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Influence of Processing Parameters on Grain Size
Evolution of a Forged Superalloy
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The microstructure evolution of nickel-based superalloys has a great influence on the mechanical behavior
during service conditions. Microstructure modification and the effect of process variables such as forging
temperature, die-speed, and tool heating were evaluated after hot die forging of a heat-resistant nickel-
based alloy. Forging sequences in a temperature range from 1253 to 1323 K were considered through
experimental trials. An Avrami model was applied using finite element data to evaluate the average grain
size and recrystallization at different evolution zones. It was observed that sequential forging at final
temperatures below 1273 K provided greater grain refinement through time-dependent recrystallization
phenomena. This investigation was aim to explore the influence of forging parameters on grain size evo-
lution in order to design a fully homogenous and refined microstructure after hot die forging.

Keywords forging, grain size, modeling and simulation, recrys-
tallization, superalloys

1. Introduction

Inconel 718 superalloy is a Ni-Fe-Cr alloy that combines high-
temperature strength up to 700 °C with high resistance to
oxidation and corrosion. This superalloy is commonly used in
components for power generation and aircraft applications
(Ref 1). Inconel 718 is reinforced by solid solution and
precipitation of second phases, generally by different heat
treatments. The hardening mechanism is mainly contributed by
precipitation of " NizAl (cubic or spherical shape) and y” Ni3Nb
phase (Ref 2). The metastable y” phase transforms to
stable NizNb-0 phase during exposure at temperatures above
923 K, leading to degradation of mechanical properties (Ref 3).
However, 0 phase present in Inconel 718 plays an important role
in the control of grain size during hot working (Ref4). Forging of
Inconel 718 is performed at temperatures varying around 1273 K
at which some dispersed precipitates of & phase limit grain
growth (Ref 5). Below 1213 K, the y" and y” precipitates harden
the material, leading to excessive compression stresses during hot
forging (Ref 6).

Deformation at high temperature usually triggers a marked
transformation of microstructure called recrystallization. This
phenomenon can be defined as the generation of new high-
angle, mobile grain boundaries, and their subsequent migration
driven by stored energy in the form of dislocation. When it
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happens during deformation, it is called dynamic recrystalliza-
tion (DRX) and when it occurs after deformation, it is termed
static recrystallization (SRX). In some cases, DRX may initiate
through nucleation but may not proceed to completion during
deformation. In these cases, the recrystallization is completed
after deformation by the growth of dynamically nucleated
grains. This is known as metadynamic recrystallization
(MDRX) (Ref 7). Metals with low or medium levels of
stacking fault energy such as copper and nickel undergo DRX
while metals with high stacking fault energy undergoes
dynamic recovery (Ref 8). The final grain size commonly
depends on softening mechanisms due to dynamic recovery and
recrystallization phenomena. These mechanisms in turn depend
on the initial microstructure, chemical composition, and
forming conditions (Ref 9).

The mechanical properties of Inconel 718 are greatly
influenced by the microstructure evolution. Controlling the grain
size under narrow process windows is of great importance due to
its influence on the mechanical strength of manufactured
components (Ref 10). Extensive research studies have been
focus mainly on grain size evolution with temperature, strain, and
strain rate of deformation on lab scale samples where deforma-
tion conditions have been carefully controlled (Ref 3). However,
non-isothermal trials can give a better insight on grain size
evolution during forging process. In recent years, some inves-
tigations on the hot deformation behaviors of nickel-based
superalloys have been carried out. Chen (Ref 11) studied the
dynamic recrystallization behavior of a nickel-based superalloy
by hot compression tests. Based on the conventional DRX
kinetics model, the volume fractions of DRX were estimated. Lin
etal. (Ref 12) studied the high-temperature deformation behavior
of a Ni-based superalloy by compression tests over practical
ranges of temperature and strain rate. Based on the experimental
data, phenomenological constitutive models were established to
describe the work hardening-dynamic recovery and dynamic
flow softening behavior of the studied superalloy. Also, Lin et al.
(Ref 13) studied the hot tensile deformation behaviors and
fracture characteristics of a typical Ni-based superalloy and
found that the DRX characteristics appear under relatively high
deformation temperatures (1283 and 1313 K).
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In a multi-step forging process, the work-piece is reheated in a
furnace between each stroke, generating new homogeneous
microstructures as a new deformation sequence starts. The
metadynamic recrystallization and static recrystallization occur
during forging processes (Ref 14) owing to the almost full
completion of recrystallization mechanism between two passes
(Ref 15). The recrystallization phenomenon is not only an
important softening mechanism, but also an effective method to
refine the coarse grain size and reduce the hot deformation
resistance. The grain size has to be fine and homogenous to
ensure the required performance is achieved in service conditions
(Ref 16). Prediction of microstructure is essential when attempt-
ing to control mechanical properties and deformation process of
final product. Different models have been proposed to predict
microstructural changes during recrystallization. The Avrami
equation is often used to evaluate the softening fractions induced
by DRX, MDRX, and SRX. This empirical mathematical model
was widely used to model the flow behavior and microstructure
for industrial applications (Ref 17). Avrami models have been
used to predict the softening fractions induced by recrystalliza-
tion phenomena of steels (Ref 18) and nickel-based superalloys
(Ref 19). In this work, experimental trials were developed to
evaluate the microstructure evolution of Inconel 718 superalloy
under hot forging conditions. Recrystallization and grain growth
were modeled using an Avrami model coupled with a commercial
finite element platform Deform V11 3D. Different recrystalliza-
tion phenomena were considered to take place during sequential
forging operations (either at one step or two steps) in the forging
range of 1323 to 1253 K. The aim of this investigation is to
explore the influence of forging parameters on grain refinement in
order to generate a fully refine microstructure.

2. Experimental Procedure

The material used in this investigation is a commercial
nickel-based superalloy; the chemical composition is shown in
Table 1. A cylindrical preform was used for the experimental
trials; eight specimens were sectioned and machined to a final
dimension of 100 mm x 150 mm for diameter and height,

Table 1 Chemical composition of Inconel 718 nickel-
based superalloy studied (wt.%)

Ni Cr Nb+Ta Mo Ti Al Co C Fe

53.79 17.96 5.42 288 1.01 0.51 034 0.026 Bal

respectively. An industrial hydraulic press with a maximum
force of 2500 Tons and maximum velocity of 20 mm/s
(apparent strain rate 0.13 S™') was used to perform forging
process; tooling contact surfaces were heated at 523 K for top
region and 673 K for the bottom part. The grain size of Inconel
718 depends highly on the presence of & phase of which the
solution temperature is around 1313 K (Ref 5). Since fine grain
size was preferred, the forging temperature was selected to be
near solvus temperature of & phase. Forging temperature was
varied from 1323 to 1253 K considering single- and two-step
forging operations as shown in Table 2 (1 to 4 single-step
forged; 5 to 8 two-step forged). One- or two-step forging
processes are regularly employed for superalloy disk forging
operations.

Prior to forging operation, grain size measurements were
conducted according to ASTM E112 (Ref 20) at different
locations as illustrated in Fig. 1. Grain size was measured at
three different zones (top, center and bottom) and 4 angular
locations (0°, 90°, 180°, and 270°), see Table 3. Presence of
duplex grains (different distributions of grain size) in all the
regions of analysis was observed.

After forging, the grain size was measured and an effective
grain size was determined by the relation;

d = fa(d\i + daf) (Eq 1)

where f; y f, are fractions of fine grain and un-recrystallized
grain, respectively, d; is the fine grain size, and d, is the
thick grain size (Ref 21). The distribution of fine grains in
duplex microstructure is represented by fy. If fine grains are
distributed in collar form around un-recrystallized grains, f3
takes a value of 0.5, otherwise the value is 1.

3. Numerical Modeling

A numerical model was developed assuming a 2D symmet-
ric simplification of a cylinder with diameter of 100 mm and
height of 150 mm to reduce the computation cost. Mechanical
properties were acquired from previous investigation (Ref 22).
Friction and heat transfer conditions on the die-sample interface
have a significant effect on flow behavior and required forging
loads. It has been shown that a shear stress friction factor
generates better results compared to coulomb friction coeffi-
cient due to high contact stresses (Ref 23). In this model, a
shear friction factor m of 0.3 and an interfacial coefficient of
1.3114 W/mm*/K were used (Ref 24). Air convection for
cooling was considered and a heat transfer coefficient of
0.02 W/mm? °C was selected.

Table 2 Experimental test conditions of specimens forged at single- and two-step operations

Strain for 2nd
forging step

Initial temperature
for 2nd forging step, K

Test Initial temperature Strain for 1st
number for 1st forging step, K forging step
1 1323 0.73
2 1293 0.73
3 1273 0.73
4 1253 0.73
5 1313 0.50
6 1293 0.50
7 1293 0.50
8 1273 0.50

1293 0.23

1273 0.23
1253 0.23
1253 0.23
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Fig. 1 Specimen for experimental trials and initial grain size measurements at different zones and angular locations (0°, 90°, 180°, and 270°);

(a) Top surface, (b) Center, and (c) Bottom surface

Table 3 Experimental results of initial grain size measurements at different angular location for specimens to be com-

pressed at temperatures from 1323 to 1253 K

Grain size measurement at different angles, pm

Test Average Larger
number 0° 90° 180° 270° Grain size Grain size
1 35 41 34 104 53.5 151
2 63 48 41 53 51.2 213
3 22 71 75 72 60.0 302
4 52 40 82 61 58.7 213
5 74 67 40 104 71.2 213
6 35 62 43 47 46.7 213
7 77 47 103 51 69.5 254
8 42 51 45 41 44.7 179
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Table 4 Parameters of Avrami model for the nickel-based superalloy studied (Ref 27)

Description Equation

Parameter

k
DRX kinetics Xprx = 1 —exp [— Ba (#) d}

dax = agdg“ g™ exp (g—;)
km
Xvprx = 1 — exp [— Brm <K> }

h -
dimdrs = azdy €™ exp Q—})

(8
)N

DRX grain size
MDRX Kkinetics
MDRX grain size

Grain growth dy = [dy + ast exp (%ZTg

Ba=0.693; kg =2
ag = 4.85¢10; ng = —0.41; mg = —0.028; Q5 = —240,000
B = 0.693; ki = 1
az = 4.85¢10; n; = —0.41; m; = —0.028; Q7 = —240,000

ay = 1.58¢16; Qo = 390,753; m = 2

4. Microstructure Models

4.1 Avrami Model

During hot forging different microstructural changes can
occur, the recrystallization model known as Avrami model is
often used to evaluate the softening fractions induced by
dynamic recrystallization and metadynamic recrystallization.
This is the classical method to compute average grain sizes
based on thermomechanical and metallurgical parameters (Ref
25). The general form of the Avrami equation for recrystallized
fraction as a function of time is described by the equation:

X =1—exp(—kt"), (Eq 2)

In Eq 2, the term k is typically a function of the rate at which
the nuclei are formed and the rate at which the grains grow. The
exponent 7z is usually known as Avrami exponent. For DRX,
Avrami equation typically is represented by the expression:

X=1 —exp[—an (Q) }
€0.5 — &

In this equation, € is the applied strain; gy 5 is the required
strain at specific temperature and deformation rate to recrystal-
lized half of initial structure during deformation; &, is the critical
deformation to span a nucleus and begin recrystallization.
Usually, the critical strain for the initiation of DRX can be
expressed as a function of peak strain (g,). For the studied
superalloy, the critical strain can be estimated as &, = 0.80g,.
Once the deformation degree exceeds the critical strain, DRX
takes place (Ref 26). This is because, while the growth of the first
nuclei produces softening locally, the remaining material contin-
ues to work harden. For the DRX of nickel-based superalloys the
Avrami exponent takes values around 2 to 3 (Ref 9).

During MDRX further recrystallization occurs without the
addition of any strain, the recrystallization fraction is primarily
a function of the time. MDRX time ¢, 5 is defined as the time
after deformation in which half of microstructure had been
recrystallized. The equation for MDRX it expressed by:

X=1 —exp[—lnz (L> },
fos

where the time 7y 5 depends on strain grade, deformation veloc-
ity, and dwell time after forging. Typically, MDRX grains are
coarser than dynamically recrystallized grains. When the
MDRX process is complete, any extended hold at elevated
temperatures causes the grains to grow statically. Grain growth
occurs either immediately following hot working or during
heating prior to hot working. A general expression that de-
scribes the static grain growth is expressed by Eq 5.

(Eq 3)

(Eq 4)

182—Volume 25(1) January 2016

dy = (Eq 5)

_ 1/m
dy + at exp(R—?> ]

In this expression, ¢ and Q are constants, and m is an
exponent with value of 2 or 3. This equation also considers the
initial grain size d,, temperature 7, and time ¢ as determining
variables. In Table 4, Arrhenius and power laws are used into
quantify the dependence of recrystallized grain size on process
variables and the initial grain size d;, of Inconel 718 superalloy.
The parameters for the Avrami model used in this study were
collected from previous investigations (Ref 27). These expres-
sions were incorporated into the finite element program
DEFORM V11 3D to determine the grain size after forging
operation. An average grain size is considered according to the
evaluation of initial grain size by the methodology presented in
Fig. 1. In addition, a recrystallized fraction of 0.5 was defined
for initial microstructure computations.

5. Results

The microstructure of Inconel 718 superalloy after hot
deformation was affected by processing variables as shown in
Fig. 2. Three zones are clearly distinguished for grain size
distribution after forging; top, bottom, and central zone. The
central zone was fully recrystallized with homogeneous
distribution of grain size, while top and bottom regions were
partially recrystallized. Base on previous microstructure evo-
lution data, the experimental and simulated results will be
focused on these three regions.

Refinement of grain size and increase of recrystallized
fraction results after one-step forging as illustrated in Fig. 3.
Fully recrystallized microstructure was observed for center
zone of samples 1 and 2 forged at 1323 and 1293 K,
respectively. Recrystallization is a phenomenon that consists
in two stages; nucleation and growing on new grains. For this
event to take place is necessary reach a critical dislocation
density through the interface of nucleus and the surrounding
material (Ref 28). Top and bottom regions present grain growth
with partial recrystallization. However, due to insufficient
flowing during deformation and heat transfer between tooling
and experimental samples, these zones do not present signif-
icant grain refinement. Considering the Nb content of the
nickel-based alloy studied, it is possible that forging at 1293 K
do not present excessive grain growth due pinning effect of
needle-like precipitates (Ref 5).

Abnormal grain growth was observed in samples single
forged at 1273 and 1253 K. This abnormal grain growth

Journal of Materials Engineering and Performance
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Fig. 2 Image of macroetched grain (HCI-C,HgO-HNO3) for one-step forging condition (Ref 3) at 1000 °C

occurred as a result of migration of interfaces with local high
velocities (Ref 29). However, there are just a few studies related
with secondary recrystallization of high-strength nickel super-
alloys (Ref 16). Figure 4 shows metallographic results of
samples two-step forged in the range of 1313-1253 K. It was
observed a fully recrystallized microstructure at the center of
conditions 5 and 6 with a final forging temperature of 1293 and
1273 K, respectively. Comparing conditions 3 and 5 deformed
at final temperature of 1293 K both conditions presented a fine
grain size of 18 pm in the central region. The same similarity is
observed for conditions 3 and 6 with a final forging temper-
ature of 1273 K. An average grain size of 11 pm was obtained
for both forging conditions either at one and two-step
operations.

From numerical results, the effective strain and average
grain size for sample 6 forged at 1293-1273 K is observed in
Fig. 5. This forged condition has an average grain size of
11 pm in central region and an increase of recrystallized
fraction after cooling, as seen in Fig. 6. The results from RX

Journal of Materials Engineering and Performance

simulation and average grain size show good fit with the
experimental data. Comparing samples forged at one and two
sequences, second forging shows a greater influence of
metadynamic recrystallization due to the time available during
deforming cycles.

The relationship between recrystallized volume fraction and
strain effective at forging (Ref 5) 1313-1293 K and (Ref 6)
1293-1273 K is shown in Fig. 7. For the samples studied DRX
fraction presents a decrease for strain effective in the interval of
0.5-1.25, reaching a maximum in the central region of forged
samples. The change of DRX fraction of two-step forged
samples occurred due to the previous evolving RX fraction
during first-step forging. In addition, the evolution of dynam-
ically recrystallized grain size increased with increasing
temperature.

At high effective strains, particularly values above 1.5, it
was observed an opposite effect in RX phenomena presenting
an increase in DRX fraction, while MDRX fraction decreases
as reaching the central region. As the strain increases, the

Volume 25(1) January 2016—183



Fig. 3 Micrographs at 100X (HCI-C,H¢O-HNO3) for one-step forging conditions; (la) Top-1050 °C, (1b) Center-1050 °C, (1c) Bottom-
1050 °C, (2a) Top-1020 °C, (2b) Center-1020 °C, (2¢) Bottom-1020 °C, (3a) Top-1000 °C, (3b) Center-1000 °C, (3c) Bottom-1000 °C, (4a)

Top-980 °C, (4b) Center-980 °C, and (4c) Bottom-980 °C

density of grains also increases, indicating ongoing nucleation
during DRX. Average grain size at center location is affected
by DRX developing a greater refinement in the second forging
operation. A maximum in metadynamic fraction was observed
at effective strain of 0.5. The MDRX fraction decrease as
strain increase reaching the central zone where DRX is the
principal recrystallization mechanism acting. MDRX of
Inconel 718 is related to the growth of the preexisting
dynamically recrystallized grains. This mechanism shows a
high dependence in the initial grain size and degree of strain.
It is possible that this phenomenon is related with unrecovered
dislocation density accumulated in refined grains and its
density increases with deformation. However, to gain full
understanding of the recrystallization kinetics more informa-

184—Volume 25(1) January 2016

tion should be analyzed in detail, particularly regions subject
to low strains and partial recrystallization. Under this condi-
tion, the strain energy is not sufficient to initiate dynamic
recrystallization. Techniques such as transmission electron
microscopy (TEM) and electron backscattered diffraction
(EBSD) can provide grain boundary information for the
deformed superalloy.

The resulting grain size for the forging trials studied is
indicated in Fig. 8. Under the temperature of evaluation two
domains of microstructure evolution were observed; at temper-
atures below 1293 K, the grain size is control by blocking of
precipitate particles generating a fine grain size. At tempera-
tures above 1293 K growth of grain size is observed either for
one- and two-step forgings.

Journal of Materials Engineering and Performance
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Fig. 4 Micrographs at 100X (HCI-C,HsO-HNOj) for two-step
forging conditions; (5a) Top 1040-1020 °C, (5b) Center 1040-
1020 °C, (5¢) Bottom 1040-1020 °C, (6a) Top 1020-1000 °C, (6b)
Center-1020-1000 °C, (6¢) Bottom 1020-1000 °C, (7a) Top 1020-
980 °C, (7b) Center 1020-980 °C, (7c) Bottom 1020-980 °C, (8a)
Top 1000-980 °C, (8b) Center 1000-980 °C, and (8c) Bottom 1000-
980 °C

(I) Effective strain 3.66
2.44
1.22
0.00
(IT) Average grain size 2

2.62

Fig. 5 Numerical results of two-step forging condition (Ref 6)
1020-1000 °C. (a) Effective strain and (b) average grain size (um)

The greatest divergence of grain size take place at regions of
stagnant flow, particularly at sample 1 forged at 1323 K; see
section (a) of Fig. 8. Under this condition, it is developed an
accelerated grain growth during heating of samples previous to
forging as shown in previous investigations (Ref 30). For an
Inconel 718 superalloy with a contain of 5%Nb, an average
grain size of 30 um will growth until reaching a value of
100 um after heating 30 min at 1313 K (Ref 31). Forging at
two steps shows a grater refinement particularly for samples 7
and 8 forged at final temperature of 1273 and 1253 K,
respectively. This refinement being depended on time is
indicative of statistical necessity to wait that nucleation
occurred and allow new regions with active nucleus growth
(Ref 32). Top region presents partial recrystallization and high
dependence on strain rate and grade of strain, and these
variables in conjunction with temperature are the main factors
for generation of nucleation sites.

In general, the validity and precision of numerical models
will depend on inherent limitations of each particular model.
The Avrami models take in account that the material store
energy is uniformly distributed and the recrystallized phases
will growth isotropically. Also, models are not sensible to
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(I) Dynamic recrystallized fraction
|
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0.50

(IT) Meta-dynamic recrystallized fraction 1.0
I

0.75

0.50
Fig. 6 Numerical results of two-step forging condition (Ref 6)

1020-1000 °C. (a) Dynamic recrystallized fraction and (b) Metady-
namic recrystallized fraction

1.0 1

Recrystallized fraction

0.0 T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

Effective strain (mm/mm)

Fig. 7 Numerical results of effective strain vs. dynamic and meta-
dynamic recrystallized fraction

different grains morphological changes. Considering the previ-
ous aspects, one possibility to decrease divergence in the
Avrami models applied could be through experimental evalu-
ation of recrystallization kinetics at low strains and tempera-
tures higher than  solvus.

6. Conclusions

Recrystallization and grain size evolution was observed
through experimental hot die forging trials. Finite element data
and phenomenological models were used to predict microstruc-
ture changes occurring after forging at temperature interval of
1253 to 1323 K.

¢ Different grain size distributions were observed in the
forged specimens. Regions in contact with operation tools
showed localized flow and limited deformation, in contrast
to the regions located near the central zone of specimens

Volume 25(1) January 2016—185



120 4
—@— Initial
?/T o O Experimental
§ 100 4 —w— Simulated
Qo
£
=
.g 80 i O
[ o
£
S 60
[0}
& s
o 40
>
< o
20 T T T T T T T T Y
0 1 2 3 4 5 6 7 8 9
(a) Test condition
—e— Initial
80 - O Experimental
—v— Simulated
—
» 70
c
()
Qo 60 -
E
o 50 -
N
@
c 40
©
> 30
>
© 20 -
e o
< 109 S —
0 . T . : : . : . )
0 1 2 3 4 5 6 7 8 9
(b) Test condition
100 -
—@— |nitial
O Experimental
90 + S —v— Simulated
—
g 80
o 1 o
Qo
E 701
I
.‘T) 60 .
£
S 50 -
o
S a0
©
2
X 30 -
20 T T T T T T T T |

(©)

Test condition

Fig. 8 Experimental and numerical results of average grain size vs.
forging condition. (a) Top, (b) center, and (c) bottom zone

where a greater deformation and a full recrystallized frac-
tion were observed. In this last region, a good fit was ob-
tained with simulated results.

Specimens forged at two stages between 1273 and
1253 K showed a fully refined microstructure. Numerical
model presents good fit with experimental results. In these
forging sequences, the second deformation produces a sec-
ondary recrystallization resulting in a smaller grain. The
grain size and recrystallized fraction of the forged speci-
mens have a great dependence on forging characteristics
and location of evaluation.
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