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The computational solution is considered an effective tool for the analysis and a good
understanding of the complex microstructural development that occurs during friction
surfacing. In this article, ABACUS software was used to create a 3D-FE model of friction
surfaced layering of AA 6063 aluminium on EN8 carbon steel, and the heat and strain rate
collected throughout the operation were utilised for a computational investigation of
microstructural recrystallization and grain development. The Multi-phase Field model
(MFM) and constructive material model (CMM) were used for the prediction of the grain
development during the process. A decrease in the incubation period from 0.839 sec to
0.578 sec was seen before recrystallization, after a temperature rises from 100°C to 300°C
for substrate preheating. Validation of the reliability model obtained from the
computational study was done using the image received from electron backscattered
diffraction (EBSD) for grain size development and distribution. An appropriate assessment
has been made between computational and experimental images which shows the
maximum error of less than 10%. The development of grain structure during
recrystallization was impacted extensively for increasing the coating strength, which was
seen as inversely proportional to the average coating's grain diameter.
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1. Introduction

Friction surfacing (FS) was invented by Nicholas during his patent work of joining
dissimilar materials [1]. FS is a promising method of solid-state bonding for both similar or
dissimilar materials. It produces an exceptional coating over the substrate where the fusion-based
coating is extremely difficult.FS uses a mechtrode (coating material) in the form of a circular rod
carrying downward axial force rotating at constant rotational speed over the substrate (base
material). This causes frictional heat to build at the substrate coating contact, loosening the coating
substance and the formation of a viscoplastic film there at the rod's tip, as well as the
commencement of the diffusion mechanism. After a certain dwell period, the mechtrode was
moved over the substrate, resulting in the deposit of plasticized coating material over the substrate
and forming a metallic coating. The coating shape and mechanical characteristics are heavily
influenced by the fundamental process parameters of FS, such as axial force, rotating speed, and
transverse speed of the mechtrode. Changes in coating geometry and the mechanical strength were
seen following an alteration in the process parameters. Generally, friction surfacing is a solid-state
deposition process. Its process significance, heat generation, and the nature of plastic deformation
(PD) help its effectiveness for the enhancement of the surface characteristics of the base materials
through the interchange of its microstructure and chemical compositions [2.3]. After completion of

“ Corresponding author: dillipkumarsahoo@gmail.com
https://doi.org/10.15251/DJNB.2022.171.263


https://doi.org/10.15251/DJNB.2022.171.263

264

the coating, the surface cooling was initiated by the transfer of heat towards the environment and
the depth of the substrate. This cooling process helped the creation of fine-grain molecular
structure and homogeneous coating. There is a likelihood of the occurrence of the distribution of
second phase particles as a result of the thermal effect induced by friction surfacing and other
developments that include phase transformation arising due to the chemical composition seen in
the mechtrode materials.

As mentioned, the nature of the deposition in the FS process depends on the treatment
received by the mechtrode during the viscoplastic stage which further implicit the behaviour of
dynamic recrystallization during the process. The cooling process was started after the completion
of the deposition process. Heat transfer occurred towards the environment and to the depth of the
substrate. Effective cooling after deposition enabled a homogeneous bonding with fine-grained
microstructural features due to the chemical compositions of the mechtrode. In plastic deformation
(PD) involved industrial processes, Correlations between processing variables and the produced
substructure are critical for production and system improvement. The influence of the development
of grain refinement and grain structure at the coating on most of the structural and mechanical
characteristics is seen in friction surfacing. Most of the properties like bond strength, hardness,
toughness, plasticity, corrosion resistance witness effective enhancement at the reduced grain
structure.Despite  much experimental research work carried out for the analysis of the
microstructural feature like grain development, grain size during friction surfacing of various
material combinations. The influence of process parameters on microstructural development
through the experimental study is quite expensive and also restricted to experimental trials. Hence,
the prediction of microstructural features during friction surfacing through mathematical
simulations is an effective method for gaining a clear and good perceptive knowledge about
microstructural growth.

To date, many researchers have used different microstructure modeling techniques in
carrying outa numerical modeling of dynamic recrystallization and microstructure development
throughout the frictional surfacing procedure. Grujicic et al[4] applied the FEM method for
computation of temperature and strain rate during FSW and used certain values as inputs
parameters for the Monte Carlo Model in the examination of the correlation between the formation
of grain structure and grain refinement during DRX at different locations of the weld joint. Their
studies have indicated the impact of temperature on the evolution of grain structure inside a heat-
affected zone (HAZ), at the thermomechanically affected zone (TMAZ), and stirred zone. The
Monte Carlo method uses a straightforward algorithm for calculating the rate of nucleation with
the ability to predict the nature of grain size relatively in a large area.But this model does not
produce realistic results where high-temperature deformation is involved. It does not consider the
kinematics of grain development due to model restrictions. [5,6] In the field of material science,
the cellular automaton (CA) model is a popular technique for modeling and analysis of the
dynamic recrystallization behaviour of the materials due to its model advantage. Hallberg et
al.[7]has simulated the grain structure during high thermal deformation of copper using the
probabilistic CA model. A similar CA concept was utilized for the development of a three-
dimensional presentation in the investigation of the influence of impurities during the dynamic
recrystallization of copper [8].Ding and Guo [9]used the coupled recrystallization kinetics and CA
model for the formulation of the grain growth and nucleation rate of commercially pure copper
during high-temperature deformation. The multi-scale computational model included the material's
microstructural behaviour, the kinetics of grain boundary, and dislocation density. The same CA
simulation model was used in the formulation of recrystallization behaviour during the processing
of the B phase of Ti-6Al-4V alloy[10]. Popova et al. [11l]have simulated the developed
microstructural form and height of the recrystallized grains of magnesium alloys using the
probabilistic CA technique.A similar type of analytical method was used in the simulation and
assessment of dynamic crystallization characteristics of different materials like titanium alloys [12,
13], steel [14], and nitrogen alloy [15].The Kocks-Mecking or KM model [16] was used in the
simulation of the dislocation density and forecasting of grain size and grain structure kinetics
during the plastic deformation stage. Buffa et al. [17] used two models for finding out the average
grain dimensions in the continual dynamics recrystallization stage throughout friction stir welding
(FSW) of AA7075 alloys. A quadratic error technique was also used for comparison of the results
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of both the analytical methods and a good approximation related to the grain structure growth at
the stir zone was found. Song et al. [18]simulated microstructural behaviour in the recrystallization
stage during FSW welding of TAL15 titanium alloy viathe CA method. Theirsimulation work
included a study of the behaviour of plastic deformation on a macro-scale through multi-scale
modeling, the interaction of dislocation density on mesoscale, grain development, and the
mechanical features of obtained FSW joints.Akbari et al. [19]combined the KM and Laasraoui-
Jonas model for the modelling of microstructural development all through the FSW joining of
AZ91 magnesium alloy. Using the KM model, they analysed the dislocation density based on the
development of the strain rate. LJ models were used for microstructure analysis. Shojaeefard et al.
[20]worked on the grain structure and microstructural growth during FSW joining of AA1100
aluminium alloy using both the modified LJ and CA models. They developed a good correlation
between rotational speed, tool shoulder diameter, and transverse speed with grain size applying
Taguchi's optimization technique. Saluja et al. [21]investigated the development of grain structure
at the stir region during the FSW joining such as both like and different aluminium alloys using
the CA model coupled with a finite element (CAFE) model. They saw good accuracy in the
predicted grain structure and yield strength through the use of the simulation model and the
experimental data. Miles et al. [22]studied the grain structure at the recrystallized phase during the
friction joining of 304L stainless steel using both the Eulerian Finite element model (E-FEM) and
the analytical approach. They found a maximum error of around 39% between the estimated grain
size and the experimental values. In their work of simulation, Valvi et al. [23] and Asadi et al.
[24]took considered both joined LJ and cellular CA models for estimating the microstructural
dimensions of the recrystallized grains throughout FSW welding of AZ91 magnesium alloys. They
utilized the model for building out the dislocation density, rate of nucleation, and grain
development at the stir zone. Yang et al. [25]analysed the recrystallization phase and grain
development at the stir zone of FSW joining of AA6061 aluminium alloys using both the
multiphase-field (MPFM) and the KM dislocation methods.Their focus was on the growth of grain
size on the effect of welding speed and found a constant ratio of around 30% between
recrystallization to processing time by intensifying the welding rate but in the same way, the
duration of the recrystallization period was decreased.

The available resources have confirmed the performance of the recrystallized
microstructural simulation in friction-based deposition processes like friction surfacing (FS),
friction stir welding (FSW) in a limited manner where the recrystallized grain development
occurred due to the severe High-temperature plastic deformation with a high strain ratio. The
available literature sources, Too far, there has been no access to the prediction of microstructural
modification in the coating done by friction surfacing technique. The unique features of the
friction surfacing process and its applications in repairing worn coatings, enhancing surface
properties, and in the field of additive manufacturing have provided unique importance to the
calculation and forecasting of coating microstructure for estimating the mechanical properties.

In this simulation study, analysis of the dynamic recrystallization and grain structure
development of aluminium AA6063 coated over EN8 carbon steel by friction surfacing process
was done by multiphase-field (MPFM). An established material model was also used for finding
the dislocation density. The temperature field of the mechtrode and substrate was simulated using
the finite-difference modelling technique. A model of heat source for both mechtrode and substrate
was established during the friction surfacing process. The required data like temperature and strain
rate were acquired from 3D- FE model (using abacus software) of the friction surfacing process for
modelling the recrystallized microstructure and grain development. The experimental test helped
estimation of the nature of dynamic recrystallization and grain structures. The influence of FS
process parameters on grain size development was also analysed.

2. Materials and experimental setup

During this study, an aluminium 6063 rod (Mg-0.55 Si-0.4 Cr-0.1 Mn-0.1Fe-0.35 Ti-0.1
Al- Balance) a consumable rod with a length of 18 mm was employed during FS. An EN8 medium
carbon steel plate (C- 0.36Mn-0.06 Si -0.1 P -0.05 S -0.05 Ni -0.01 Fe- Balance Wt%) with a



266

measurement of 150 x 70 x 6 mm® was chosen as the substrate material due to its nonmagnetic
behaviour and poor corrosion resistance. The deposition process was carried out using a
commercial friction surfacing machine. Before FS, the oxide layer present on the substrate plate
was eliminated by the milling machine and a surface with constant roughness was maintained. The
aluminium 6063 rod received was fastened to the spindle and maintained at constant travel speed
during the friction surfacing. These were seen as more stable than constant axial force-feeding for
the consumable rod. The specimens were produced under different combinations of process
parameters like axial force (4 and 6 kN), rotational speed (1500 and 3000 rpm), and constant travel
speed (150 mm/min). An induction unit (2kW) helped supply the heat for preheating the substrate
plate for the achievement of the temperatures of 100°C, 200°C, and 300°C. A temperature-
controlled regulator was used for control and achievement of the required substrate temperature
before friction surfacing. An infrared thermometer was used for observation of the temperature
development both on the oncoming and receding sides during coating. With an increase in surface
oxidation and temperature, the emissivity of aluminium and EN8 carbon steel was taken as 0.86
and 0.32 respectively for the infrared testing as per the literature survey.

The samples were prepared using a wire to separate the samples cutting machine to a
dimension of 5x5 mm?for the analysis of microstructural features. Initially, the metallographic
specimens obtained from mechtrode, coating samples were polished using 60 to 4000 grit
sandpaper. Their surface had undergone an electrolyte polishing with an electrolytic composition
of 750 mL of methanol + 50 mL of HCIO, + 200 mL of water at 25°C. FE- SEM and EBSD
instruments were used for microstructure and crystallographic analysis.

Table 1. Chemical Composition of EN8 Medium carbon Steel.

Material C Mn P S Si Ni Fe

% of composition 0.36 0.60 0.05 0.05 0.10 0.01 Balance

Table 2. Chemical Composition of AA 6063 Aluminium Alloy.

Material Mg Si Cr Mn Ti Zn Fe Al

% of composition 0.55 0.4 0.1 0.1 0.1 0.1 0.35 Balance

Table 3. Parameter matrix for experimental work.

Experiment No Axial Force (kN) Rotational speed (rpm) Substrate Temperature(°C)
El 4 1500 100
E2 4 1500 200
E3 4 1500 300
E4 4 3000 100
E5 4 3000 200
E6 4 3000 300
E7 6 1500 100
E8 6 1500 200
E9 6 1500 300
E10 6 3000 100
Ell 6 3000 200
E12 6 3000 300
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3. Mathematical modeling

3.1. Model of frictional heat generation at mechtrode

Analysis of the frictional behaviour of the mechtrode during friction surfacing requires the
assumption of the production of pressure and heat at the interface region as uniform. Together with
the derivation of frictional heat at the substrate mechtrode interface from the mathematical
formulation followed. An elemental annulus with an inner radius 7, and width dr,was defined at
the frictional interface before that. This is displayed in figure 1.

Fig. 1. Frictional interface of mechtrode rod.

A constant pressure (p.) was acting throughout the contact surface of the mechtrode.
Therefore the area of the elemental annulus has been calculated as dA,= (2xr;,).dr,by converting
the pressure equation into a differential representation of the area dA,,. The differential force dF.
which acting on the area dA,, can be rewritten using the following equation.

dF,. = p,dA, =2p ar,dr, (1)

LetdF, be the differential frictional force which is equivalent and opposite of the normal
force acting on dA,,. The dF, can be written as

dF, = wdF, =2up ar,dr, 2

where | is considered as the coefficient of friction. It can be referred to as the tangential velocity,
Vywhich is the same at any point on the elemental section and can be expressed as

Vi=r,0, 3)

wherew,is called the angular velocity and the differential power (dp.) developed during the
rotation of mechtrode is defined as

dp, =dF, (V) (4)

By putting the value of dF,; and Vt in equation (4) and integrating concerning r, the
designation of frictional heating power (p.)developed at mechtrode interface can be derived as

R 2
P = _[0 2p g w,dr, = gﬂpc”(Rs)wA ®)
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The frictional heat flux (Qr,) developed at the mechtrode interface can be calculated as

dp.
Q(rp) = dA = ﬂpca)Arp (6)

p

There is an enhancement of the material's physicomechanical qualities caused by a
temperature fluctuation during the plastic deformation of materials. During deformation analysis,
variation in the established relationship among material and induced thermal strain is seen based
on the temperature distribution during the process of heat transfer stage. The material deformation
influences the heat transfer space, energy transition, and boundary condition of the mechtrode.

The power required for plastic deformation or the rate of internal energy (g )available for
the ductile mechtrode like aluminium which is away from the contact interface and can be written
as

qh = ﬁeqo-queq (7)

where ,Beq is the thermal efficiency during plastic deformation, O’ is the correspondent stress,
andéy is the equal strain value respectively. Based on the plastic deformation theory, the

maximum amount of plastic deformation is converted into heat. The thermal efficiency ,Beq is

usually set as 0.9 (Zhang et al. [26]). The energy remaining is stored as dislocation and vacancy.
For the aid of simplicity, during this computational analysis, the internal energy value was
neglected as its value was very low compared to the frictional heat developed during the process.

3.2. Model of frictional heat source at the substrate

In friction surfacing, the total process is seen as having two consecutive stages i.e. the
initial frictional preheating stage and steady deposition stage. At the beginning of the friction
surfacing, the heat generated by friction at the surface of the substrate developed is the prime
source for recrystallization of mechtrode material. After the preheating stage, the mechtrode
experiences a severe plastic deformation, and the frictional interface is transferred to the coating
layer position.

The total substrate thickness during substrate simulation is taken as Mt + St by considering
coating thickness (Mt) and substrate thickness (St). A transient flux of local heat transfer can be
applied over the total substrate thickness. This is shown in figure 2. The thermal exchange
between the substrate and the surrounding atmosphere is also taken into account for simulation and
expressed in the following terms.

—22 = (T - T,) 8)

where, A, T and Ta are the thermal conductivity, temperature attained by the substrate, and
atmospheric temperature respectively.

Qr
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Fig. 2. Heat source model of substrate.

3.3. Thermo-mechanical model at coating interface

Development of temperature and strain rate at coating interface is the pre-requirement
variable for carrying out the numerical simulation in the dynamic recrystallization period through
the distortion of aluminium over medium carbon steel using frictional surfacing. The value of
temperature and strain rate are calculated numerically with the help of a thermo-mechanical
model. ABACUS software which has precise description ability to predict the temperature as well
as the strain rate in extreme plastic deformation was used for developing the computational model
for the friction surfacing process. Figure 3 depicts a visual representation of the friction surfacing
model. For getting accurate temperature and strain rate during FS, the dimensional parameters in
modelling have been taken as same as with experimental conditions testing variables are the same
as the process parametric conditions, which include axial force, rotating speed, and transverse
speed. During finite element solution, the finer mesh was used at the mechtrode and its travelling
distance over substrate whereas coarser mesh was used in the remaining part of the substrate for
saving the computation time. The mechtrode is divided into 4184 three-dimensional 4-node with
linear coupled elements and the substrate plate is divided by 60736 elements.

(b)

Fig. 3. Schematic representation of friction surfacing model based on Abacus software during
(a) meshing and (b) simulation.

Material advancements during plastic deformation were considered as input and output
flow for the employment of the axial force and mechtrode transverse speed on the top of the
Eulerian surfaces as displayed in figure 4. Application of Coulomb’s Law of Friction was done for
consideration of the tangential movement of the interfacial surface concerning the contact
condition of mechtrode. The ABAQUS/Explicit model simulation was used for solving all the
developed equations for the thermomechanical model. The explicit mode of analysis required less
time for model formulation in the friction surfacing process. This explains its preference for
implicit model simulation. The complex dynamic problem requiring minimum time with précised
solution can be resolved by applying ABAQUS/Explicit formulation [27]. The thermo-physical
and elastic modulus properties used for friction surfacing modelling of both aluminium 6063 and
ENS8 carbon steel are displayed in Tables 4 & 5 respectively based on the available data in [28].
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Fig. 4. Numerical domain of the friction surfacing process.

Table 4. Material characteristics of Aluminium 6063 alloy utilised in the analysis.

Temperature range
@25°C @100°C @200°C @300°C
Density (kg/m°) 2690 2656 2623 2602
Thermal Expansion (1075 /°k) 2.34 242 2.56 2.68
Thermal Conductivity (W/m°C) 208.6 2144 221.7 224.2
Heat capacity (J/g°C) 0.920 0.976 1.020 1.062
Young’s Modulus (GPa) 68.9 68.3 67.4 65.2
Table 5. Material properties of EN8 carbon steel used in this analysis.
Temperature range
@25°C @100°C @200°C @300°C
Density (kg/m°) 7850 7842 7816 7783
Thermal Expansion (10~°/°K) 0.59 0.61 0.65 0.69
Thermal Conductivity (W/m°C) 45.1 45.8 46.6 47.8
Heat capacity (J/g°C) 2.3 2.44 2.57 2.73
Young’s Modulus (GPa) 192 191.4 190.3 189.1

The use of three-dimensional thermo-mechanical simulation in the FS process was made
for the prediction of the development of temperature and distribution of strain rate. The effect of
interface temperature significantly on the flow stress of the material requires the consideration of
simultaneously both thermal and mechanical problems during the simulation. In this present
analysis, the coupled thermo-mechanical simulation was used for finding out the thermal and
mechanical behaviour of the materials during friction surfacing. For this analysis, substantial heat
sources were developed as a result of the frictional contact and the material's plastic distortion
which allowed alterations to thermo- mechanical characteristics in the material. Computation of
the velocity field was done following the principle of conservation of momentum and by reducing
the potential energy function (IT) which is expressed as

fpdav vy dV, — fFV vy dV, — f(pdno)vvdse - fo-t &dl, =0 ©)

whereVe and Se symbolize the element of volume and surface respectively. Other parameters like
a, ,Fyv,,ng, & and  o.denotes the acceleration vector, volume force, virtual velocity field,
outward normal, strain rate, and stress tensor respectively.

Using the mechanical model, the rate of heat generation was determined and expressed by
the following terms

Qg = NySrijely; (10)
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In Eqg. (10), n,, is heat absorption caused by plastic deformation, the termSr;;and Pl are

Tij
called the tensile stress and the plastic strain rate tensors respectively.
The following relationship was used for finding the heat formation at a substrate coating
interface (q.,) during friction surfacing. [27]

Qer = .uchys (11)

whereus, P, ys is  the friction coefficient, pressure coefficient, and slip rate coefficient
respectively

The use of a transient heat transfer equation proportionating it to the friction surfacing
process is required for the assessment of the thermal response behaviour of the material. The
transient heat transfer rate equation used for this study is expressed as:

aT, aT,

F] d 0Te 0T,
pep 5 = o (ko) 52| + 25 [ Gkon)y

Te] + o [k 52| + @ (12)
where,c,, and k;, are the specific heat and the thermal conductivity of the material. (Symbol of x,
y, and z refer to the thermal conductivity in three directions) @, is the rate of heat generation and
T, is the temperature calculated by the mechanical model.

The thermal efficiency at the substrate-mechtrode area of contact is taken into account as
1000 W/m? °C. On the assumption of more than 90% of the frictional heat at the interface should
be transferred to the substrate material and 100 % of the mechtrode frictional work should be
transferred to heat. The thermal efficiency of the upper portion of the mechtrode/tool holding
interface of the FS machine and the base emerge of the substrate are presumed as 1000 W/m? °C.
For the surrounding environment, the heat transfer coefficient was set at 20 W/m2 °C. Using
Johnson- Cook relationship, the mechanical characteristics and flow stress of the deposition metal
expressed were related to various strain rates, and temperatures are stated:

— N — —
0wys = [Ay + Bu(eod") | [1 + Colog (5 /(o)7L — T (13)
Where,s;qpl,sé;pland (g0q)7 " are the equivalent plastic strain, equivalent plastic strain rate, and
reference equivalent plastic strain rate respectively. Similarly, A,,,By,s,Cs and msis is known as the
amount of the yield stress at the reference temperature, strain-hardening constant, strain-hardening

exponent, constant strain rate, and thermal softening coefficient respectively. The homologous
temperature developed during the friction surfacing is expressed by the following relationship.

s = (—TTm‘_TT) (14)
where, T, T,andTyarethe current, reference, and melting temperature of the mechtrode in terms of
Kelvin respectively. Relating to the data provided in [27], the values for the parameters used in the
Johnson-Cook model are shown in Table 6.
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Table 6. Parameters values of Aluminium 6063 alloy used in Johnson-cook strength model.

Representation Units Value
A, MPa 376
By, MPa 692
s N/A 0.75
Cs N/A 0.0085
T, K 298
Tn K 793
m N/A 1.72

3.4. Recrystallization model

A microscale (intra-granular) model combined with the mesoscale (inter-granular) model
was used for the granular growth and recrystallization assessment during the friction surfacing of
aluminium. The dislocation density within the grain structure in the microscale model was
estimated using the Kocks-Mecking (KM) dislocation model while the MPFM mesoscale model
was used for simulating the dynamic recrystallization and grain growth following the law of
recrystallization. In the dynamic recrystallization simulation, the two-dimensional region was
selected due to its low computational cost and good efficiency. A phase-field model coupled with
a finite element model was used in the investigation of the grain size development. The flow chart
showing the development of the recrystallization modelling is displayed in figure 5.

Enrol the parameters for microstructural analysis
Dislocation density, Formulate the primary matrix

y
Bring the temperature Develon the disl o densiti based fatioaal maedel
aniditraln rats Dalcomes evelop the dislocation density based constitutional model

4 5 P ard i leation conditi
from FEM Computing the dpy/ de, and judge the nucleation condition

l

Nucleation rate on the grain boundary to satisfy the

condition. l | Increase the time |

Phase field reiteration and development of grain growth

!

Furnish the parameters for grain structure of the dynamic
recrystallization

Fig. 5. Flow chart for recrystallization model during friction surfacing.

Using the Kocks-Mecking (KM) model [16, 28], the dislocations collections owing to
plastic deformation was explained as the following expression

% = Hc \/E _ PdaFUsby o (15)
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where dpzand de, denote the changes in dislocation density (p,) and strain (e,) per unit time
respectively. Hcis the hardening coefficient and ap, Afq, Agare the fitting coefficients.Qqq,
R.,us, by, & and T.are the deformation activation energy, gas constant, shear modulus, burgers
vector, strain rate, and temperature respectively. The temperature and strain rate were taken
directly using the calculations of the FEA model and incorporated into the equation. A critical
density of dislocations (p..) was taken into account for identifying the onset for both dynamic
recrystallization and grain development mechanism. According to Peczak and Luton models [29],
the nucleation rate per unit area (N;.)for grain boundary is a function of temperature and strain rate
which is calculated by the following expressions.

Ni(&;T.) = c.& exp (—2%2) (16)

RT,

where C.and m.,are the parameters which experienced variations based on the experimental
results. Each grain boundary has a lattice node, a new grain (®N;)was developed where the
nucleation requisites were established [25].

®N; = (N; At ngyy dxdy/5t) " (17)

whereng,is the overall quantity of grain boundaries at each lattice position when the dislocation
density value exceeds the critical nucleation rate and &t is known as the thickness of grain
constraint. During phase-field modelling, a separate physical field was allocated for each grain,
and the parameter ¢ (where represents the grain number) was taken as the presentation of each
grain.gpgwas set as 1 and 0 for inside and outside of the grain and between 0 to 1 for the interfacial

grains respectively. During the dynamic recrystallization process, the order parameters (n) of
developed grains were randomly chosen at a range from 1- 36 in such a way that the order
parameters between the neighbouring grains should not be the same. According to Takaki et al.
[30], the dynamic recrystallization model for a friction surfacing process can be expressed by the
following equation.

2M¥.
by ==X [ZE=1 {(ng = Zj)Pi + %(eﬁk - jzk)Vzd)k} - s\/<l’g<ﬂjllbz(/)i - Pj)] (18)
WhereMzis the phase-field mobility, Z ;is the energy barrier height and ey is the coefficient of

energy gradient respectively and they are mathematically presented in Eq.(19). p;and p;are known
as the dislocation density of adjacent grains of g and j.

2
P /25 .
A = 4 Ygj

4vgj

Zij = —5 (19)
2
T
D __
ng - %Mg}

wherey,;andM,; are the surface energy and the mobility of grain boundary respectively.
Followingthe simplification of the equation, it can be assumed that all the grains have these
mentioned boundary conditions likey, ;= y, andM, ;=M. The mobility of the grain boundary “M,”
can be rewritten as

M, = M—:exp (E) (20)
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whereM_is a constant which can be taken from the experiment and Q,.is the activation energy
available during recrystallization. As per the data available in [25, 30-32], the detailed material
parameters for MPFM and dislocation density models are summarized in table 7.

Table 7. Material parameters for MPFM and dislocation density-based constitutive model.

Symbol units value Symbol units value
Hc N/A 4.4x10° C, N/A 1.87x10"
ap N/A 0.54 me N/A 1
Afy N/A 2.1x10™ M, m*KJhs™ 0.746
A N/A 7.8 Qae KJ.mol™ 95.2
Qua KJ.mol™ 148 S um 1
R Jmol'K' |8.314 y Jm? 0.213
Us GPa 27.6 Dec m” 5.48x10"
b, A 2.53

4. Results and discussions

The use of the Finite component model for thermo-mechanical systems helped the
achievement of the simulated value of temperature and strain rate. During friction surfacing, For
all samples, a non-contact kind thermometer was employed to monitor the temperature at the
substrate coating interface. Figure 6 shows a good understanding of the experimental and
simulation results during the three steps of friction surfacing like heating, cooling, and maximum
temperature. Figure 7 shows the results coming from both experimental measurements and
simulation for all obtained samples. A temperature difference of 36°C (maximum) and 17°C
(minimum) was seen in the sample obtained from E12 and E7 parametric conditions. After finding
the temperature and strain rate at different locations of the coating, they were stated as a time
function before being brought into the recrystallization model simulation as an input parameter.

500

Temperature (°C)

—— Simulation Value

100

Experimental value
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Fig. 6. Temperature comparison between the simulation and experimental values during friction surfacing
at the substrate/coating contact.
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Figure 8 depicts the evolution of temperature and strain rate for both cross-sections. and
contact surface of the coating obtained from E7 parametric combinations in a steady-state
condition. The absence of any major temperature difference between the advancing and retreating
sides of the mechtrode is seen due to the high thermal conductivity of the mechtrode material. The
increasing temperature and strain rate occurred at the advancing side of the coatings. The
development of velocity vectors is mainly due to the rotational and transverse speed of the
mechtrode and a large number of velocity vectors are found at the advancing side rather than on
the retreating side of the coating. The good influence of the available substrate temperature on the
maximum temperature formation was seen. An increase in the substrate temperature was followed
by an increase in the maximum temperature of the coating, buta too high substrate temperature
caused severe plastic deformation which affected the coating efficiency. The strain rate and
temperature development at the advancing side, retreating side, and central region for all samples
are displayed in table8. The rotational velocity vector (1},) at the mechtrode tip and coating
interface calculated were as V;, = M,.Xx w,(whereM,.&w, are the radius and rotational speed of the
mechtrode respectively). With an increase in the radius of the mechtrode, the velocity vectors
could increase with the attainment of their maximum value. Hence, the maximum temperature and
strain rate can be expected near the central zone of the rod. On the other side, there is a
considerable amount of heat loss has been seen at the periphery of the contact face of the
mechtrode. As a result, a temperature drop may occur at the periphery region of the rod. This
temperature drop can help the enhancement of the flow stress of the deposition material and a
reduction in plastic strain rate can be expected in that peripheral zone.

ADVANCING SIDE RETREATING SIDE ADVANCING SIDE
Temp
(Avg.75%)
470.48 Max
433.78

RETREATING SIDE

(b)

Fig. 8. The profile of mechtrode temperature at a) the top surface and, b) the cross-section and the strain
rate profile at mechtrode top surface (c) and the cross-section (d) of the sample obtained at 100°C substrate
temperature.
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Table 8. Temperature obtained in a different region of coating for all parametric combinations.

Experiment No The temperature at a different region of coating (°C) Maximum
Strain rate
Advancing side Retreating side Central region

El 439412 417411 42909 2.7818e+01
E2 457414 433408 448+11 2.8647e+01
E3 475+10 444412 461+13 2.9412e+01
E4 456109 422408 43814 2.9208e+01
E5 469+08 434+10 453+11 2.8716e+01
E6 490+10 467413 481+10 2.9681e+01
E7 461412 433409 44609 2.9414e+01
E8 483+10 448+12 464+12 3.0696e+01
E9 492407 466109 481+08 3.1278e+01
E10 486109 452413 474+11 3.1015e+01
Ell 506+11 478408 49307 3.1926e+01
E12 528+06 492+11 510£11 3.2748e+01

For microstructural analysis, the cross-section of the aluminium mechtrode was prepared
with small pieces with dimensions of 5 x 5 x 5 mm?* and A FE-SEM fitted with EBSD instrument
was used in the study of the microstructure and crystallographic nature of the specimen. The
microstructure of the received mechtrode (aluminium 6063) and the initial microstructure were
used for the dynamic recrystallization model. These are shown in figure 9 (a) and (b) respectively.
The initial average microstructural grain dimensions for both experimental measurements and
numerical simulation were taken as 26.58+3.46 um and 32.38+2.86 um respectively. Based on the
temperature and strain rate profile, the development of the microstructure was modelled at
different times as shown in figure 10. The analysis includes the time before the initiation of plastic
deformation to the end of plastic deformation in a streamlined manner. For specimen obtained
from E1 combinations (axial force 4kN, rotational speed 1500 at 100°C substrate temperature), the
time study taken along streamlines coating involved 3.5486 s (before the initiation of plastic
deformation), 0.6953 s (the time taken for reaching maximum strain rate), 0.1439 s (equivalent
time required for recrystallization initiation), 1.811s (equivalent time required for complete the
recrystallization) and 0.4129 s (equivalent time required to complete the plastic deformation). It
was seen before the plastic deformation of the mechtrode material and there is no substantial
change seen in the dimension and structure of the grains (refer to figure 9). This was mainly due to
the lack of dislocation density in initiating the recrystallization process. Development of the grain
initiation of the mechtrode material was not developed due to the fast thermal cycling seen during
the friction surfacing process. Accumulation of grain dislocation started at the initial stage of
deformation but its density did not reach a maximum level. Hence no more microstructural change
was seen during the formation of a new recrystallized grain structure.
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Fig. 9. The initial microstructure of the aluminium 6063 was obtained by a) optical microscopy and b)
prediction by MPFM methods.
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Fig. 10. Characteristic points (a) on the streamline by considering temperature and strain rate profiles (b)
of the sample obtained at 100°C substrate temperature.

Deformation continued during the deformation stage and the strain rate was gradually
increasing with a rise in the dislocation density. When the strain rate reached its maximum value
0f0.6953 sec, the critical dislocation density was not completely found to initiate the
recrystallization. After surpassing the maximum strain rate during the recrystallization period, the
nucleation of new grains was started and the formation of new crystallized grain stopped at 1.811
sec due to the drastic decrease in the development of strain rate.

A comparative analysis has been made up between the experimental and predicted
microstructures following the friction surfacing and simulation. This is displayed in figure 11.
Taking into consideration of Eqns 15, 16, 17& 18 at a constant temperature, the occurrence of the
development of grain dislocation can be seen. Subsequently, the duration for the recrystallization
period and the growth of recrystallization nuclei were also shortened. As a result, there was an
increase in the formation of new grains during coating. With the variation of dislocation density
between the raw mechtrode material and the crystallized grains being more, the growth of
recrystallized grain structure was also more. The influence of the temperature available at the
coating interface on the grain growth rate was seen. The borderline of nucleation experienced a
reduction following an increase in the rate of grain growth during the process. But the duration of
plastic deformation was rather short. Hence, in this simulation study, the influence of temperature
and boundary variance and the nucleation rate during deformation was not taken into credit. The
effect of temperature and strain rate on grain development during the recrystallization period of the
FS process alone was observed. The subsequent results are displayed in figure 11.
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Fig. 11. Calculated microstructure at various feature points and experimental microstructure of sample at
100°C substrate temperature.

Figure 11 displays the computational grain development at the coating interface during
friction surfacing with a parametric combination of the rotational speed of 1500 rpm, axial force 4
kN and substrate preheat temperature of 100°C. As shown in figure 11(a), when the plastic
deformation initiates at time instant t= 3.5486 s the accumulation of dislocating grains just started
and no development of new crystals was seen as the dislocation density did not reach its critical
value. Thus, a limited number of metal crystal grains were seen growing slowly during that
process due to a temperature rise. With the progress of time, the strain rate started increasing
(Figure 10). Accumulation of dislocating grains also started rising. Even after reaching the peak
strain rate at t= 4.2439 s, the dislocation density did not reach its critical value and so the
recrystallization process did not start. After surpassing the peak strain rate at t = 4.3678 s the
recrystallization nucleation process started and then at the time t= 6.1986 s the recrystallization
nucleation process ends as the strain rate during the process decreased rapidly (Figure 10). The
recrystallization nucleation was completed much before the completion of plastic deformation
shown in figure 11 (d). The final grain development and distribution after completion of plastic
deformation are shown in figure 11 (e).

The duration of various characteristic points for different substrate temperatures is shown
in figure 12. The substrate preheating temperature is seen as having a great influence on the
development of interface temperature and strain rate throughout the processing. A joint of axial
force (4kN), rotational speed (1500 rpm), and 100°C substrate temperature, the interfacial
temperature development, and strain rate are 440°C and 2.7818e+01(refer to table 8) respectively
which are low compared to other parametric combinations. The requirement of a high incubation
time (duration from initiation of deformation to initiation of recrystallization) is for the
recrystallization of mechtrode material could be seen. The smaller rate of recrystallization
nucleation led to the creation of fewer recrystallized grains at the coating interface. With the low
strain rate leading to a larger period of recrystallization, a growing opportunity was required for
recrystallization of grains during the process or else it will stop the recrystallization in a very short
time at higher temperatures.
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Fig. 12. Duration of various characteristics point of samples obtained from different substrate preheat
temperatures. (4 kN, 1500 rpm).

Similarly, so when the substrate plate's pre-heating temperatures were elevated to 300°C,
the temperature formation and strain rate are also increased with the requirement of a smaller
incubation time for material recrystallization. As a result, a good recrystallization nucleation rate
was developed and a larger number of recrystallized grains are formed at the coating interface.

A rise in the rotational speed caused a reduction in the duration of deformation and
crystallization initiations which could be due to the formation of high substrate temperature at the
coating interface.

Figure 13showsthegrain distribution attained by both experimental and simulated results
of the mechtrode at different substrate preheats temperatures. Figure 13 (a) shows the grain
distribution obtained at 100°C substrates preheat temperature. During plastic deformation, the
strain rate was seen as low resulting in a slower accumulation of dislocation material and taking a
long time for the nuclei to destroy the dislocation. The microstructural development was not
continued till the end of plastic deformation. The low strain rate caused elongation of the duration
of the recrystallization period with the grains having more opportunity to develop during the
recrystallization process. When the substrate preheating temperature increased, the strain rate
during plastic deformation also increased rapidly enhancing the accumulation of dislocating
materials and taking a very short period to destroy the dislocation density of the material. This
induced a high rate of recrystallization nucleation and less incubation period during the process,
which further increased the development of new grains during coating. Figure 13 (b) and (c) show
the grain development by experimental and numerical studies from the samples obtained by
substrate preheating temperature 200°C and 300°C respectively. Based on the experimental and
simulated results obtained from figure 13, a comparison has been made on grain characteristic
values among the experimental and computational results which are listed in Table 9.
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Table 9. Characteristics of grain shape values for experimental and computational results.

Experimental Values Computational values
Substrate Preheating temperature Substrate preheating temperature
@100°C @200°C @300°C @100°C @200°C @300°C
Average grain size (pm) 14.8 125 10.9 15.3 121 11.2
Size of most grains (um) 14-16 11-13 9-10 16 11 10
The number of residual grains 15 or so 10 or so 6 or so 15 10 6
above 30 um
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Table 9 shows a comparison of grain development of the samples from experimental and
computational results at different substrate temperatures. The substrate preheat temperature was
directly proportional to strain rate and interfacial temperature development during the process. The
strain rate development at 100°Csubstrates preheats temperature was smaller than that of
@200°Cleading to a longer recrystallization period. Grain development during this period was
adequate and the final size of the grains was distributed at a slightly higher range around 14.8 pm.
Overall, the average size of recrystallized grains was bigger as the number and shape of the
mechtrode material were large. when the substrate preheats temperature increased to 300°C, the
strain rate also increased and the rate of recrystallization nucleation was very high. As a result, the
formation of large size residual mechtrode grains was reduced and at the same time, the duration
of the recrystallization period was also shortened. The final size of the average grain structures is
around 10.9 pm and 11.2 um from experimental and simulation results respectively.
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Fig. 14. Duration and percentage of incubation period with different substrate temperatures.

In the friction surfacing process, more attention has been given in this work to the
recrystallization period for getting finer grains of the deposited material. Therefore, the
acceleration of the recrystallization phase and the efficient utilization of the deformation stage for
getting a continuous crystallization has been seen as the key factors. So a comparison has been
made on the duration of the recrystallization incubation period and the available substrate
preheating temperature. Figure 14, shows an increase in the substrate preheating temperature
causing a shortening of the duration of incubation time. It is mainly due to the high rate of strain
and faster dislocation of accumulating material. The friction surfacing process parameters
influence the incubation period. With an increase in the rotational speed of the mechtrode, the
duration of the deformation period decreased, and the recrystallization nucleation of material
increased with a decrease in the incubation period.

Redefined arrangement of coating grain structure can provide better bonding strength,
which is inversely proportional to a grain size that means the smaller size of the grain structure has
a greater contribution to the bond strength [33]. The relation between the push-off strength and
grain size of the coating is shown in figure 16. The conclusion is that the push-off strength of the
coating can be increased by decreasing the grain size of the deposited materials. Overall the yield
stress (ay,) is strongly depends on the grain size (I) based on the Hall Petch relationship.

0Yo = 0p + Ky.l 05 (21)

where o,andKyrepresents the friction stress andpositive yielding constant based on stress activity
related to the adjacent unyielded grains.
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4. Conclusions

Numerical prediction of the grain development and recrystallization processes during the
deposition of Aluminium AA6063 on EN8 carbon steel by friction surfacing was done utilizing a
multiphase field model and dislocation density modelling. The achieved predicted model was
validated by the experimental EBSD results to find the reliability. Based on the computational
results under different process parameters, the following conclusions have been drawn.

1. Temperature and plastic strain rate increase adiabatically at the centre of the coating and
then start decreasing towards the periphery of the coating. But the highest temperature and strain
rate occurs at the advancing side and zone near to the central part of the coating respectively.

2. Low strain rate generates a smaller nucleation rate and retains a large number of
parental metal grains which tends to increase the average grain size.

3. Application of the preheat temperature to the substrate causes an increase in the strain
rate which leads to a reduction in the incubation and recrystallization period during friction
surfacing. An increase in the preheating temperature from 100°C to 300°C, causes a decline in the
incubation time before recrystallization from 0.839 sec to 0.578 sec.

4. The accumulation of dislocating materials is directly proportional to the rotational speed
and formation of the plastic strain rate during friction surfacing. Higher rotational speed gives a
higher rate of accumulating dislocation which needed more time for a dislocation to consume by
nuclei. Hence, the recrystallization process continues till the end of the plastic deformation
process.

5. Simulation results show that the finer size of the grains was achieved at high
temperature and high strain rate conditions of friction surfacing. Finer grain size at the coating
region enhances the push-off strength of the coating and by correlating between coating strength
and the square root of the grain size, the Halle-Petch relationship was also established.
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