¼ 210J=mm

are observed Fig. 9 (c) and (d). As explained above strain rates dur-
ing AFSD depend on relative velocity of the deformed material in
the deformation zone. According to Eq. (11), the strain rate

_e � rx 1
dpl

� �
is related tox, V and dpl ¼ V=x. In both sets of the pro-

cessing conditions (Table 1), x is same, hence increase in V aug-
ments dpl and the magnitude of strain rate decreases. The
physical significance of increased dpl is ineffective material defor-
mation. As observed in Fig. 9 (c) and (d), increase in dpl corresponds
to lower strain rate. It is worth noting that unusually high V will
result in lower strain rates signifying ineffective material deforma-
tion, leading to process aberration such as gaps and voids in the
deposit [25].This implies that at exceedingly high travel speed,



Fig. 9. Thermo-mechanical evaluation in the deformation zone, (a) and (b) Temperature contours, (c) and (d) strain rate contours and (e) and (f) stress contours. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the term dpl will likely to become meaningless due to hindrance in
material deformation. Therefore, in the developed model, formula-
tion of dpl is applicable to a narrow process windowwhere material
deposition is possible.

The flow stress distribution inside the deformation zone for
both sets of processing conditions (Table 1) has been presented
in Fig. 9 (e) and 9 (f). In both cases, the maximum stress magnitude
is around 130 MPa near the edge of the deformation zone. Since the
higher temperature region is localized in the central deformation
zone, the stress value attains its peak near the periphery of the
deformation zone due to drop in temperature within this zone.
Note that the material is not yet deposited ahead of the travelling
tool assembly. Therefore, peak stresses observed near the bound-
ary of the deformation zone can be considered as the stresses expe-
rienced by the substrate. Nevertheless, in-depth analysis using
fully coupled thermo-mechanical models are required to under-
stand the precise state of stress during AFSD, which is outside
the scope of this work. Lastly, the spread of higher magnitude
stress (>110 MPa) is extensive in Es ¼ 151J=mm compared to
Es ¼ 210J=mm due to the development of lower temperatures in
the deformation zone as discussed earlier.

In summary, the above results indicated the capabilities of the
developed numerical model in predicting thermokinetic evolutions
during the complex AFSD. Further, the proposed pseudo-
mechanical formulation of the deformation zone provides impor-
tant information of strain rate and temperatures which are extre-
mely difficult and /or complex, if not impossible, to probe during
AFSD process. The predicted thermo-mechanical parameters are
essential in understanding the microstructure evolution, which is
discussed in the subsequent section.
11
3.3. Evolution of microstructure and texture during AFSD

This section provides details on microstructural evolution dur-
ing the AFSD process and its correlation with various AFSD process
parameters (T, _e, Ze and r) derived using the numerical model
developed in the present study. The EBSD inverse pole figure
(IPF) maps of the AFSD deposits for both processing conditions
and the feedstock have been presented in Fig. 10. These
microstructures correspond to the longitudinal cross-section (XZ
plane) located spatially at the central (bottom of third deposit
layer) area of the AFSD deposits.

The feed stock material exhibits a relatively non-uniform
microstructure with a wide grain size distribution (Fig. 10(a)). As
stated earlier in section 2.1, the material data sheet provided by
the supplier, the AZ31B Mg plate (from which the feed stock was
machined) was produced via wrought processing followed by
H24 tempering (170–200 �C). Although the temperature range of
H24 heat treatment is not in the range of recrystallization temper-
ature of AZ31B Mg, it appeared to have generated heterogenous
microstructure along with multiple twins (Fig. 10). Further, the
coarse grains appeared to possess significant intragrain misorien-
tations as revealed by color gradients in the IPF maps. Several
reports on post annealing examination of wrought processed
AZ31 have observed similar microstructures [45–47]. Additionally,
it can also be observed that the grains of the feed stock were dis-
tinctly non-equiaxed. On the contrary, microstructures of AFSD
samples exhibited lower degree of microstructural heterogeneity
with relatively higher grain size, lower intragrain misorientations,
and more equiaxed grains. The two AFSD samples however, dif-
fered between themselves with respect to certain features.



Fig. 10. The EBSD IPF micrographs and corresponding grain size distribution and crystallographic texture plots of (a) feedstock, (b) AFSD Es = 151 J/mm and (c) AFSD
Es = 210 J/mm respectively. The pole figure plots were imposed with orthotropic sample symmetry. The features of interest (for example Twins, marked by black arrows)
were shown as high magnification insets. The identification of twins was confirmed by their respective misorientation with parent, as shown in the pole figure.
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Es ¼ 210J=mm processing condition is characterized by the pres-
ence of coarser and more equiaxed grains (Fig. 10 (c)) in compar-
ison to its Es ¼ 151J=mm processed counterpart (Fig. 10 (b)).
While the Es ¼ 151J=mm processed sample contained noticeable
fraction of deformation twins (which was identified to be 85

�
@

21
�
1
�
0

h i
tensile twins, Fig. 10 (b)), Es ¼ 210J=mm processed sample

was clearly devoid of any such deformation twins. These observa-
tions can be rationalized based on the thermo-mechanical defor-
mation conditions experienced by the deposited material, which
are explained below.

Fig. 11 provides grain boundary misorientation distributions
and estimated geometrically necessary dislocations (GND) density
maps super imposed with low angle grain boundaries (LAGBs) and
high angle grain boundaries (HAGBs) for both the processing con-
ditions along with corresponding maps for feedstock. As can be
observed, the KAMmaps show significant spread of local misorien-
tation in some of the grains for the feedstock. Whereas, in the case
of AFSD samples (151J=mm, 210J=mm), the local misorientation
12
spread is mainly restricted to LAGBs or subgrain boundary, signify-
ing a decrease in dislocation content. EBSD analysis of the grain
boundary distribution among the AFSD samples indicated the pres-
ence of a predominant fraction of HAGBs compared to LAGBs in
both the deformation conditions. This establishes the operation
of dynamic recrystallization (DRX) in both of the AFSD conditions
employed in the current study. However, presence of noticeable
fraction of deformation twins in 151J=mm along with non-
equiaxed and finer grain size distribution indicate that the extent
of DRX was lower in case of 151J=mm samples compared to the
one processed at 210J=mm. Another interesting difference between
these two samples is in the spatial distribution of intragrain
misorientation quantified through KAM and GND distribution
maps in Fig. 11.

The 151J=mm sample is associated prevalently with a relatively
narrower distribution KAM value (<2⁰) (Fig. 11 (e)). In contrast, the
210J=mm sample exhibited wider KAM distribution due to local
pockets of high KAM regions (Fig. 11 (h)). These observations in



Fig. 11. KAM, normalized GND density maps, and KAM distribution comparison of feedstock ((a), (b) and (c)), AFSD Es ¼ 151J=mm ((d), (e) and (f)), and AFSD Es ¼ 210J=mm
((g), (h) and (i)).
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conjunction with the results from numerical model (i.e., higher
temperature and strain rate in 210J=mm case) suggested that
extent of DRX was relatively high in 210J=mm sample. The KAM
observations are consistent with the distribution of geometrically
necessary dislocations (GND) in the microstructures (Fig. 11(b),
11(e), and 11(h)). The GND fractions of AFSD samples were nor-
malized with respect to that in the feedstock.

The differences brought out by AFSD in the crystallographic tex-
ture distribution are also illustrated in Fig. 10. It is evident that the
feed stock material had a relatively weaker texture with diffuse
spread around the basal fiber ({0001}kND) (30 to 40�around trans-
verse and tool travel direction). The spread in the basal texture
considerably dropped in the 151 J/mm sample leading to classical
transverse split in the basal poles. The 210 J/mm sample exhibited
strong basal fiber parallel to ND axis. These observations can be
attributed to the concomitant operation of deformation and
dynamic recrystallization. In general, recrystallization is known
to weaken the crystallographic texture through random nucleation
of the new grains. However, the observation of progressively stron-
ger basal texture from 151 J/mm sample (Fig. 10(b)) to 210 J/mm
sample (Fig. 10 (c)) sample with higher DRX (210 J/mm) points
13
towards the possible operation of oriented growth being the pri-
mary mechanism [48] responsible for the observed sharpening of
the resulting texture.

To further conduct preliminary microstructural observations in
the feedstock and AFSD processed samples, TEM imaging was per-
formed (Fig. 12). The bright field (BF) image of feed stock (Fig. 12
(a)) depicts a uniform distribution and high number density of
Mg17 Al12 precipitates along with dislocations within the grains
(based on the observed dislocation contrast). On the contrary, the
TEM micrographs of 151 J/mm AFSD deposit reveals a relatively
reduced dislocation density and precipitate fraction. Recalling the
thermal cycle presented in Fig. 6, and the thermal evolution dis-
cussed in Figs. 7 and 8, it is clear that material experiences repet-
itive heating and cooling cycles (of duration > 30 s) with
temperature range of (200–600 �C). The above thermo-kinetic con-
ditions conduce towards dissolution of the b-phase (Mg17 Al12),
more details about the dissolution of b-phase (Mg17 Al12) during
AFSD of AZ31B are discussed in detail in the recent publication
by the current research group [49].

In summary, as observed from the TEM (Fig. 12) and EBSD anal-
ysis (Figs. 10-11), the high fraction of HAGBs and relatively low dis-



Fig. 12. Set of TEM data showing bright field (BF) images for (a) feedstock and (b) AFSD Es ¼ 151J=mm.
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location content for both the AFSD processing conditions further
substantiate dynamic recrystallization (DRX) as the dominant
mechanism during material deformation. Similar observation of
DRX mechanism during hot deformation of AZ31Bb alloys, espe-
cially in high temperature regimes (>400 �C) with varying strain
rates (0.001–100 1/s) have been reported in previous studies
[24,50–56].

Fig. 13 provides comparison of microstructure morphology
taken at different spatial regions of the transverse cross-section
Fig. 13. Comparison of microstructure morphology obtained at differe

14
of the AFSD deposit. The selected spatial regions are the extreme
ends and the center of the deposit. The extreme ends (marked as
left and right region in Fig. 13) can be related to advancing and
retreating side of the moving tool assembly. As can be observed
from Fig. 13, for each of the experimental case (E_s = 210 J/mm,
and E_s = 151 J/mm) there are no significant difference in the
microstructural features amongst the different spatial regions in
the AFSD deposit. Therefore, it can be inferred that the above rep-
resented spatial regions might have experienced similar (if not
nt spatial locations of the AFSD deposit (transverse cross-section).
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exactly the same) levels of temperature, stress and strain rates. The
above observation also justifies that the centro-symmetric approx-
imation of strain rate (discussed in section 2.2) employed in the
current work.
3.3.1. Relating microstructure with Zener-Holloman parameter
In case of thermo-mechanical processing of metals, microstruc-

tural evolution is known to depend on severe plastic deformation
and dynamic recrystallization, specifically at elevated tempera-
tures [20,57–61]. The pertinent thermo-mechanical parameters
are temperature, strain rate, and flow stress. The combined effect
of above parameters on microstructural evolution during hot
deformation is characterized using temperature compensated
strain parameter known as Zener-Holloman (Ze) parameter (Eq.
(10)). Accordingly, Ze distribution within AFSD deformation zone
of AZ31B for both processing conditions and corresponding Ze pro-
cess maps (variation of Ze as function of temperature and tool rota-
tional speed) are presented in Fig. 14.

The general trend in thermo-mechanical processing is decrease
in recrystallized grain size with increasing Ze parameter. This indi-
cates that, lower temperature and higher strain rates leads to grain
refinement. In earlier study on hot deformation (0.0001–1 1/s,
250–550 �C) of AZ31Bb alloy, the dependence of microstructural
evolution with Ze have been elucidated [35]. The study reported
initiation of DRX induced grain refinement for Ze > 1010. In context
of AFSD, naturally the strain rates are much higher than the case
discussed above. However, high temperature (>350 �C) in the
deformation zone compensates the extremely higher strain rates,
resulting in Ze value in the range of 1011-2 � 1012, as shown in
Fig. 14 (a) and 14 (b). Therefore, following the above rationale of
high Ze (1011-1012) values, presence of DRX during AFSD can be
rationalized. In addition, it is important to note that in case of
temperature>400 �C, along with higher Ze values (1010-1012) sub-
stantial amount of grain growth consequent to DRX has also been
reported in AZ31B [20,57–61]. Given the fact that Ze values
depends upon strain rate (related to x) as well as temperature, a
process map of Ze (obtained using Eq. (10)) with variation in x
from 300 to 500 rpm (typical in AFSD) and temperature in 400–
600 �C is presented in Fig. 14 (c). It can be observed that, in the high
temperature regime the variation in x (300–500 rpm), yields Ze
values in the range of 1010-7 � 1012. Thus, in accordance with
the above discussion, it is highly unlikely that microstructures in
Fig. 14. Variation of Ze parameter in the deformation zone for (a) 151 J/mm and (b) 210
color in this figure legend, the reader is referred to the web version of this article.)
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AFSDwill depict higher fraction of finer (DRX) recrystallized grains.
This is further evident in the microstructural observations pre-
sented in Fig. 10.

Lastly, the presence of deformation twin can be related to the
thermo-mechanical evolution in the deformation zone (Fig. 9). In
plastic deformation of AZ31 alloys, deformation twins are often
generated at the onset of deformation due to lack of slip-systems
[62]. For instance, a hot compression test of AZ31 alloy reported
generation of twins at early stages of deformation (e < 0:1). Fur-
ther, the study concluded that critical strain required for twinning
is always less than for DRX in AZ31 alloys. Further, it has been
reported that at higher temperature (>400 �C) the critical resolved
shear stress required for activation of prismatic and pyramidal slip
systems is less than that of twinning. Thus, it is plausible that
under high strain rates (up to 400 1/s, as discussed in Fig. 9) during
AFSD generation of twins might have occurred with the onset of
deformation. As the AFSD progresses and temperature levels
increased (>400 �C, Figs. 6-8) the deformation mechanisms might
have shifted from twinning to other slip-based mechanisms. Fol-
lowing the above, another observation from Fig. 10 is lack/minimal
presence of twins in case of Es ¼ 210J=mm. Recalling the discussion
on higher temperature, higher strain rates and longer thermal
exposure duration (Note that total thermal duration in case of
Es ¼ 210J=mm is close to 200 s where in case of Es ¼ 151J=mm
the thermal duration is around 160 s) for Es ¼ 210J=mm, it is highly
likely that exposure to higher temperature for longer time duration
have caused annihilation of deformation twins in the concerned
case.
3.3.2. DRX grain size prediction
The kinetics of recrystallization can be mathematically related

to the thermo-mechanical process parameters such as temperature
and strain rate. The grain size during DRX can be approximated
using the grain boundary migration theory put forth by Sandstrom
[63], which can be further refined to obtain relationship between
DDRX , T, and strain rate as a phenomenological relationship
between Ze and the DDRX . Note that such relationships are sensitive
to the hot deformation conditions. For instance, Li et al. [35], estab-
lished a power law relationship between Ze and DDRX for the pro-
cessing conditions (0.0001–1 1/s, 250–550 �C) in the form

DDRX ¼ CZe
4
n�1ð Þ ð14Þ
J/mm, (c) Ze-process map for AFSD of AZ31B. (For interpretation of the references to



Fig. 15. DDRX grain size evolution in deformation zone of (a) 151 J/mm and (b) 210 J/
mm. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Here C is a fitting constant whose value was in the range of 83–
85 for above specified conditions, and the stress exponent n was
evaluated to be 4.5. The proposed relationship measured well even
in the case of high strain rate hot rolling and FSP conditions. There-
fore, the above relationship was applied in the current work for the
deformation zone based on the Ze values shown in Fig. 15. Accord-
ingly, DDRX grain size in the deformation zone varied from 4 to
6 lm for both the processing conditions.

In addition, the logarithmic relationship proposed for FSP of
AZ31B [64] can be expressed as

ln DDRXð Þ ¼ 6:0� 0:17lnðZeÞ ð15Þ
To exemplify predicted DDRX sizes during both AFSD processing

conditions (Es ¼ 210J=mmand151J=mm), the Ze processing maps
were generated similar to that in Fig. 14 for the above-
Fig. 16. Processing map of DDRX variation with processing conditions for different pheno
figure legend, the reader is referred to the web version of this article.)

16
mentioned relationships in Eqs. 14–15 and presented in Fig. 16
for the defined range of AFSD processing conditions
(Es ¼ 210J=mmand151J=mm with DDRX variation from 3 to 6 lm
and 2–7 lm respectively). Turning back to grain size distribution
presented in Fig. 10, it can be inferred that smaller grain sizes in
Fig. 10 match well with the above prediction. Therefore, the pre-
sented pseudo-mechanical thermal model has the ability to predict
not only thermal cycle but possible deformation mechanism and
DRX grain size during the AFSD process.

3.3.3. Grain coarsening post deformation
In case of AFSD of AZ31B, the material after experiencing partial

DRX exhibits inhomogeneous microstructure with 1) small and
recrystallized grains with no apparent dislocations, 2) large and
recrystallized grains with moderate dislocation density, and 3)
uncrystallized grains with high dislocation density (KAM and
GND maps in Fig. 11 and TEM micrograph in Fig. 12). Under such
circumstances, when the material exits the deformation and depo-
sition zone it is strain free. However, as predicted in the numerical
as well as experimental results (Fig. 6 and Fig. 8), the material exit-
ing the deposition zone experience thermal cycle with peak tem-
peratures>400�C. In addition, the thermal cycle have low cooling
rates (1–1 �C/s) estimated from numerical model which enables
annealing of the deformed material for duration of several minutes
(>3 min). These unique thermo-mechanical process conditions
may result in considerable grain growth [65–67]. Naturally, each
of the above-mentioned microstructural regions are likely to expe-
rience different static annealing behavior, especially at sustained
temperature>400 �C. In literature, it has been postulated that
under such unique processing condition, the degree of grain coars-
ening in AZ31B will strongly depend on the Ze parameter. For
instance, Beer and Barnett [53], examined the dependence of grain
coarsening during annealing of AZ31B post hot deformation. They
reported presence of larger grain size when the material is pro-
cessed with intermediate values of Ze. In their subsequent study
of annealing of AZ31B at 350 �C post hot working conditions of
(350 �C, 1 1/s), they observed rate of grain coarsening to saturate
after 10 s. In the context of AFSD of AZ31B, the thermal cycle pre-
sented in Fig. 6, depicts repetitive heating and cooling cycle of
duration>200 s. Therefore, it can be presumed that similar phe-
menological relationships of Ze. (For interpretation of the references to color in this



Fig. 17. Evolution of post-static recrystallization size in the deformation zone for (a) 151 J/mm, and (b) 210 J/mm, and (c) process map of post deformation grain size based Ze
variation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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nomena of grain coarsening may have occurred after deposition
during AFSD as well. Following the above rationale, the phe-
nomenological relationship between Ze and post-static recrystal-
lization grain size proposed by Beer and Barnett [53] was
incorporated in the present study. Such a Ze- post-static recrystal-
lization grain size relationship can be expressed as

D ¼ 2:3E4Ze�0:29 ð16Þ
The above relationship was considered in development of a Ze

spatial map in the deformation zone for both the processing condi-
tions (Es ¼ 151J=mm&210J=mmand) (Fig. 17 (a) and 17(b)). The
predicted grain sizes are in the range of 6–24 lm, which agree rea-
sonably well with grain size distribution depicted in Fig. 10. In
addition, grain coarsening process map is depicted in Fig. 17 (c),
which shows that under varying processing conditions of AFSD,
the grain size varies from 4 to 24 lm. Note that the proposed rela-
tionship is based on processing conditions with strain rate of 1 1/s,
which is significantly less than what is observed in AFSD. Never-
theless, the above results provide sufficient evidence towards pref-
erential grain coarsening after AFSD deformation.

4. Conclusion

A novel multi-layer pseudo thermo-mechanical model linking
process parameters to microstructural evolution has been devel-
oped for AFSD, a solid-state additive manufacturing process. The
applicability of this model lies in its ability to predict the thermal
profile, plausible deformation mechanisms, and post process grain
size evolution. The predictions afforded by this model are in rea-
sonable agreement with experiments. The computational run time
for the 5-layer model was<20 min. Following are the main conclu-
sions from the study -.

1. The computational thermal profiles obtained using frictional
heating as well as heat generation due to plastic deformation
matches well with the experimentally recorded thermal pro-
files. The peak temperature reached up to 0.8 Ts and was sensi-
tive to change in tool rotational speed as well as linear travel
speed. Further, it has been shown that consideration of only
frictional heating in the mathematical model resulted in gross
underestimation of the peak temperatures nearly by 100 �C.

2. The thermomechanical formulation in the deformation region
provided important information pertaining to thermal evolu-
17
tion, strain rates, and state of stress during AFSD. It was
observed that with increase in specific energy input from
151 J/mm to 210 J/mm, strain rate increased up to 400 1/s.
The flow stress distribution was Centro-symmetric attaining
peak value of 130 MPa near the periphery of deformation zone.

3. Microstructural evaluation suggested the occurrence of DRX
followed by grain coarsening during AFSD of AZ31B. Further,
with increase in specific linear energy density, the crystallo-
graphic texture exhibited strong basal fiber parallel to the ND
axis

4. The imprint of unique thermo-mechanical processing condi-
tions during AFSD of AZ31B have been elucidated with the the-
ory of grain migration during DRX, phenomenological
relationship between Ze and DDRX was used to predict DRX grain
size. The predicted grain size of 4–6 lm agrees well with exper-
imental observations. Grain coarsening post deformation was
also corelated with Ze parameter, and the predicted post defor-
mation grain size of 4–24 lm agreed well with the experimen-
tal observations
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