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A microstructural simulation method is adopted to predict the location specific strain rates, tempera-
tures, grain evolution, and accumulated strains in the Inconel 718 friction welds. Cellular automata based
2D microstructure model was developed for Inconel 718 alloy using theoretical aspects of dynamic
recrystallization. Flow curves were simulated and compared with experimental results using hot
deformation parameter obtained from literature work. Using validated model, simulations were per-

formed for friction welds of Inconel 718 alloy generated at three rotational speed i.e., 1200, 1500, and
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1500 RPM. Results showed the increase in strain rates with increasing rotational speed. These simulated
strain rates were found to match with the analytical results. Temperature difference of 150 K was noticed
from center to edge of the weld. At all the rotational speeds, the temperature was identical implying
steady state temperature (0.89Ty,) attainment.

© 2017 The Authors. 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

Friction based welding processes such as friction welding and
friction stir welding are widely used for joining similar and dis-
similar metals. These welds are not subjected to melting and so-
lidification [ 1—4] compared to conventional fusion based processes.
Many problems such as hot cracking, porosity, inclusion, and
dilution which are characteristic features of fusion welding are
absent in the friction based welding processes. In both fusion [5]
and solid-state welding [6] methods, exposure to high tempera-
ture results in heterogeneous microstructure across the weldment.
In fusion welding, parameters influencing the microstructure are
thermal related such as thermal gradient and cooling rate. How-
ever, in solid state welds, the microstructural changes across the
weldment are influenced not only by temperature but pressure too.
For example, the weldment of fusion welded sample consists of
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solidified columnar grains followed by coarse grain heat affected
zone (CGHAZ), fine grain heat affected zone (FGHAZ), inter-critical
heat affected zone (ICHAZ), and unaffected zone of base metal [7].
In contrast, the friction stir and friction welded weldment consists
of a weld interface of very fine grain structure followed by thermo-
mechanically heat affected zone (TMHAZ) [1-3,8]. The width of
refined grain zone in friction stir welding is relatively larger while it
is smaller in a friction weld. The formation of the refined grain
structure at the weld interface or stir zone is attributed to dynamic
recrystallization (DRX) phenomena due to high strain rate and
temperature involvement. In these methods, friction between two
metals generates heat and combination of applied pressure and
rotational speed generates high strain rate in the system. Therefore,
microstructural evolution in friction based methods is dictated by
different strain rates and temperatures exposures across the
weldment. However, prediction of these parameters by experi-
mental route is very complicated, especially strain rates and tem-
peratures. For friction stir welding, various modeling approaches
were taken to predict the thermal profiles, metal flow behavior,
strain rates [9—12] and microstructural evolution [13—15] across
the weldment. As for friction welds, not much attention is paid to
modeling area except few numerical studies [16]. In view of the
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limited understanding of microstructural aspects of friction based
welds through theoretical understanding, this work was taken up.
It is aimed to predict the strain rates, temperatures, and micro-
structural evolution during friction welding through microstruc-
tural modeling route using theoretical aspects of dynamic
recrystallization.

For modeling of DRX, several methods have been adopted such
as Monte Carlo [17], phase field [18], and cellular automata [19,20]
methods. Among these, cellular automata method gained much
attention for microstructural modeling of DRX due to its discrete
temporal evolution of space and time. Thus, cellular automata
method is adopted in the present work. First part of the work is
focused on DRX modeling and its validation with the experimental
data of super alloy Inconel 718 during hot compression [21] taken
from literature and second part is focused on using the validated
model to predict the strain rates, temperatures, induced strain, and
microstructural evolution during friction welding of Inconel 718
carried out in the present study by our group.

Inconel alloys are widely used for military aircraft applications
to withstand a combination of high temperature, hot gas corrosion
and high strength. Inconel 718 is an established alloy for com-
mercial and military aircraft airframe and engine components. The
outcome of this study would help enhance the understanding of
microstructure evolution and mechanical response of Inconel 718
super alloy during friction welding as well as during any hot
deformation process. Prior prediction/knowledge of these results
would be useful for controlling the final microstructure and
deciding the post processing treatment conditions for achieving the
final property of a material.

2. Background
2.1. Cellular automata method

Cellular automata [15] is an algorithm where space of interest is
divided into finite number of grids called as ‘cells’. The state of a cell
is governed by its local neighborhood and the transformation rule.
There are two types of neighborhood which can be used for
simulation of recrystallization i.e., von Neumann's and Moore's
neighborhood. In von Neumann's only nearest neighbors are
considered whereas Moore's consider both nearest and secondary
neighbors. The state of any cell at time step (t+4t) using von
Neumann's neighboring rule can be expressed as

Eltj A :f<§;21j751€J71>§1€J,51€+1J7E§j+1> (1)

where Efj represents the value of variables £ at site (ij) at time t.
Function fis the transformation rule which determines the evolu-
tion of the site (i,j) along with time, and it can be set according to

the characteristics of the system of interest.

2.2. Theoretical model & simulation procedure for DRX

Dynamic recrystallization (DRX) is commonly observed in
metals when subjected to high temperature deformation. Mostly
low to medium stacking fault energy system show this kind of
behavior such as copper and nickel based alloys. DRX is known to
occur when dislocation density of the system reaches to some
critical value which, in turn, depends on high temperature defor-
mation parameters such as strain rate and temperature [22]. The
final microstructure of DRX depends on two important phenom-
ena; nucleation and growth. Both nucleation and growth are closely
related to dislocation density.

For this work, 2D square lattice was employed. Four state

variables were allocated to each of the cells; (i) grain number
represents different grains, (ii) grain color represents orientation
and boundary energy of the grain, (iii) dislocation density variable
and (iv) distance variable which controls the grain growth. Von
Neumann's neighborhood was used to simulate the grain growth.

For the evolution of dislocation density Estrin and Mecking law
[23] was used. Based on this law, the dependence of dislocation
density with strain can be expressed as

% =ki —kap (2)
£

where k; is the constant that represents hardening and k, is the
recovery parameter. The constant k; is independent of strain rate
and only depends on temperature whereas recovery parameter k,
is a function of both strain rate and temperature. The high tem-
perature flow stress at the macroscopic level can be calculated
using following expression which is related to the dislocation
density [24,25].

o = aGb\/p (3)

where « is the dislocation interaction term (typically ranges from
0.5 to 1.0 for most of the metals), G is the shear modulus of the
material, b is the burgers vector, and /p is the mean dislocation
density, given by

-l n
p= E;Pi (4)

where n is the total number of cells and p; is the dislocation density
of ith cell. k; is related with the hardening rate [22] and expressed
as

fo = aGbk; /2 (5)

where 6y is the hardening rate and can be determined from the
slope of experimental flow curve at particular temperature. The
recovery parameter k, and hardening constant (k;) [22] are related
with each other as follows

Os = Olek] /’(2 (6)
where o5 is the steady state stress. The recovery parameter k, can

be determined after calculating the value of k; and os. The steady
state stress [26] is calculated according to the following equation

1
I P AL
s = &smh (E) (7)

where A, «, and n are the material constants. Z is the Zener Hollo-
man parameter which is a function of strain rate and temperature
and given by following equation

Z = éexp (%aTCt) (8)

where ¢ is the strain rate, T is the temperature in Kelvin and R is the
gas constant. In the beginning of the deformation, evolution of
dislocation with strain was calculated using equation (2). Once the
dislocation of the deforming matrix crosses the critical value of the
dislocation, new nuclei will form at the grain boundary. The value
of the critical dislocation density can be calculated using following
expression derived by Roberts and Ahlblom [27].
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where v; is the grain boundary energy, M is the grain boundary
mobility, [ is the dislocation mean free path and 7 is the dislocation
line energy and can be calculated from the following expression
[24].

7 = 0.5Gb? (10)

In the present study, nucleation rate is calculated based on
following equation which is function of both strain rate and tem-
perature [22].

e T) = Cémexp( - %) (11)

where C is the nucleation constant and m is the exponent which is
set to 1 in this study. For a specific hot deformation condition, if the

percentage of DRX and grain size is known, nucleation rate can be
calculated using equation (12) [22].

n= ng—nﬁ (12)

where 7 is the percentage of DRX, ¢ is the true strain and r is the
mean radius of recrystallized grain. Once the nuclei are generated
at the grain boundary or any defected area that cell is considered as
recrystallized cell. The dislocation density of that cell is set to zero
or annealed state dislocation density which raises the difference in
dislocation densities between deformed and recrystallized cells.
The difference in dislocation densities generates a force for the
nuclei to grow. The velocity of the grain follows the following
equation [20,22].

V = MAf (13)

where Af is the driving force per unit area and M is the grain
boundary mobility which can be calculated as follows

M = Moexp (#) (14)

where My is the constant and Q, is the boundary diffusion activa-
tion energy. The driving force is a function of dislocation density
difference and grain boundary energy, expressed as [20,22].

A = T(pm — py) —2% (15)

where v; is the grain boundary energy which is a function of grain
boundary misorientation (f). It can be calculated from Read-
—Shockley equation [20,22].

v = 7m;—r; (1 - ln(:—r;)) (16)

where v, and 05 are the grain boundary energy and mean
misorientation angle, respectively. y; = v, when misorientation
angle ‘¢’ is higher than 15°.

The initial microstructure was created by populating fixed
number of nuclei in a matrix and allowed them to grow until it
impinges with each other. The orientation of the grains was
selected randomly and ranges from 1 to 180°. Fig. 1 represents the
initial microstructure created as described above. The matrix con-
sists of 250x250 cells. Each cell in real dimension is equivalent to
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Fig. 1. Initial microstructure generated by cellular automata. Color represents orien-
tation of a grain.

1 pm. Periodic boundary conditions were used for this simulation.
Time step A t is calculated as ﬁ, where d is the diameter of critical
radius and vmax is the maximum velocity. Table 1 shows the con-
stants used for this simulation. All the constant values were
calculated using experimental data from Chen et al. work [21].

3. Material and methods

The chemical composition (wt%) of Inconel alloy 718 rod
(16.5 mm diameter) that was used for friction welding is as follows:
51.6% Ni, 18.2% Cr, 5.1% Nb, 3.28% Mo, 1.06% Ti, 0.56% Al, 0.33% V,
0.09% Mn, 0.01% S, 0.004% C, 0.003% B and 19.793% Fe. The micro-
structure of as received Inconel 718 is shown in Fig. 2. Micro-
structure consists of equiaxed grains and annealing twins with an
average grain size of 29 pm. Rotary friction welding machine was
used to develop friction welds. Following welding parameters were
used: Friction Pressure: 300 MPa, Upset Pressure: 600 MPa, Burn-
off length: 4 mm, and Rotational Speeds of 1200, 1500, and 1800
RPM.

Microstructural analysis of as received and welded samples was
performed with optical and scanning electron microscope. Stan-
dard metallographic procedure of hot mounting, grinding, and
polishing were performed to prepare the sample upto the surface
roughness of 0.05 um followed by etching. Samples were etched
using balling reagent (100 ml ethanol + 100 ml HCI + 5 g CuCly). For
electron backscattered diffraction (EBSD) studies, samples were
prepared by mechanical polishing followed by final polishing with
diamond and colloidal silica for 4 h. EBSD studies were conducted
using an FEI Quanta-600 scanning electron microscope (SEM)
equipped with TSL-OIM software with a step size of 1 pm. Linear
intercept method is used to calculate the simulated grain size.

4. Results & discussion
4.1. Model validation

The experimental results mentioned in this section to compare
with our simulated results are referred from literature [21]. A
typical flow curve during high temperature deformation consists of
three stages: work hardening, softening and steady state stage. In
work hardening stage, the accumulation of dislocation is very high
due to weak recovery leading to accelerated increase in the flow
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Table 1

Constant values used for the simulation of Inconel 718 alloy [21].
G/Pa b/m v/(J-m?) Qact/(kJ-mol 1) Qp /(kJ-mol™1) n ! Alpal/n
831 x 10'"° 2.56 x 1071° 0.625 474 474 42 0.00415 7.07 x 10"

Fig. 2. As received base metal microstructure of Inconel 718.

stress. Once the dislocation reaches a critical value, dynamic
recrystallization takes place resulting in dislocation annihilation
which reduces the flow stress of the material (softening stage). In
the steady stage region, dynamic balance reaches between dislo-
cation accumulation (work hardening) and dislocation annihila-
tion. Fig. 3(a) represents the simulated and experimental flow
curves [21] at constant temperature (1253 K) with different strain
rates (1, 0.1, 0.01, and 0.001s™"). Similarly, Fig. 3(b) shows the
simulated and experimental flow curves [21] at constant strain rate
(1 s~y with different temperatures (1193, 1223, 1253, 1283, and
1313 K).

Increasing trend in flow stress was observed at high strain rates
and low deformation temperature which can be attributed to (1)
higher rate of dislocation accumulation and (2) low rate of
recrystallization. At higher strain rate, the rate of dislocation
accumulation is fast which leads to high amount of work hardening

Strain rate: 1s™!

600 F P

% 400

=

s &

=~ m Sim., 1193K ¥ Sim., 1283K

200 ® Exp., 1193K ¥ Exp., 1283K
e Sim., 1223K & Sim., 1313K
e Exp., 1223K @ Exp., 1313K
A Sim., 1253K
A Exp., 1253K
0 0.5 1.0 1.5
True strain
(@

into the system. Further, the deformation time is short as compared
to lower strain rates thus reduces the growth of new recrystallized
grains. On the other hand, at high temperature, the mobility of
growing grain is faster which annihilates the dislocations generated
by work hardening thus reducing the flow stress of the system.
Simulated results are found to agree well with the experimental
results as shown in Fig. 3(a) and (b). All the simulated peak stress
values are quite comparable with the experimental peak stress
values.

Small deviation has been observed at later stages of the defor-
mation after 0.5% of true strain. This deviation is observed when it
is deformed at high strain rates or at lower temperatures. It is found
that adiabatic heating also plays a role in softening of material apart
from dynamic recrystallization when deformed under high strain
rates and lower temperatures as reported by Weis et al., [28]. It has
been reported that adiabatic heating increased the temperature of
the system by 333 K when deformed at 1223 K and a strain rate of 1
s~L In the present model, flow curves were simulated using con-
stant temperature, therefore, it can be concluded that deviation
from experimental flow curves in later stages of deformation is due
to increased temperature (4T) in the system due to adiabatic
heating. Apart from flow curve, the model is also validated with
reported grain size. Fig. 4 shows the simulated microstructures at
different temperatures (a) 1223 K (b) 1253 K and (c) 1283 K while
keeping the strain rate constant (0.001s~!). Fig. 5 shows the
simulated microstructures at different strain rates (a) 0.1 s~!(b)
0.01s"'and (c) 0.001s™' keeping the deformation temperature
(1313 K) constant. The simulated microstructure agreed well with
the experimental results reported by X. M. Chen et al. [21] as listed
in Table 2. In micrograph, each color represents the orientation of a
grain. The results indicate the closeness of experimental and
simulated results. Further, this validated model is used to predict
the strain rates and temperatures exposures in friction welds and
covered in following section.

600
Temperature: 1253K
500 L = Sim., 0.001s™! A Sim., 0.1s™!
= Exp., 0.001s! A Exp., 0.1s7!

400 .
® Sim., 0.01s™!

¢ Sim., 15!
e Exp., 0.01s!

@ Exp, 1s!
300

True stress

200

100

0.6 0.8 1.0 1.2 1.4
True strain

(b)

0 02 04

Fig. 3. Comparison of experimental [21] and simulated flow curve (a) for different temperatures 1193, 1223, 1253, 1283, and 1313 K) keeping constant strain rate of 1s~' and (b) for

different strain rates (0.001, 0.01, 0.1, and 1s~') keeping constant temperature of 1253 K.
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Fig. 4. Simulated microstructures at different temperatures (a) 1223 K (b) 1253 K and (c) 1283 K with constant strain rate of 0.001s~ .
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Fig. 5. Simulated microstructures at different strain rates (a) 0.1 s~'(b) 0.01s'and (c) 0.001s~! with constant temperature of 1313 K.

Table 2
List of grain size values from experiment [21] and simulation at different strain rates and temperature. Simulated grain size is average of three simulation results.
Temperature/K 1223 1253 1283 1313
Strain rate/s ! 0.001 0.1 0.01 0.001
Experimental grain size/um 11.3 14.1 17.6 10.2 14.2 18.8
Simulated grain size/um 11.89 + 0.28 143 +0.12 16.75 + 0.42 10.02 + 0.56 13.8 + 0.46 18.8 + 0.29
4.2. Prediction of strain rate and temperature in friction welds using location of friction weld sample welded at 1500 RPM. Fig. 7(a) and
grain size (b) corresponds to edge and center location of the weld, respec-

tively. It can be seen from Fig. 7 that the grain size at both location

To study the grain evolution, strain rates, and temperature ex-
posures in friction welds of Inconel 718, three welds were gener-
ated at different rotational speeds i.e., 1200, 1500, and 1800 RPM.
Fig. 6 show the cross-sectional view of a typical friction weld
developed at 1500 RPM. The welded region has shape like lens
(marked with red color in Fig. 6) which is mostly composed of very
fine equiaxed grains and can be differentiated in the picture by the
white region. The formation of refined grains in the welded region
is due to involvement of very high strain rates and temperature.
Grain refinement phenomena due to involvement of high strain
rates and temperatures are commonly known as dynamic recrys-
tallization [29,30]. Fig. 7 shows the EBSD map from center and edge

Fig. 6. Cross section view of friction weld of Inconel 718 generated with 1500 RPM.
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Fig. 7. EBSD pattern of Inconel 718 friction weld developed with 1500 RPM (a) at edge (b) at weld center.

of the weld went through significant size reduction as compared to
their base counterpart. For example, the average grain size at the
center and edge of a welded sample was found to be 1.4 and 3.1 pm,
respectively. Although, they showed significant size reduction
compared with base material, they also show different grain sizes
compared with each other. The difference in grain sizes at these
two regions could be attributed to different strain rate and tem-
perature exposure. Fig. 8 shows the temperature profile captured
by IR camera on the outer surface of the IN 718 rod during friction
welding performed using 1500 RPM. The maximum temperature
recorded by IR camera was found to be 1473 K. By assuming similar
temperatures at both center and edge of the weld for a particular
rotation speed, the only parameter which creates the difference in
grain size will be strain rate. Afterward, the validated model is used
to predict the strain rate experienced during welding. For that, the
temperature was kept constant equal to recorded one (1473 K) and
strain rates were varied till the grain size matched with the
experimental values.

At strain rate of 294 s ! the simulated grain size which is
2.97 um (Fig. 9(a) matched very close to the value (3.1 pum) obtained
from experiment as shown in Fig. 7(a). Similarly, by assuming that

1600
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1300
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1100
1000
900 +
800
700
600
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400 -
300

:J.I-lu-

Temperature/K

h-llll-IIIIIll

50 100 150 200 250

Time/s

[} "

Fig. 8. Temperature profile recorded by IR camera during friction welding performed
at 1500 RPM.

the temperature experienced at the contact zone is similar though
out the radial direction, a strain rate of 1850 s~! is obtained which
matched the experimental grain size values which is 1.4 pm
(Fig. 7(b)). The predicted strain rate at the center of weld is higher
than the edge of the weld which is not feasible because radial ve-
locity always increases towards periphery. O. T. Midling and O.
Grong [16] showed effective strain rate (radial, axial, and rotational)
increases with radial position, means periphery attain higher
effective strain rate compared to the center of a rod during friction
welding of aluminum alloys which is contradictory to our finding.
This suggests that not only the strain rate but temperature is also
different at the center of weld compared with edge. To predict the
temperature variation, analytical approach is taken to first identify
the strain rate during welding as adopted by Chang et al. [31,32], for
friction stir welding. The material flow strain rate (¢) during friction
welding can be derived by the torsion type deformation as

¢ — Rm2mTe 17)
Le
where Ry, is the average material flow rate which is about half of
the rotational speed, re and L. are the radius and depth of recrys-
tallized zone. The depth of recrystallized zone is taken as thickness
of material which went through dynamic recrystallization. For a
given rotational speed, Ry, is constant which is 12.5 rps for 1500
RPM. At edge, re is equivalent to radius of the rod (8.25 mm, half of
rod diameter) and 0.1 mm for center. The depth of recrystallized
zone is measured using optical micrograph, 2200 pm and 350 pm is
obtained for edge and center location, respectively and marked in
Fig. 6. By plugging these values, a strain rate of 294 s~ and 22 s~!
are obtained for edge and center location, respectively. The calcu-
lated strain rate for edge location also matched perfectly well with
the predicted strain rate. Further, the calculated strain rate from the
analytical model is used to predict the correct temperature from
the simulation. Keeping the strain rate equal to calculated from
analytical model, grain size of 1.4 pm equivalent to experimental
(Fig. 7(b)) is achieved at a temperature of 1323 K as shown in
Fig. 9(b). The difference of 150 K is noticed from edge to center of
the weld which also satisfy the general agreement that frictional
heat is more if the surface area is large.
To confirm the feasibility of this model, simulation was also
carried out to predict the strain rates for friction welds generated
with 1200 and 1800 RPM. Fig. 10 represents the EBSD maps of
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(a) 1 500 RPM: Edge
T 1473K, SR: 294 (1/s), GS: 2.97+0.23um

180
160
140
120

100

(b) 1 500 RPM: Center
T: 1323K, SR: 22.4 (1/s), GS: 1.40£0.02um

Fig. 9. Simulated microstructure at 1473 K and (a) 294 s—! and (b) 22 s~! for edge and center, respectively.

friction welds generated with 1200 and 1800 RPM. For both center
and edge locations, similar trends in grain size were observed for
samples with 1200 and 1800 RPM as was observed for 1500 RPM.
The average value of grain size at different locations is listed in
Table 3. Depth of recrystallization and hardness value corre-
sponding to that location is also listed in Table 3. It can be seen from

(¢) 1800 RPM: Edge

Fig. 10 and Table 3 that central portion of friction welds went
through higher amount of grain refinement as compared to edge in
all the cases and validated by their corresponding hardness values.

Variation in grain size with respect to rotational speed is very
small. For example, at the edge of the weld, the average grain size
for 1200 RPM sample is 3.2 um whereas for 1800 RPM sample, it is

Fig. 10. EBSD maps of friction welds at (a) edge and (b) center generated with 1200 RPM and (c) edge and (d) center generated with 1800 RPM.
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Table 3
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List of depth of recrystallization, hardness values, grain size and calculated strain rate at center and edge of weld with different rotational speed.

RPM Rm/2 Te/mm Le/um Calculated strain rate/s! Hardness/HVq 3 Grain size/um
1200 10 8.25 (Edge) ~2100 246.7 313.356 3.2
1200 10 0.1 (Center) ~423 14.85 381.6391 1.7
1500 12.5 8.25 (Edge) ~2200 294.37 302.1396 3.1
1500 12.5 0.1 (Center) ~350 2243 421.8447 14
1800 15 8.25 (Edge) ~2000 388.57 302.0692 2.9
1800 15 0.1 Center) ~300 314 422.8921 13

2.9 um. The difference in grain size is very small but show signifi-
cant difference in strain rates as listed in Table 3. The calculated
strain rate, based on equation (17), does not incorporate the tem-
perature affect, therefore simulation was also run to check the
strain rates for 1200 and 1800 RPM.

By keeping the temperature at 1473 K, simulations were run at
2465~ ! and 389 s~ for 1200 and 1800 RPM, respectively. Grain size
of 3.35 and 2.75 um was achieved at 246 s~ and 389 s~! strain
rates, respectively as shown in Fig. 11(a) and (c). The results
matched almost closely with the experimental result, suggesting
the temperature achieved during friction welding is almost iden-
tical for all the three rotational speeds. Identical temperature for all
the rotational speed implying that once the material is plastically
deformed, they achieve the steady stage temperature during

(a) 1200 RPM: Edge
T 1 473K, SR: 246 (1/s), GS: 3.35:0.08um

(c) 1 800 RPM: Edge
T: 1 473K, SR: 388 (1/s), GS: 2.740.1ym

100 s

80

60

40

friction welding. This type of phenomena is also observed in friction
stir welding process which shows that for continuous generation of
heat, a dynamic balance is required between contact stress and
material yield shear stress [2,33]. Similarly, the strain rates were
also predicted for center location. In this case also, strain rates
almost similar to analytical strain rates matched the grain size for
both 1200 and 1800 RPM welds at 1323 K as shown in Fig. 11(b) and
(d). Identical temperature at all the RPM confirming the achieve-
ment of steady stage temperature during friction welding once it is
plastically deformed. Temperatures of 1323 K (0.78Ty,) and 1473 K
(0.89Ty,) are achieved at center and edge of the weld, respectively
with 150 K difference from center to edge.
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Fig. 11. Simulated microstructure at (a) 1473 K/246 s, (b) 1323 K/14.8 s~', (c) 1473 K/388 s~' and (d) 1323 K/31.4 s~ .
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Fig. 12. Strain maps for edge location of the welds generated at (a) 1200, (b) 1500, and (c) 1800 RPM and center location at (d) 1200, (e) 1500, and (f) 1800 RPM.

4.3. Strain map

Using all the predicted strain rates and temperatures for the
welds generated at three rotational speeds (1200, 1500, and 1800
RPM), strain maps were plotted after the final deformation as
shown in Fig. 12. Fig. 12(a), (b), and 12(c) corresponds to the edge
location of a weld generated at 1200, 1500, and 1800 RPM,
respectively. In a same way, Fig. 12(d), (e), and 12(f) corresponds to
the center location of a weld generated at 1200, 1500, and 1800
RPM, respectively. It can be observed from the overall results that at
high temperature, the amount of strain accumulation is less
compared to low temperature. For example, at 1473 K, the strain
accumulation is 5% as comparted to 50% at 1323 K. The maximum
intensity corresponds to those grains which are mostly non-
recrystallized grains and present in very less quantity. Another
observation is that at low temperature and low strain rate, the
distribution of low strained grains (Fig. 12(d)) is higher compared to
material deformed at high strain rate (Fig. 12(f)). On the other hand,
at high temperature (1473 K), the strain distribution is almost
uniform for all the strain rates. Overall the strain distribution map
could be important data to figure out the correct temperature and
time for the heat treatment process. The output of this data could
be used as the input data for heat treatment grain growth model. It
can be concluded that using this model localized strain rates,
temperature, and induced strain in the microstructure can be
calculated if one of parameter such as temperature and strain rate is
known. In other way, a process map can be developed which will be
used to get the strain rates and temperatures a material went
through during any hot deformation process, if the resultant grain
size is already known from the experiment.

5. Conclusions

Cellular automata based microstructure model has been devel-
oped to simulate microstructural evolution of Inconel 718 during
hot deformation. Flow curves and grain sizes obtained from ex-
periments and simulations were found to be quite comparable.
Following are the key findings from this work:

1. In simulated flow curves, small deviation in later stages of
deformation was observed which was attributed to adiabatic
heating of material due to plastic deformation.

2. Larger grain size was observed at low strain rates and high
temperatures attributed to more deformation time and higher
grain mobility.

3. The strain rates predicted from simulation for both center and
edge location of the weld were found to be increasing with
increasing rotational speed.

4, Temperature difference of 150 K from center to edge of the
welds was observed from the simulation result.

5. The simulated results showed that temperature tend to reach at
steady state (0.78 Tm: center and 0.89 Tm: edge) for all the
RPMs.

6. Higher amount of strain accumulation was noticed at low
deformation temperature as compared to high deformation
temperature.

7. Uniform strain distribution is observed at higher temperature
for all the rotational speeds.
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