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corrosion and oxidation resistance is mainly used for critical applications in

© The Author(s) 2022 demanding environments, in both as-cast and wrought conditions. Hot pro-
cessing of this alloy is crucial for achieving its tailored mechanical properties
due to the significant variation in microstructural changes with varying process
parameters like temperature, strain, and strain rate. In this study, isothermal hot
compression tests were carried out at temperatures ranging from 900 to 1100 °C,
and under strain rates ranging from 0.01 to 1 s~ '. The flow curves revealed three
stages of deformation, including a substantial work-hardening stage followed
by dynamic recovery and flow softening. Microstructural observations showed
the occurrence of discontinuous dynamic recrystallisation (DDRX) as the
dominant recrystallisation mechanism during the flow softening. Microstruc-
tural analysis suggested that the DRX was more sensitive to the test temperature
as compared to the strain rate. An innovative material’s constitutive model was
developed, by combining Johnson-Cook (JC) and Avrami approaches, to predict
work-hardening, dynamic recovery, and flow softening stages of deformation.
The predicted flow behavior was in a good agreement with the experimentally
measured data. The developed material model was integrated into DEFORM®
3D finite element (FE) simulation software as a user subroutine for the predic-
tion of deformation behaviour in a double truncated cone (DTC) sample.
Comparison between the experimentally measured data and the results of FE
simulation on the DTC sample showed a very good convergence, indicating the
suitability of the proposed material’s constitutive model for large scale simu-
lations.
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Introduction

The attractive high temperature mechanical proper-
ties and corrosion resistance of nickel-based alloys
make them to be one of the extensively used mate-
rials for engineering applications in aviation, ship-
building and nuclear industries [1-4]. The industrial
grade solid solution strengthened Inconel 625 (IN625)
alloy with its high strength, corrosion and oxidation
resistance at elevated temperatures (above 650 °C) is
suitable for many applications in nuclear power
generation plants like control rod and reactor core
components [5-7]. In the aviation sector, the IN625 is
used for exhaust, fuel lines, heat exchanger casings,
and rocket components. The crevice and pitting cor-
rosion resistance of IN625 makes it a candidate
material for high saline underwater applications
[8, 9]. Components of IN625 alloy are manufactured
mainly through casting and forging routes [10]. This
involves careful consideration of process parameters
for achieving desired microstructures and hence tai-
lored mechanical properties, which typically requires
sequential thermo-mechanical processing (i.e., lead-
ing to high manufacturing costs) [11]. Regardless of
the attractive properties, the workability of this alloy
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is significantly poor, and a relatively fewer materials
models exist for predicting the alloy’s forming char-
acteristics, compared to other well-known materials
such as steels and aluminium alloys [12].

The hot forgeability of materials generally depends
on microstructure characteristics (e.g., grain size,
precipitation, texture, etc.) and process parameters
such as strain, strain rate and the deformation tem-
perature [13-15]. The narrow forgeability window of
IN625 poses technological challenges for hot work-
ing, which affect the final microstructure and hence
the mechanical properties [16-18]. Typically, varia-
tions in temperature (e.g., due to temperature gradi-
ent), strain and strain rate due to non-uniform plastic
deformation result in microstructural heterogeneity
such as variation in grain size and localised carbide
precipitation, and even surface cracks. Many inves-
tigations were carried out to explore the effects of
process parameters on deformation behaviour in
IN625 alloy [19-23]. These studies have mainly
reported the dependency of the material’s flow
behaviour on strain rate and temperature. Jia et. al.
[21] has reported a transition in the microstructural
evolution mechanisms from DDRX to continuous
dynamic recrystallisation (CDRX) with an increase in
temperature and reduction in strain rate. An increase




in DRX and reduction in texture intensity with an
increase in the deformation temperature has also
been reported [20]. A study on the mechanical
properties of a solution treated and aged IN625 alloy
showed a substantial increase in work-hardening
(WH) at lower temperatures and under high strain
rates when tested at a range of temperatures and
strain rates comprising of 920-1040 °C and
0.001-1 s™". It was also observed that under slower
strain rates, there was enough time for dynamic
recovery (DRV) to occur concurrently with the WH
where the latter was more prevalent [24]. The initial
stage of plastic deformation during which both WH
and DRV are taking place concurrently, where WH is
more dominant, is referred to as the WH + DRV
stage.

Mahalle et al. [12] developed a constitutive
approach using the Khan-Huang-Liang model to
predict flow behaviour in IN625 based on experi-
mental data. The model showed a good convergence
of the WH + DRV stage towards the experimentally
obtained data, from room temperature to 400 °C.
Badrish et al. [25] implemented a separate approach
based on Johnson—-Cook (JC) model to predict flow
behaviour in the same material, from room temper-
ature to 700 °C, which showed a reasonably good
convergence towards experimentally measured data
collected via isothermal uniaxial tensile tests. Lin
et al. [26] reported a unified dislocation density based
model for the prediction of flow behaviour in IN625
during hot compression tests at temperatures
between 920 and 1040 °C, which was reasonably
accurate. Additionally, Lin et al. [27] reported a Zener
Hollomon based approach for the prediction of WH
and flow softening in IN625, which was able to pre-
dict the overall flow curve for a range of tempera-
tures from 920 to 1040 °C. However, variations
reported in the yield strength, suggesting a need for
an improved material model to predict flow beha-
viour in IN625 during hot compression.

Further, Chen et al. [28] developed a unified dis-
location density based model to predict DRV and
flow softening during hot deformation of nickel-
based alloys. The model revealed good accuracy in
predicting the flow behaviour of aged nickel alloy. A
physically based model developed by Lin et al. [29],
using coupled grain size and deformation parame-
ters, showed a reasonably accurate predictions. Fur-
thermore, prediction of hot compression behaviours
in different grades of titanium alloy was done by

Souza et al. [14, 30, 31] to a reasonable accuracy using
an approach combining Estrin, Mecking and Avrami
(EM + Avrami) models. Further, the microstructural
based EM 4 Avrami [32] and comparison with
Arrhenius based constitutive model [14] reported
substantial versatility of the model. Despite of the
good predictive capability of the EM + Avrami
model for titanium alloys, the model has not been
well proven predicting the WH + DRV stages
observed in IN 625 alloy and this needs further
investigations.

The present study is aimed to understand the hot
deformation behaviour in a solution-annealed IN625
alloy during isothermal hot compression testing.
Additional analyses were carried out to understand
the three stages of flow behaviour exhibited by the IN
625 alloy, with an emphasis on the WH + DRV and
the follow-up flow softening stages. In-depth
microstructural characterisations were carried out to
understand the dominant recrystallisation mecha-
nisms during deformation. Finally, an innovative
constitutive approach has been proposed by com-
bining the JC and Avrami models for the prediction
of flow behaviour, which has then been validated
using experimentally measured data. The proposed
constitutive material model was then used as a user
subroutine in a FE simulation using DEFROM® 3D to
evaluate its suitability for industrial applications.

Materials and methods

A forged billet of IN625 alloy with nominal chemical
compositions of 21.70% (wt) Cr, 8.60% Mo, 3.70% Nb,
3.70% Fe, 0.40% Ti, 0.2% Mn, 0.12% Si, 0.042% C and
balanced nickel, was used in this study. The as-re-
ceived billet was subjected to an initial solution
annealing heat treatment at 1100 °C for 6 h followed
by air-cooling to room temperature. Cylindrical
samples, with 8 mm diameter and 12 mm height,
were extracted from the solution-annealed billet
using a wire electrical discharge machine (EDM). The
samples were then subjected to hot isothermal com-
pression at five different temperatures (i.e., 900 °C,
950 °C, 1000 °C, 1050 °C and 1100 °C) and under
three strain rates (0.01 s™1, 0.1 s ' and 1 s7!). The test
temperatures and strain rates were identified as
appropriate range for forging of IN625 alloy during
open die forging based on previous reports [16, 23].
A Zwick/Roell Z250 mechanical testing machine
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Figure 1 Schematic representations of the hot compression tests carried out a on cylindrical samples and b on the DTC samples at
different temperatures and strain rates, highlighting the furnace heating, soaking, hot compression and water quenching stages.

fitted with a furnace with three heating zones was
used for these tests. The test sample was heated to the
target temperature and soaked for 15 min before
compression. This is to ensure uniform temperature
distribution within the sample. The sample was then
subjected to hot compression to ~ 60% reduction in
height, equivalent to a maximum strain of ~ 0.8
(Fig. 1a). The compressed sample was then water
quenched almost immediately (i.e., after ~ 4s on
average) to avoid post deformation microstructural
changes. The data obtained from the hot compression
tests were corrected for both machine compliance as
well as friction and used for further analysis.

For microstructural characterisations, the quen-
ched samples were dissected along the compression
axis. The samples were then subjected to standard
metallographic sample preparation to a mirror fin-
ished condition, followed by 16 h vibratory polishing
using 0.02 um colloidal silica as suspension. The
samples were then characterised using an FEI
Quanta-650 field-emission gun (FEG) scanning elec-
tron microscopy (SEM) interfaced with an Oxford
Instrument electron backscattered diffraction (EBSD)
camera and an energy dispersive spectroscopy (EDS)
detector. Analyses with EDS were carried out to
identify carbides potentially formed during and or
after the solution annealing treatment. EBSD maps
were acquired from the samples at the maximum
strain zone (i.e., centre of the cross-section), by
applying an accelerating voltage of 20 kV and using a
100 pm dia. aperture. A typical scan area of
400 x 300 pm?> was mapped for each sample with
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0.3 um step size, where a minimum of 92% of the
scanned area was indexed.

Forgeability analysis

For the validation of the material’'s model and to
understand the forgeability of IN625 alloy, a DTC
sample was machined from the solution-annealed
billet using EDM, and subjected to isothermal hot
compression test at 900 °C under 1 s~' nominal strain
rate (Fig. 1b). The DTC sample was designed to
generate a range of strain magnitudes (i.e., ~ 0.2-1.5)
from the centre to the edge of the sample during
uniaxial compression. The DTC sample was
deformed to ~ 60% reduction in height and water
quenched immediately after deformation, similarly to
the uniaxial compression testing samples, to min-
imise post deformation microstructural changes
(Fig. 1b). The DTC sample was dissected, and the
cross-section was metallographically prepared for
microstructure characterisations, similarly to the
cylindrical samples. The samples were then analysed
for grain flow, grain size distribution and dimen-
sional analysis using optical microscopy. The load
required to compress the DTC sample up to ~ 60%
was recorded using a high-speed data logger. The
experimentally measured load was compared with
the results of FE prediction using the material’s
model developed in this study, for the purpose of
model validation.



Results

The results of hot compression tests were analysed to
understand the effect of process parameters on
deformation behaviour and microstructural evolu-
tion. The microstructural evolution has been thor-
oughly investigated. A systematic analysis starting
with the initial solution-annealed microstructure to
the hot compressed conditions has been carried out
using optical microscopy, SEM and EBSD techniques.
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Figure 2 True-stress versus true-strain curves measured for the
IN625 under different strain rates at a 900 °C, b 1000 °C, and
¢ 1100 °C. d Plots of the magnitude of flow softening as a function
of temperature and strain rate calculated using Eq. (1). Note that

Flow behaviour

A typical flow curve measured for the IN625 alloy
consisted of an initial work-hardening stage followed
by flow softening beyond a strain level correspond-
ing to the peak stress (¢p). The flow softening char-
acteristics depend on dominant microstructural
deformation mechanisms operating during defor-
mation [33]. The measured true-stress—true-strain
curves exhibited work-hardening stage up to the
peak stress then switched to a flow softening phase
thereafter (Fig. 2). All samples exhibited an increase
in the flow stress with lower deformation tempera-
tures and higher strain rates (Fig. 2). The samples
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compressed under 1s™' showed significant work-

hardening, especially those tested at or below
1000 °C (Fig. 2a, b). Similar results were reported
before for IN625 where the flow curve was divided
into three stages of deformation denoted as stage I,
stage II and stage III [24]. Similarly, these stages are
distinguished in the measured flow curves, as shown
in Fig. 2a. In stage I, the material undergoes work-
hardening and DRV concurrently where the former is
more dominant, followed by stress stabilisation in
stage II, and a combination of work-hardening, DRV
and DRX in stage IIl where the latter are more
dominant [34]. While these stages can be clearly
identified in those tests conducted at or under
1000 °C, the increase in temperature to 1100 °C led to
a relatively shorter work-hardening stage (Fig. 2c).
The substantial difference in work-hardening as a
function of temperature, has resulted in significant
variation in peak stress.

Increase in the strain rate and deformation tem-
perature was observed to result in greater level of
flow softening (Fig. 2d). The flow softening was
quantified by calculating the flow softening magni-
tude (Spag) using an approach given by Semiatin
et al. [35], shown in Eq. (1).

Smag = Ac/ay (1)

where ¢, is the peak stress and Ac =0, — ¢(0.8)
represents the difference between the peak stress and
the stress at 0.8 strain where the maximum softening
is achieved. A maximum of ~ 25% softening was
measured for the samples tested at 1000 °C under
1 57! strain rate.

Strain rate sensitivity

The flow curves derived from the hot compression
tests showed a significant increase in the measured
flow stress with higher strain rates (Fig. 2). This has
been further analysed by determining the strain rate
sensitivity (m) from the measured flow curves. The
strain rate sensitivity can be measured using the
gradient of stress as a function of strain rate at a given
strain and temperature, according to Eq. (2) [36].

dlogao
m=——-:
dlogé|,r

(2)

where ¢ is the flow stress at a given strain and
deformation temperature (T), ¢ is the strain rate, and ¢
is the strain. The strain rate sensitivity as a function of
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strain for varying deformation temperature suggest
an increasing trend with temperature (Fig. 3a). It is
apparent that the strain rate sensitivity increases
drastically at the beginning of the deformation (.e.,
lower strain levels) until it reaches a steady state level
for most deformation conditions. This variation in the
strain rate sensitivity suggests that different
microstructural evolutionary mechanisms are opera-
tional under these deformation conditions.

Strain hardening behaviour

The strain hardening exponent (1) is a measure of
strain hardening in a material, which is an important
parameter for work-hardening during hot deforma-
tion. It can be used to understand the dominance of
strain hardening compared to flow softening occur-
ring concurrently during deformation [37]. Thus, the
n for the hot compression tests can be evaluated
using Eq. (3).

dlogo
n—=
dloge ‘T

(3)

where ¢ is the flow stress and ¢ is the strain under
constant deformation temperature and strain rate.

The calculated n values as a function of tempera-
ture for the tests carried out under different strain
rates, which are in the strain range of 0.03 to 0.55, are
shown in Fig. 3b. It is apparent that both the defor-
mation temperature and strain rate affect the n con-
siderably during the isothermal compression tests.
An increase in n was measured with an increase in
strain rate and a decrease in the test temperature
(Fig. 3b). Meanwhile, for the test performed under
the lowest strain rate (i.e., 0.01 s™!), the observed
n was significantly lower (0.03 to 0.05) except those of
the tests conducted at 900 °C and 950 °C. Such lower
hardening exponents were also measured for the
tests carried out under 0.1 s™' strain rate at temper-
atures above 1050 °C. On the other hand, the highest
n was obtained for the tests conducted under the
highest strain rate (i.e., 1 s7h, irrespective of the test
temperature.

Activation energy for deformation

The flow stress values obtained from the hot com-
pression tests were used to calculate the activation
energy for deformation. According to Zener and
Hollomon [38] relationship, the rate of deformation at
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high temperature is controlled by the thermal acti-
vation energy of the material. Thus, Zener Hollomon
parameter (Z), which relates strain rate (¢) and tem-
perature (T) is given in Eq. (4), and the strain rate (¢)
is defined in Eq. (5).

Z = éexp (%) 4)

é = AF(o) exp (— RQT) (5)
a" 05 <0.8

F(o) = exp(fio) oo >1.2

[sinh(xg)]™ forall @

where Q is the activation energy for deformation
g mol™"), R is the universal gas constant
(8.3145 ] mol ! K™') and A, «, fandn are the material
constants. Equations (4) and (5) are only applicable
for a constant strain. Hence, the activation energy
was calculated for the peak stress (g,). The values for
F(o) varies depending upon the stress level such that
for the low and high stress levels Eq. (5) takes the
following forms.

¢ = Bo™ (6)
§ = Cexp(fo) (7)

where B and C are material constants. Taking both
equations into logarithmic scales lead to Eqs. (8) and
(9), respectively.

o
)

o
=S
T

Strain Hardening Exponent (n)
o
o

900 950 1000 1050 1100
(b) Deformation Temperature (°C)
exponents for varying temperatures and strain rates calculated

using the plots of log(o) versus log(e) during the initial work-
hardening stage for the IN625 alloy.

In(o) = nllln(é) - nllln(B) (8)
1 .1
o= Bln(s) - Bln(C) 9)

Thus, from Eq. (8), the material constant n; can be
obtained as the inverse slope of the In(g,) versus In(é),
as shown in Fig. 4a. The average of the inverse slopes
at all peak stresses was calculated to be 6.02 MPa ™',
which is considered as n; for the IN625 alloy inves-
tigated in this work. Similarly, the material constant f
was also obtained from Eq. (9) as the inverse slope of
o, versus In(é) curve, as shown in Fig. 4b, and the
average was calculated to be 0.019 MPa™". Thus, « =
B/n1 was calculated as 0.0032 MPa™".

Furthermore, for all stress levels substituting F(o)
in Eq. (5) leads to Eq. (10), which takes the form of
Eq. (11) in logarithmic scale.

RT
@, Q A )

Ny nRT  ny

é—qﬂﬁnhWJﬂmm@<—-Q> (10)

In[sinh(ag)] =

Thus, for a given deformation temperature and
strain rate, integrating Eq. (11) leads to Egs. (12) and
(13).

1 d{In[sinh(x0)]}

= dn@) 12)

@ Springer



6.4 -
-
6.0 4 »
bn. & ?
E 56 o
}- = 900°C
52/ ' il e 950°C
. A 1000 °C
3 v 1050°C
481 ¢ | ¢ 1100 °C||
-5 -4 -3 2 4 0
(a) In(¢)
= 900°C | i
155 | o 950°C &
A 1000 °C ‘
10 u v 1050 °C ‘ ?
= ¢ 1100°C, _— Iy
3 050 & . ,
2 000 & g
v
05} ,
§
‘1.0 ! T T T
5 4 3 2 -1 0
(©) In (£)

Figure 4 a Plots of log(s,) versus log(¢) for varying
temperatures, b plots of o, versus log(¢) for varying
temperatures, for the evaluation of f and n;, respectively from

Eq. (8) and (9), ¢ plots of log(sinh (20, ) ) versus log(é) for varying

d{In[sinh(«0o)]}

Q=mR==177)

(13)

The value of 11, was then calculated to be 4.25 MPa
as the inverse slope of In[sinh(og)] versus In(é) curve
(Fig. 4c). The average activation energy for defor-
mation at peak stress under different strain rates was
also calculated from Eq. (13) as 381 kJ mol™’
(Fig. 4d). Similar values for activation energy were
reported for IN625 alloy (i.e., ~ 394 k] mol™") for a
range of temperatures and strain rates, similar to
those implemented in this study, suggesting the
occurrence of significant dynamic recrystallisation
[20].
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Microstructural analyses
Microstructural characteristics after solution annealing

Microstructural analysis of the as solution-annealed
followed by air cooled condition revealed equiaxed y
grains with varying grain size, with presence of a
significant number of annealing twins (Fig. 5a, b).
Carbide particles, precipitated within y grains and
along the grain boundaries, were also observed
(Fig. 5¢). Typically, prolonged heat treatments (i.e., in
excess of 0.5 h) at temperatures ranging from 800 °C
to 1050 °C leads to the formation of M»3C¢ and MC
type carbides in IN625 [39, 40]. The results of Energy



Figure 5 Microstructural characteristics of the IN625 alloy in the
solution-annealed (6 h at 1100 °C) followed by air-cooled
condition a Optical micrograph recorded at lower magnification
showing the equi-axed y grains with and with-out twins b A
backscattered SEM micrograph showing carbides distribution in vy

dispersive spectroscopy (EDS) analysis show the
presence of large blocky niobium and titanium based
carbides (Nb, Ti)C. Similar niobium and titanium rich
carbides are also reported in literature [40]. The
solution annealed IN625 material had a heteroge-
neous microstructure with a relatively broad grain
size distribution varying from few microns to a
maximum of 45 pm.

Microstructural characteristics after hot compression tests

The microstructural analyses on the samples
deformed to 0.8 true strain at 900 °C under different
strain rates, demonstrate variations in the fraction of

o o

Nb Lol Ti Kol

o ~Topm *

matrix with grains of varying sizes and the presence of annealing
twins, ¢ Higher magnification micrograph from the region marked
by dotted rectangle showing the large blocky (Nb, Ti)C carbides
and the rectangular area used for EDS analysis. d EDS maps
showing the presence of Nb and Ti rich carbides.

grains underwent DRX as a function of strain rate
(Fig. 6a—c). The EBSD inverse pole figure (IPF) maps,
with respect to the compression direction revealed
that the grain boundaries of the parent y grains dec-
orated by strain free recrystallised grains formed
during hot compression tests. The formation of
necklace structure along the pre-existing grain
boundaries is a characteristic of DDRX occurred
during the deformation [41]. The extent of fine grain
formation along the parent grain boundaries (.e.,
through DDRX) depends on the initial grain size, the
deformation temperature and strain rate [42]. It can
be observed from the EBSD IPF maps that the
increase in strain rate has major effect on the number
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Figure 6 EBSD IPF colouring maps with respect to the
compression direction (CD), showing the variations in grain
structure after deformation to 0.8 true strain at varying

of grain boundaries with fine grains and on the
fraction of the necklace structures formed (Fig. 6a—c).
It is also clear from these maps that there is an
inhomogeneity in DDRX, as the grain boundaries of
some pre-existing y grains have no evidence of fine

@ Springer

001 101

temperatures and strain rates, a 900 °C and 0.01 s, b 900 °C
and 0.1 57!, ¢ 900 °C and 1 s~!, d 1000 °C and 0.01 s™' and
e 1100 and 0.01 s™'.

grain formation, irrespective of the applied strain rate
(Fig. 6a—c).

The post-deformation microstructures of the sam-
ples tested under 0.01 s~ strain rate at higher tem-
peratures (i.e., 1000 °C and 1100 °C) show a
substantial difference in the fraction and size of the



grains underwent DRX (Fig. 6d, e). From the char-
acteristic necklace structure, it is apparent that at
900 °C DRX was initiated, although the temperature
was not sufficiently high for a significant progress in
recrystallisation and grain growth (Fig. 6a), whereas
by increasing the temperature to 1000 °C, the fraction
of grains underwent DRX was drastically increased
with significant grain growth (Fig. 6d). Further
increase in temperature under the same strain rate
(e, 0.01s™") has resulted in not only complete
recrystallisation, but also a substantial grain growth
(Fig. 6e).

The fraction of recrystallised grains in these
microstructures were assessed using HKL Channel 5
software to understand the effect of strain rate and
temperature on the onset of recrystallisation (Fig. 7).
For these analyses, grains with misorientation less
than 2° were considered as recrystallised, 2° to 7.5° as
sub-structured and those above 7.5° as deformed.
Although a negligible difference (i.e., less than 2%)
was seen for the samples tested at 900 °C under
smaller strain rates of 0.01 s~ and 0.1 s™* (Fig. 6a, b),
a fairly high increase in the fraction of recrystallised
grains (i.e., 28%) was observed for the test carried out
at the same temperature under the higher strain rate
1s™ Ge., Figs. 6¢c, 7a). On the other hand, the
observed and measured substantial increase in the
fraction of recrystallised grains (Fig. 7b) with an
increase in the deformation temperature supports the
measured softening behaviours presented in Fig. 2d.
The increase in strain rate to 1 s~' and/or increasing
deformation temperature to 1100 °C has led to the
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increase in fraction of dynamically recrystallised
grains as compared to lower strain rates and tem-
peratures, which is clearly observed in the histogram
in Fig. 7a, b. These suggest that the driving force for
dynamic recrystallisation is higher at higher tem-
peratures, which leads to the formation of recrys-
tallised grains. Therefore, the lower measured
volume fraction for the deformed grains within the
investigated area by EBSD is due to higher fraction of
recrystallised grains (i.e., more deformed grains
converted to recrystallised grains).

Discussion

The measured flow curves exhibited three stages of
deformation, including an initial elastic region,
leading to a substantial work-hardening stage, fol-
lowed by a final flow softening. The work-hardening
behaviour of the alloy has often been linked with the
rate of work-hardening [43]. The temperature and the
applied strain rate determine the dislocation density
evolution and the work-hardening rate. At lower
temperatures the diffusion rate of vacancies is
reduced and dislocation density is increased, which
in turn lead to higher level of work-hardening with
increased interaction with the carbides and precipi-
tates [24]. The increased dislocation density at higher
strain rates further delays the dynamic recovery at
hot deformation temperatures leading to a combined
WH + DRV stage [19]. On the other hand, the mea-
sured flow softening occurred beyond the peak stress
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Figure 7 Histograms showing the fractions of recrystallised, sub-structured and deformed grains for the microstructures in Fig. 6.
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for different strain rates were mainly related to the
initiation of onset of DRX, which is also a function of
deformation temperature and strain rate (Figs. 6, 7)
[18]. The initiation of flow softening was delayed for
the test conducted at a lower temperature and under
the higher strain rate conditions. Whereas, at higher
temperatures and under lower strain rates the flow
softening accelerated, implying the dependency of
the kinetics of DRX on temperature and strain rate
(Fig. 2a, b). This is evident in the EBSD IPF maps
shown in Fig. 6 whereby higher fractions of recrys-
tallised grains were measured for the latter. The
increase in temperature beyond the precipitate’s sol-
vus temperature (i.e., above 1000 °C) has led to sig-
nificant levels of recrystallisation and grain growth
(Fig. 6e). These observations suggest that for the
IN625 investigated in this study, DRX is more sensi-
tive to the test temperature than the strain rate.

The DRX mechanism has typically been classified
into continuous, discontinuous and geometric [44].
The formation of fine strain free grains as result of
fragmentation of the initial grains due to the con-
version of low angle boundaries to high angle
boundaries is known as CDRX [45]. Whereas, the
nucleation of fine strain free grains as a result of
strain induced bulging and fragmentation at the
boundaries of the parent grains is referred to as
DDRX [46]. The formation of necklace structure (i.e.,
fine recrystallised grains along the grain boundaries)
at lower temperatures is due to strain localisation
beyond a threshold required for DRX at grain
boundaries [16, 17]. Alternatively, severe plastic
deformation (SPD) processes such as equal channel
angular pressing (ECAP), accumulative roll bonding
(ARB) and high pressure torsion tests (HPT) results
in coalescence of the existing high angle boundaries
leading to the formation of fine strain free grains
which is termed as geometric dynamic recrystallisa-
tion (GDRX) [47]. The IN625 alloy studied in this
work revealed the necklace structure around the
parent grains for all test conditions, with variation in
size and distribution of recrystallised grains and their
fractions depending on the applied process parame-
ters (i.e., temperature and strain rate). This suggest
that the DDRX is the dominant deformation mecha-
nism for IN625 with the present processing and
microstructural conditions.

The driving force for dynamic recovery followed
by recrystallisation is expected to be high at higher
deformation temperatures. This is due to the
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increased dislocation annihilation mechanisms lead-
ing to reduced dislocation density and nucleation of
strain free grains within and/or along the grain
boundaries of parent grains [18]. The recovery
mechanisms such as dislocation climb, dislocation
cross slip, and dislocation annihilation (polygonisa-
tion) are also expected to be high at higher testing
temperatures. In addition, the formation of twins at
high temperatures can substantially decrease the
dislocation density [48].

Constitutive modelling of flow behaviour
JC approach for the prediction of work-hardening

The measured flow curves exhibited an initial work-
hardening and DRV stage, which occurs concurrently
with the former being dominant, followed by flow
softening beyond the peak stress (Fig. 2). The extent
of the initial stage was mainly dependant on the
process parameters, whereas the flow softening stage
was similar for all conditions. In this study, it has
been attempted to predict the measured flow beha-
viour by combining JC model for the initial stage of
work-hardening and DRV, and Avrami model for the
flow softening stage.

The widely used JC constitutive material model
has been shown to effectively predict the flow stress
as a function of strain, strain rate and temperature
[49]. The JC model is a simplified approach with
readily available constants for various materials due
to its isotropic nature. This model describes the flow
stress (¢) as a function of plastic strain (¢), strain rate
() and absolute temperature (T), according to
Eq. (14) [50].

6= (A+B&")(1+Clné’)(1—T™) (14)

where A is the yield stress at the reference ¢ and T,
which is 204 MPa, B is the strain hardening coeffi-
cient, n is the strain hardening exponent and C and
m are the strain rate strengthening coefficient and
thermal softening coefficient, respectively.

The dimensionless strain rate (¢*) is measured by
dividing the actual & to a reference & = 0.001 s~
considered for the present study. The homologous
temperature (T*) is calculated as a function of abso-
lute temperature, reference temperature
(T, =800°C<T) and the melting temperature
(T, = 1335°C [51]).
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To calculate the constants B and 7, the absolute
temperature and strain rate were considered at the
reference state such that Eq. (14) was re-written as
Eq. (17), and by taking it to logarithmic scale as
Eq. (18).

o= (A+B¢") (17)
In(6 — A) = InB + nlne (18)

The n and B values were calculated as the slope
and intercept of the In(¢ — A) versus In¢ curve with
the vertical axis. An average of 0.8945 MPa for n and
898 MPa for B were calculated. To determine the
material constant C, an absolute reference tempera-
ture (T, =800°C) was considered. Hence, Eq. (14)
was resulted in Eq. (19).

6= (A+B&")(1+Clné") (19)

By rearranging Eq. (19), the strain rate strength-
ening coefficient C can be obtained from the slope of

m versus Iné* curve. For this, stress values for

varying strain from 0.05 to 0.2 with an interval of
0.025 was considered for varying strain rates. A slope
of 0.07252 was calculated for C, using the concen-
trated linear fit for all the strain values.

Further, to determine the thermal softening coeffi-
cient (s) at the reference strain rate, Eq. (14) was re-
written as Eq. (20) by considering the function
(1 + CIné*) equal to unity.

6= (A+Be")(1—T") (20)

The constant s was then obtained from the slope of
In <1 - m) versus In(T") curve. Stress values for

the strain range (0.05 to 0.2) were taken for varying
temperatures. A slope of 1.051 was measured for the
constant s using the concentrated linear fit for all the
strain values.

The results predicted by the JC model for the initial
work-hardening stage was converging well (i.e., 97%
accuracy) towards the experimentally measured data
for varying temperatures and strain rates conditions
(Fig. 8a), considering the evaluated constants and
coefficients explained earlier. Hence, the JC model
can be used to predict the flow behaviour at initial

stage of deformation with a reasonable accuracy, for
the explored temperature and strain rate ranges in
this study.

Combined Avrami and JC model for the prediction of flow
softening

The JC empirical approach was not suitable for the
prediction of the flow behaviour during the flow
softening (i.e., beyond a strain corresponding to the
peak stress (gy)). Therefrore, Avrami approach was
considered for the flow softening stage of the flow
curve [30, 31]. The conventional Avrami equation
was combined with Eq. (14), which is denoted as the
JC 4+ Avrami model hereafter (Eq. 21).

o= 0" — X(a5 — 055) for ¢>¢, (21)

In Eq. (21), the flow stress predicted by the JC
approach was normalised by the saturation stress
(g5), termed asd/C, X is the fraction of microstructure
underwent DRX at a specific strain (0 <X < 1), and o
is the steady state stress (i.e., at 0.8 strain). The frac-
tion of recrystallisation at any strain beyond ¢, can be
expressed as,

(r]Cfa

X:a — zl—exp(—a(s—ep)b) (22)
and
In (lnﬁ) =Ina+ bln(c —¢,) (23)

The constants a and b were respectively deter-
mined from the slope of the In(lngly;) versus

In(e — ¢,) curve and its intercept with the vertical axis
for & >¢,. Minor variations observed in the material
constants for different temperatures and strain rates
were omitted to reduce the complexity of the model.
The material constants a2 and b were calculated as 1.1
and 4.2 respectively and considerd to be uniform for
all strain rates and temperatures. The uncertainities
in predicting the fraction of recrystallisation and flow
softening were reduced by considering avergae val-
ues for a and b. Further, the number of variables were
reduced by calculating o, o5sande, as functions of
Zener-Hollomon parameter (Z). A 2nd order poly-
nomial fit was considered as the best fit and therefore
used to calculate o5, 0iande, as a function of log
(Z) (Fig. 8b—d).
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Figure 8 a Comparison between the experimentally measured
data with those predicted by the JC model for varying test
conditions of the IN625 alloy over the work-hardening + dynamic

The accuracy and relevance of the JC + Avrami
model for the prediction of flow behaviour during
hot compression testing of IN625 alloy was evaluated
using the experimentally measured data obtained at
950 °C, which was not used for the measurement of
materials constant. The JC 4+ Avrami model shows a
relatively good convergence towards the experimen-
tally measured data for both the work-hardening and
flow softening stages (Fig. 9a, b). The model predic-
tions are particularly more accurate for the tests
carried out at low deformation temperatures and
under higher strain rates. The deviation from the
measured data under lower strain rates and at higher
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recovery (WH + DRV) region, and the relationship between
log(Z) with b saturation stress, ¢ steady-state stress, and d the
strain associated with the peak stress.

temperatures can be mainly related to the materials
constants where average values were considered for
each case to reduce complexity. This in turn has
resulted in less fidelity in identifying the relevant
dominant deformation mechanisms at higher tem-
peratures and under lower strain rates. Otherwise,
the proposed JC 4+ Avrami model can effectively be
used for the estimation of flow stress in IN625 alloy at
low temperatures (i.e., 900-1050 °C) and relatively
high strain rates (i.e., 0.1-1 s~) ranges.
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Figure 9 Comparison between the results of combined JC 4+ Avrami model prediction and the experimental results, a at 950 °C for
varying strain rates, and b under 1 s™' strain rate at varying temperatures.

FE simulation and industrial applicability

Constitutive equations describing material properties
are the backbone of most FE simulations to accurately
predict the deformation behaviour under industrial
forging conditions. Reliable FE modelling benefits the
industries to identify optimised forming conditions
and to eliminate flow defects, whereby improving
process efficiency. In the present study, the combined
JC + Avrami material model was introduced in
DEFORM®3D software as a user subroutine and
used to simulate isothermal forging of a DTC sample

16.98

(Fig. 10a). The DTC geometry was opted to apply
varying strain rates at a desired deformation tem-
perature to simulate different strain and strain rate
magnitudes usually experienced during industrial
forging. The results of FE simulations conducted
using DEFORM software suggest the likely strain and
strain rate distributions throughout the DTC sample.

For the FE simulation, the DTC sample was con-
sidered as a deformable object and the top and bot-
tom dies as rigid. The DTC was meshed with
tetrahedral elements of 0.5 mm size on average. A
uniform temperature of 900 °C was considered for

Figure 10 a A 3D model of the double truncated cone (DTC) sample showing the diamensions in mm, and b DEFORM®3D simulation
setup showing the temperature distribution of the sample at the beginning of the simulation at 900 °C.
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Figure 11 a Montage of micrographs from optical microscopy
from the cross-section of a DTC sample forged to 60% reduction,
b the effective strain distribution predicted by FE simulation. c,

both DTC sample and the dies (Fig. 1 3b). The
implementation of the combined JC + Avrami con-
stitutive model was carried out at the test tempera-
ture of 900 °C and at strain rate of 1 s~". This was to
validate the suitability of the material model for the
highest levels of stress imposed during isothermal
forging. For the interaction between the sample and
the dies, heat transfer and friction coefficients were
considered as 2 N/mm/sec/C and 0.2, respectively,
considering that the sample was coated with delta
glaze and the dies were coated with boron nitride
lubricants. The combined JC + Avrami material
model was used as a substitute for material flow
behaviour in the DEFORM®3D database, and all
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d and e optical micrographs of the areas with different strain
magnitudes highlighted in b by 1, 2 and 3, respectively.

other physical properties for IN625 alloy were con-
sidered from the DEFORM database.

The results of FE simulation were used to under-
stand the maginitude and the distribution of effective
strain as well as the temperature rise in the DTC
sample with increase in the amount of strain impos-
sed. In order to understand the deformation charac-
teristics of the matrix in the forged DTC, optical
microscopy was used. The macrostructure from the
mid section of the forged billet showed the difference
in the flow behaviour of grains under the influnce of
strain  impossed during forging (Fig. 11a).
Macrostructure revaled that equi-axed grains have
changed to elonagted grains in the direction per-
pendicular to loading direction at the cenre of the
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forged billet. Also the grain boundaries of the elon-
gated garins are decorated by fine equi-axed grains
nucleated during the deformation. But the grains
present in the areas close to edges of DTC were
remained undeformed even after 60% reduction. This
could be primarility due to difference in strain
impossed. The predicted stain distribution by the FE
simulation showed a variation in strain from the
centre to the edges of the DTC sample (Fig. 11a). The
amount on strain impossed is in the range of ~ 1.6
to ~ 0.2 after 60% reduction. Possibility of creating
spectrum of strains using DTC sample is one of the
major advantage against the classical cylindrical
samples. Also adopting DTC sample geometry
avoids the testing of many cylindrical samples to
study the effect of parameters like strain rate, strain
and temperature to understand the hot deformation
behaviour of materials [24]. Higher magnification
micrographs from the selected locations (marked as
1. 2 and 3 in Fig. 11b) clearly shows the presence of
elonagated grains with fine recrystallised grains
along their grain boundaries, forming ncecklase
structure, at the centre of the DTC (Fig. 11a) and
coarse grains towards the edge of the sample. This
can be linked to the strain magnitude changing
from ~ 1.5 in the core to ~ 0.2 in the edge of the
DTC sample.

Further, to evaluate the suitability of the combined
JC 4+ Avrami material model, the predicted load (FE
simulated) was compared with the experimentally
measured load during testing of the DTC sample
(Fig. 12). A very good agreement was obtained

Displacement (mm)

between the predicted load and the measured data.
For the purpose of comparison with the JC + Avrami
material model, an FE simulation was also conducted
based on the existing database in DEFORM and the
result is also presented in Fig. 12. The result of FE
simulation based on the DEFORM database overes-
timates the required load for the deformation of the
DTC sample significantly, compared to the JC +
Avrami material model. However, the combined
JC + Avrami material model can only be used for
forging at temperatures below 1050 °C and under
strain rates above 0.01 s~} in its current form. This
can be modified by using appropriate constants and
coefficients in the relevant equations explained ear-
lier, to predict different stages of the flow behaviour
by being able to predict relevant microstructure
evolutionary mechanisms such as work-hardening,
dynamic recovery and recrystallisation, as opposed
to averaged values.

Conclusions

The deformation behavior of IN625 alloy, during
isothermal hot compressions at a range of tempera-
tures and strain rates were investigated. An innova-
tive constitutive material model was proposed by
combining Johnson-Cook and Avrami approaches,
based on the results of compression tests. The main
findings of this study are concluded as the following:

e The material exhibited significant work-harden-
ing at low temperatures and under high strain
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rates, followed by flow softening where the
material microstructure undergoes dynamic
recrystallisation.

e Discontinuous dynamic recrystallization (DDRX)
was seen to be the principal recrystallisation
mechanism at lower temperatures which lead to
the formation of necklace structure (i.e., fine
grains around the parent grain).

e The increase in dynamic recrystallisation at higher
temperatures suggests that more microstructural
mechanisms such as dynamic recovery, recrys-
tallisation and growth become active, contributing
to microstructure evolution.

e The dissolution of carbide at temperatures beyond
solvus temperature enhances the grain growth.

e The combined JC 4+ Avrami material model was
successfully incorporated into DEFORM®3D sim-
ulation tool as a user subroutine.

e A better prediction was achieved by the FE
simulation using the combined JC 4 Avrami
material compared to the existing material
database.
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Appendix 1

The true-stress versus true-strain curves were
extracted from the results of FE simulation for the
DTC geometry at three locations namely P1, P2 and
P3, as highlighted in Fig. 13. P1, P2 and P3

Figure 13 Comparison 750
N
between the plots of true-stress i
versus true-strain curves Strain - Effective (mm/mm)
extracted at three locations, © 600 | > 157
namely P1, P2 and P3, from CEL \"'\ 1' 40 l
the results of FE simulation of o 450 — 123
the DTC sample, and the @ P1 3 ’ =] 92.3 1.06
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correspond to areas in the DTC which are simulated
to be experiencing varying strain rates during forg-
ing. These are plotted against the most closer exper-
imentally measured condition which was the test
conducted at 900 °C under 1 s~ ' strain rate (Fig. 13),
up to ~ 0.8 strain. The plot show a relatively good
match overall, although the peak stress appear to be
reached at lower strains in the results of simulation.
This is not significant as firstly the condition for the
deformation in DTC is not exactly the same as a
standard compression test, and secondly there is
variation in strain rate of the nodal points selected
within the result of FE simulation.
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