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Studies on the process of multiple isothermal forging of high-temperature nickel-based EK61 superalloy using computer
simulation in the DEFORM-3D software package in a three-dimensional formulation and a comparison with experimental
data were carried out. Based on the simulation results, it is shown that with each subsequent stage of forging, the maximum
strain values become higher, and the strain differences in the central and peripheral regions become smaller. Such a

strain distribution leads to the formation of a homogeneous ultrafine-grained (UFG) microstructure. The initial coarse-
grained microstructure is gradually transformed into a fine-grained microduplex type microstructure at 0.77T_, and with

a further decrease in the processing temperature to 0.73T
microstructure.

elt’

it is transformed into a submicroduplex type (y + 8) UFG
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1. Introduction

Heat-resistant nickel-based superalloys belong to a unique
class of materials capable of operating at elevated temperatures
and in corrosion environment due to their complex chemical
composition. Therefore, superalloys are widely used for the
manufacture of various parts for aircraft gas turbine engines,
as well as for rocket engines [1-12]. The complex chemical
composition of modern superalloys provides the required
characteristics of the heat-resistant property due to solid
solution hardening and the precipitation of the strengthening
coherent phases. But it also leads to a significant decrease
in the technological plasticity and increase in labor intensity
during processing. It is known [4 - 6] that the most efficient
method to increase the technological plasticity of superalloys
is the formation of an UFG microstructure in bulk semi-
finished products. Such a microstructure is necessary for
realizing the structural superplasticity effect in technological
processes of manufacturing of various articles, for example,
gas turbine engine parts. Deformation-heat treatment
(DHT) is traditionally used to form the duplex type UFG
microstructure in hard-to-deform superalloys [4-8]. To
obtain a micro-duplex microstructure in the superalloys
strengthened by Ni,(Al, Ti) intermetallic phases, the DHT
is mainly used in the two-phase y+y'-region by means of
uniaxial compression [4,5,7].

A universal methodological approach to obtain UFG
and nanocrystalline microstructures in bulk and sheet semi-
finished products from nickel-based superalloys has been
developed at IMSP RAS [4,5,7,13-16]. This method consists
in carrying out DHT using a scheme of multiple isothermal
forging (MIF) with a step-by-step decrease of temperature

from (0.9...0.8)T_, to (0.6...0.5)T , in the processing
[7,13-18]. Such processing results in a stage-by-stage
microstructure refinement: the coarse-grained microstructure
is transformed into a fine-grained duplex type microstructure,
then at a lower processing temperature (second stage) it is
transformed into an UFG microstructure with a grain size
reduced to the values below 1 um. Thus, the microstructure
refinement can be achieved down to the sizes in the range of
nanometers. Formation of the UFG microstructure makes it
possible to achieve the low-temperature superplasticity effect
at temperatures (200...300)°C lower as compared to the
one of traditional high-temperature superplasticity, which
is observed in superalloys with a fine-grained duplex type
microstructure [7,17,18].

Wrought EK61 superalloy is a representative of heat-
resistant superalloys hardened by the y"-phase [19-21]. In
terms of chemical and phase compositions, this superalloy is
the closest analogue to the well-known Inconel 718, which
belongs to iron-nickel superalloys due to the high iron content
[2]. Both EK61 and Inconel 718 superalloys contain more
than 50% of nickel. The EK61 is used for the manufacture
of large-sized stamped and welded structures of power
installations operated at the temperature range from —253 to
750°C [19-21]. The y"-phase precipitates after aging of both
EK61 and the Inconel, but it is metastable and transforms
into the thermally stable §-phase during long-term aging or
deformational heat treatment. Recent works [9,22 - 24] were
devoted to a study of the process of stamping and forging
of superalloys under isothermal conditions at elevated
temperatures by simulations, which make it possible to carry
out a comprehensive comparative analysis of the deformation
behavior and the stress-strain state and their interconnection
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with microstructure change in forging during the stamping
process. Nevertheless, the literature data on the simulation of
isothermal forging are limited.

The purpose of this work is to study the stress-strain
state and formation of homogeneous UFG microstructure
in the MIF process of a wrought nickel EK61 superalloy by
computer and experimental modeling.

2. Materials and Experimental Methods

In the initial state, the heat-resistant nickel EK61 superalloy
was a hot-deformed rod with a diameter of 80 mm and initial
coarse-grained microstructure (Fig. 1). As follows from the
results of electron microscopic analysis (Fig. 1b), coherent
nanosized (d=40 nm) strengthening metastable y"-phase
(Ni,NDb) particles are homogeneously distributed inside large
grains of the y-phase having an average size of about 62 um.
The chemical composition of EK61 is 58Ni-16.6Cr-15
Fe-3.9Mo-5Nb-Al-Ti-Cu-V [19,25].

2.1. Experimental technique

To obtain an UFG microstructure in the EK61 superalloy,
the DHT was carried out using the MIF scheme presented
in [16]. A cylindrical billet with a diameter and a height
of 80 mm was subjected to MIF which was carried out
on a hydraulic press equipped with an isothermal stamp
block (the force capability of 6.3 MN). Such processing
was performed at the conditions established earlier in
the temperature range of 950-850°C with a step-by-step
decreasing of the temperature [25,26]. At least 5-time
pressings were performed at each temperature with a
sequential rotation of the strain axis to 90°. The strain rate was
¢=102-107s"". The total compression strain for forged billet
was e=8. The turning was performed to a workpiece size of
(40+2)x(40+2)x(250+5) mm?® at the final step of the
MIE. As noted above, EK61 is strengthened by intermetallic
Ni,Nb phases. Such phases have two modifications: low-
temperature (y"-phase, body-centered tetragonal ordered
lattice (DO22)) and high-temperature (§-phase plates with
an orthorhombic lattice). The §-phase is formed during
aging or DHT in the temperature range of 650 - 980°C [2].
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The microstructure of the superalloy was studied using
an optical Carl Zeiss microscope, JEM-2000EX transmission
electron microscope and Tescan Mira 3 LMH scanning
electron microscope. The average grain size was determined
by the secant method.

2.2. Computer simulation technique

Computer simulation of MIF was carried out in a three-
dimensional formulation using the DEFORM-3D software
package. A cylindrical sample with a diameter and height of
80 mm was subjected to MIE The deforming tool (stamp)
had the absolutely rigid body properties, the deformable
body (sample) was assumed to an elastic-plastic one. The
EK61 superalloy was considered as the workpiece material
given by experimental curves obtained during uniaxial
compression at the temperature of the forging. The finite
elements number in the volume of the workpiece was 16 000.
The contact conditions were described by the Siebel friction
model. The value of the friction coefficient was taken equal
to 0.3.

One of the important conditions for the effectiveness of
the severe plastic strain method is the strain nonmonotonicity.
In this regard, three steps of sample treatment were carried
out at an initial strain rate of 10~ s'. The temperature at each
stage was decreased: 950°C (step 1), 900°C (step 2) and 850°C
(step 3). Five-time pressing operations were performed when
changing the axis of force application at each step:

step 1: pressing (compression strain € =50%) — turning
by 90° and pressing (e=50%) — turning by 90° and pressing
(e=48%) — turning by 45° and pressing (e=39%) — turning
by 45° and pressing (e=38%);

step 2: pressing (compression strain € =50%) — turning
by 90° and pressing (e=50%) — turning by 90° and pressing
(e=35%) — turning by 45° and pressing (e =45%) — turning
by 45° and pressing (e =44%);

step 3: pressing (compression strain € =50%) — turning
by 90° and pressing (e=30%) — turning by 90° and pressing
(£=23%).

The values of the accumulated strain were recorded after
each transition at points on the same cross-sectional plane
initially passing through the middle of the cylindrical sample

Fig. 1. The initial coarse-grained microstructure of the EK61 superalloy studied by optical (a) and transmission electron microscopy (b).
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obtained after the first transition at the first step. The initial
position of this plane and the location of the control points are
shown in Fig. 2. The following control points were considered:
in the axial zone in the center of the sample (point 1) and near
the end (point 2) close to the stagnant zone; and at half of the
radius (points 3 - 5) equidistant from the center.

3. Results and discussion

Figure 3 shows the dependences of the values of accumulated
strain taken at the control points on the transition number
at all stages.

The accumulated strain in the sample increases with an
increase in the number of transitions. The greatest value is
observed in the sample center. The total accumulated values
of the strain for points 1, 2 and 3 are the closest. The smallest
value is observed for point 5. The diagrams of the distribution
of equivalent strains at three steps are presented in Figs. 4-6.

Step 1. The strain in the center of the sample is higher than
in the periphery at the first, second and fourth transitions
(Fig. 4). The opposite picture is observed in the third and
fifth transitions: the minimum values of the strain prevail in
the center, while in the fifth transition a distinct deformation
cross is formed, which indicates the shear nature of the strain.
Thus, the central volume of the material is worked out more
at the first, second and fourth transitions, the areas of the
sample closer to the surface are worked out at the third and
fifth transitions. In [9], simulations of isothermal forging
of a nickel-base superalloy Waspaloy were carried out. A
comparison of the strain distributions in the cited work and
the results obtained for the first transition of step 1 of MIF
(Fig. 4, transition 1) shows that they are similar. It is shown
that the dead metal zones close to the dies are observed
which is typical for a uniaxial compression scheme. Such
inhomogeneous strain resulted in inhomogeneous formation
of the microstructure [9].

Fig. 2. Control points for determining the accumulated strain amount
on the cross section of the sample obtained after the first transition
of the MIF the at the first step.
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Fig. 3. (Color online) Dependence of the accumulated strain values
at the control points in different steps and transitions of the MIF
process.

Step 2 (Fig. 6). The maximum values of the strain prevail
in the center in all transitions, except for the third one. The
value of the strain in the center is less and increases as one
proceeds further to the surface of the sample in the third
transition. Therefore, those areas that were weakly deformed
in previous transitions begin to be worked out.

Step 3 (Fig. 7). The minimum strain values are observed
in the sample center at all transitions in contrast to the second
one. The strain values increase as one proceeds further
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Fig. 4. (Color online) Diagrams of the distribution of equivalent strains in the sample at the first step (950°C) of the MIE. Sample shown in

general view (a) and two perpendicular sections (b, c).
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Fig. 5. (Color online) Diagrams of the distribution of equivalent strains in the sample at the second step (900°C) of the MIFE. Sample shown

in general view (a) and two perpendicular sections (b, c).
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Fig. 6. (Color online) Diagrams of the distribution of equivalent strains in the sample at the third step (850°C) of the MIF. Sample shown in

general view (a) and two perpendicular sections (b, c).

towards the periphery, while the strain distribution becomes
more uniform than in the second stage.

Thus, the sample center is mainly worked out at the
second step, while the periphery at the third one. Figures
S1-S3 (Supplementary material) present the results of
computer simulation of MIF in steps 1-3 at the transitions
1-5 in more details.

Figure 7a shows the microstructure of the EK61 after the
second MIF step at 900°C. The results of the study showed that

the initial coarse-grained microstructure was transformed
into a duplex-type UFG one and new recrystallized equiaxed
grains of the y-phase free from dislocations were formed. The
microstructure contains grains both with sizes less than 1 pm
and about 1.8 pm. The high deformation temperature resulted
in the transformation of the y"-phase having a body-centered
tetragonal lattice to the §-phase having an orthorhombic
lattice precipitated in the plate form. Microstructural analysis
showed (Fig. 7b,c) that after the final step of the forging at
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Fig. 7. Microstructure of the EK61 superalloy after MIF at the second step at a temperature of 900°C (a) and third step at a temperature of

850°C (b, ¢).

a low temperature of 850°C homogeneous UFG duplex-type
microstructure was formed.

The average grain size of the y-phase is 0.8 um, the grain
size of the §-phase in the longitudinal direction is 0.75 pm
and in the transverse one 0.2 um. At the same time, there
are individual large particles of the 8-phase up to 2+0.5 pm
in size, which are preserved and are “hereditary”, formed at
second stage of processing (Fig. S4).

Many intergranular and interfacial y/8 boundaries exhibit
a banded contrast of equilibrium high-angle boundaries
(Fig. 7b). The segregations that have a globular incoherent
ellipsoid shape of the thermally stable §-phase are present
mainly along the boundaries and in triple junctions of
y-phase grains. The largest particles of §-phase of the lamellar
form are divided (Fig. 7¢, indicated by black arrows). It
indicates processes of the &-phase plate fragmentation
during DHT and subsequent fragment spheroidization,
which are transformed into incoherent particles that have
smaller ellipsoidal shape. Comparative analysis of computer
and experimental modeling data with the data presented
in [18,27,28] after forging of Inconel 718 showed that the
mechanism of formation of the submicroduplex type UFG
microstructure in the EK61 superalloy during DHT is similar
to the one was observed in Inconel 718. It is shown that the
kinetics of the precipitation of the metastable strengthening
y"-phase and its thermally stable modification §-phases have
a significant effect on the behavior of the deformation and
the nature of microstructural changes. An incubation period
(at least 10 minutes) for the phase precipitation allows the
MIF process to be carried out during some time. That is, it
was possible to carry out strain with turning (at least 1 step,
including 5 transitions) of the workpiece without cracking,
since there was no additional precipitation, especially near
the side surface of the workpiece, which is cooled and
subjected to tensile stresses. It should be noted that when
choosing conditions of MIF for superalloys characterized by
low thermal conductivity, it is necessary to take account for
the possibility of deformation heating of the workpiece. As
shown in [29], even a uniaxial compression for one transition
can lead to heating of the workpiece central zone. Such heating
resulted in the dissolution of the strengthening y'-phase and
formation of the coarse-grained (40 pm) microstructure in

the central zone of the workpiece. The author of the cited
work showed that it was possible to minimize deformation
heating in the case of workpiece fractional strain with strain
degrees no more than 30-50%.

The computer and experimental modeling results of the
MIF of the EK61 showed that significant strain occurs in
the central zone. It can lead to strain heating in the central
zone of the workpiece up to the dissolution temperature
of the y"-phase (or 8-phase). To minimize the negative
effect of the deformation heating during high-temperature
processing one can reduce the strain rate, for example, from
1072 to 107 s7', as well as gradually decrease the processing
temperature from 950 to 850°C. Based on the computer
modeling results of the multiple isothermal forging process
of the wrought EK61 superalloy, it was shown that in most
transitions the maximum stresses are observed in the center
of the sample, which reduces the probability of destruction
of the sample surface. This is confirmed by the experimental
results. It was established that wrought EK61 superalloy
could be satisfactorily forged and no cracks were observed
on the sample surface. At the same time, it was found that
differences in strain distribution in billet becomes step by
step smaller. The initial coarse-grained microstructure was
transformed into a mixed ultrafine-grained microstructure
duplex type. An average grain size of the y-phase and
incoherent particles of the §-phase are less than 1 um, as
well as there are separate large particles of the §-phase up to
2+0.5 um in size.

4. Conclusions

Based on the computer modeling and experimental results
of the multiple isothermal forging process, it is shown that in
each subsequent step of forging the differences in the values
of the strain in the central and peripheral regions become
smaller. Such distribution of the strain leads to the formation
of a homogeneous submicroduplex type ultrafine-grained
microstructure. New equiaxed recrystallized y-phase
grains free from dislocations are present. Thus, it is shown
that multiple isothermal forging is an efficient method for
obtaining a homogeneous UFG microstructure in billets of
heat-resistant nickel superalloy of the EK61 type.
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Supplementary material. The online version of this paper

contains supplementary material available free of charge at the
journal's Web site (lettersonmaterials.com).
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