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The hot workability of Ni-25Cr-14W alloy is studied through isothermal hot compression tests in the
temperature (T) range of 1000-1200 °C and in the strain rates(¢) of 0.001-10 s' in a thermomechanical
simulator. Flow stress data show stable flow curves at T>1050 °C and €< 0.1 s™". The values of flow
stress decrease with increase in T or decrease in €. Based on processing map, safe region for hot
workability has been identified in the temperature range of 1000-1200 °C and € of 0.001-0.1 s~ with
maximum efficiency(n) of ~44% at 1175 °C and 0.001 s~'. Dynamic recrystallization has been identified
as the softening mechanism operating in the material at high temperature and lower €. Incomplete
recrystallization of the microstructures was noted during multi-step forging by varying T or €, indicating
the importance of maintaining the same during industrial processing.

Nickel-based superalloys are workhorse materials for high-
temperature applications, exhibiting good strength, oxidation
resistance, creep and stress-rupture property at high tempera-
tures, as high as 0.8 T, (T,, is melting temperature in Kelvin)
[1]. These alloys have wide range of applications from cryogenic
to high temperatures due to their FCC phase stability. Nickel-
based alloys have critical applications in high-temperature
sections of supercritical power plants [2-7], gas turbines [2,
7-9] blades, disc cases, jet engine components, rocket engine
parts [10-12] such as combustor nozzles, turbines rotors, discs,
casings, chemical process industries, and in other specialized
applications requiring heat and/or corrosion resistance [5, 6, 13,
14]. In today’s scenario, nickel-based superalloys constitute over
40-50% of the weight of advanced aircraft engines.

Ni-Cr-W alloy is a relatively new family of solid solution
strengthened nickel-based superalloys, containing alloying ele-
ments such as Cr, W, Mo and Ta having high melting point and

low diffusivities. These elements further promote formation
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of primary MC type carbides or secondary carbides M;C and
M,;C4 during heat treatment [15]. These alloys have excellent
high-temperature mechanical strength and long-term creep
rupture strength up to 1000 °C [16, 17]. The potential applica-
tions of this alloy are in aerospace and chemical process indus-
tries for gas turbine hot sections, combustion sections, heat
exchanger tubes and industrial furnace fixtures [17, 18]. In this
Ni-Cr-W alloy family, some of prominent alloys are Haynes
230, Ni-19Cr-21.5W and GH3128. The Haynes 230 alloy
additionally contains Mo, Al for high-temperature oxidation
resistance, La and B for improving hot corrosion resistance and
rupture ductility, respectively [19]. Ni-25Cr-14W is another
superalloy in this family containing small amount of Ti, Al, Fe
and C, which is equivalent to Russian grade XH60BT.

The nickel-based alloys are realised through ingot metallur-
gical processing involving vacuum induction melting followed
by thermomechanical processing. During wrought product real-
isation, premium vacuum melted cast ingot undergoes various

thermomechanical processes to realise the desired products in
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the form of rods, forged blocks and sheets. However, the hot
working of nickel-based superalloys is very challenging, because
of their high strength at elevated temperatures (>900 °C) and as
these are heavily alloyed with multiple alloying elements to their
saturation levels. These factors lead to increased susceptibility
for microstructure instability, segregation of alloying elements
and formation of cracks during hot working operations. The
microstructure evolution of material during hot deformation
is dynamic in nature and is controlled by the balance of work
hardening and flow softening caused by dynamic recovery and
dynamic recrystallization [20]. Therefore, it is essential to have
optimum hot working parameters (strain, strain rate and tem-
perature) to achieve desired homogeneous microstructure, grain
size and isotropic mechanical properties [21-23].

In recent years, hot deformation testing was successfully
employed to generate processing map based on dynamic mate-
rial model [16, 20, 22, 24, 25] and identify the ‘safe’ processing
conditions through instability criterion proposed by various
researchers [24, 26, 27]. The processing map provides informa-
tion on safe windows of temperature (T), strain rate (€) and
strain (¢), which will yield optimum combination of microstruc-
ture, grain size and mechanical properties in the material. This
further provides the information about unstable parameters (T,
€ and ¢), which should be avoided during hot working. The flow
curves (true stress—true strain) obtained from hot compression
test are analysed mathematically along with hot deformation
parameters (apparent activation energy, strain rate sensitivity) to
develop the processing maps [22, 24, 25] and constitutive equa-
tions [28, 29]. The constitutive equation is used to predict the
flow stress/load and energy consumption requirement, before
actual deformation to plan the establishment of hot working
facility suitably.

Liu et al. [16] have studied the hot deformation behaviour of
the as-cast Ni-Cr-W alloy (Haynes 230 alloy) and identified the
maximum peak efficiency of ~44% on the sample deformed at
1200 °C under slow strain rate of 0.001 s ! and softening mecha-
nism for microstructural evolution was identified as dynamic
recrystallization (DRX). It is further reported that, solid solu-
tion strengthened alloy (Ni-Cr-W-C/Ni-Cr-Mo-Al-C) contain-
ing Mo/W in the presence of Cr and C forms different type of
carbides based on heat treatment adopted [25, 30-32], which
will alter the DRX characteristics and grain size of material
during hot deformation. Koundinya et al. [33] have studied the
hot deformation behaviour of XH67 (Ni-18.5Cr-4.5Mo-4.5W-
3.0Fe- 2.5Ti-1.2Al) alloy and identified safe zone of hot working
in temperature range of 1100-1200 °C under € of 0.05-0.001 s,
and discontinuous DRX as softening mechanism. In precipitation
hardened alloys, the presence of secondary strengthening phases
such as Ni,; (AL Ti), Ni;Nb and § phase have significant influence
on softening mechanism [32]. The presence of § phase in Inconel
718 alloy has resulted in lowering of peak stress requirement,
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when specimen was compressed to a strain of more than 0.3 [34].
Most of the literature has focussed on hot workability studies on
wrought alloys such as Inconel 718 [34, 35], Inconel 625 [36],
Inconel 783 [37] and GH4730 [23], which have comparatively
better hot workability than their cast counterparts. It may be
noted that in cast alloys, the initiation of DRX mechanism is
slower and delayed because of lesser grain boundary area (due
to coarser grains) which act as nucleation sites for DRX during
hot deformation. From literature, it is understood that very lim-
ited studies were reported on the hot workability and dynamic
recrystallization behaviour of Ni-Cr-W alloy, and no studies
were reported on Ni-25Cr-14W alloy. Therefore, in the present
study, the effect of temperature, strain rate and strain on the
hot deformation behaviour of double vacuum melted (vacuum
induction melting followed by vacuum arc remelted, VIM + VAR)
cast ingot of Ni-25Cr-14W alloy has been studied through iso-
thermal hot compression tests. The flow stress data obtained from
experiments were analysed mathematically and Arrhenius con-
stitutive equation has been developed for the predication of flow
stress requirement over a wide range of temperatures and strain
rates. Based on dynamic material model (DMM), processing map
has been prepared and identified the safe region for hot working
operations of this alloys based on flow instability criterion. In
addition, the present study couples various regions of the pro-
cessing maps with the corresponding microstructures, obtained
from optical as well as electron backscattered diffraction (EBSD),
thus enabling a better multiscale understanding of the dynamic
recrystallization (DRX) behaviour taking place in the material.
Moreover, the multi-step forging experiments, provide a realistic
perspective on how partial DRX, arrested due to a sudden drop
in the operating temperature and hence the driving force, affect
the subsequent mechanical response (hot deformation) of the
material. Towards a broader perspective, the analytically derived
safe regions for hot working, along the with the corresponding
microstructural study, provide a better understanding of the
Ni-Cr-W solid solution strengthened nickel-based superalloy,
which are routinely used in various high-temperature applica-

tions in the real world.

The material used in the present study is a nickel-based super-
alloy Ni-25Cr-14W having chemical composition (wt%)
given in Table 1. The material has been prepared by VIM fol-
lowed by VAR. The microstructure, DSC thermogram, XRD
spectrum and phase fractions analysed through Thermocalc
software for the as-received material are presented in Fig. 1.
Cylindrical specimens of @10 x 15 mm were fabricated from
the as-cast VIM + VAR ingot for hot compression tests. Iso-
thermal compression tests were performed in the temperature
range of 1050-1200 °C at 50 °C interval, under true strain
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TABLE1: Chemical composition (wt%) of Ni-25Cr-14W superalloy used for the study.

Elements C Si Mn Cu Al Ti Fe w Cr P S Ni
Spec. 0.10max 0.80max 0.80max 0.07max 0.50max 0.3-0.7 040max 13-16 23.5-26.5 0.013max 0.013max Bal
Obs. 0.07 0.07 0.01 0.01 0.26 0.52 0.26 1443  25.22 0.007 0.002 Bal

rates (€) of 0.001 - 10 s™! using a Gleeble 3800 thermomechan-
ical simulator. The temperature control during testing was
done in a closed loop control, where the specimen tempera-
ture was measured and controlled using K-type thermocouple
wires of ©¥0.25 mm spot welded on the cylindrical surface at
centre of the specimen. The specimen was loaded between
two tungsten carbide anvils in Gleeble load train as shown
in Fig. 2(a). A thin graphite foil of 5 mil (0.127 mm) thick-
ness was applied with molybdenum disulphide paste at both
ends of specimen to have good contact during heating, and
minimise the barrelling effect due to reduced friction during
hot deformation. The loaded specimen was electrically (joule
heating) heated to the desired temperature at a heating rate
of 5 °C/sec and soaked for 1 min for temperature uniform-
ity. The specimen was compressed to true strain (g) of ~0.75
(corresponding to 50% deformation) and was immediately
quenched with water inside the test chamber to retain the
microstructure. In order to represent more realistic approach
of industrial practice followed during hot deformation, where
temperature is not maintained isothermally, but decreases
during the deformation start and finish, multi-step forging
with varying temperature and strain rates after each step of
0.22 ¢ were also performed, as per schematic diagram given
in Fig. 2(b). Also, few hot compression samples were further
homogenised at 1200 °C for 30 min followed by air cooling
prior to hot compression at 1200 °C at varying strain rates, to
understand the effects of longer duration homogenisation of
hot compression sample.

The load and displacement curves recorded during hot
deformation of specimens were used to generate the flow
curve (true stress (¢) versus true strain (¢)) for different tem-
peratures and strain rates. The flow stress data for different
samples were further analysed to understand the strain hard-
ening behaviour and estimated the values of power dissipation
efficiency (#), instability parameter (), strain rate sensitivity
parameter (m) and activation energy (Q). Processing map for
this superalloy was developed for a strain of 0.3 and 0.7 as a
function of temperature and strain rate, and various micro-
structural domains were identified.

Half sectioned deformed specimens were metallographically
polished with different grades of silicon carbide emery papers
followed by alumina suspension and final polishing was con-
ducted using 1 um diamond paste. The freshly polished speci-
mens were etched with Aqua Regia solution (30 ml HCI+ 10 ml
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HNO,) to reveal the microstructural features. Microstructural
observations were recorded through Zeiss Lab AX10 micro-
scope. Carl Zeiss Sigma HD field emission gun-scanning elec-
tron microscope (FEG-SEM) with energy-dispersive X-ray
spectroscopy (EDS) attachment (Oxford Make) was used for
identifying the chemistry of cast ingot dendritic arms. In order
to obtain finer details of microstructural evolution on deformed
samples, electron backscatter diffraction (EBSD) analysis was
carried out on selected samples with varying temperature and
strain rates. The sample preparation for EBSD analysis was car-
ried out through electropolishing using an 80:20 (ratio) elec-
trolyte solution of methanol and perchloric acid. Stuers™ Lec-
tropol-5 equipment was used for electropolishing at constant
temperature of 273 K and voltage of 14 V for 16 s. The EBSD
analysis was carried out using FEI™ Quanta 3D-FEG (field emis-
sion gun) scanning electron microscope (SEM) equipped with a
TSL-EDX™ EBSD system. The confidence index (CI) cut-off of
0.1 was applied during EBSD analysis to have ~ 95% accuracy
in indexing. All EBSD scans reported in this study were per-
formed at a central region of ~ 300 um x 300 um, with a step size

of 0.2 um and identical beam conditions.

Characterisation of as-received material

Ni-25Cr-14W is solid solution nickel-based superalloy con-
taining small amount of Al and Ti. The basic composition of
this alloy is similar to Haynes 230 [38], with slightly increased
content of Cr with addition of Ti. Figure 1(a) shows the typical
VIM + VAR processed cast ingot cross-sectional microstructure.
The observed microstructure has coarse grains with lamellar
dendritic phases around grain boundaries (marked with arrow
in Fig. 1(a). The magnified view of region marked with yellow
rectangular box [in Fig. 1(a)] is shown in Fig. 1(b) and observed
that regions contain lamella of bright flakes in slightly darker
matrix. Figure 1(c) shows the elemental concentration map of Ni
and Cr acquired through EDS colour map. The EDS point analy-
sis of matrix (marked as 1) shows Nickel-rich matrix containing
Ni—58 (Wt%), Cr—26.6 (wt%), and W—14.6 (wt%) with small
amount of Ti~ 0.6 (wt%). The chemical composition of brighter
regions (marked with 2) is rich in Cr and contains Cr- 45.6 to
56.1 (Wt%), W- 22.1 to 24.6 (wt%), and Ni - 19.1 to 31.5 (wt%)

with small amount of Ti. The sub-matrix around flakes regions
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Figure 1: Ni-25Cr-14W cast ingot (a) Optical microstructure of the material showing typical coarse-grained cast structure with a lamellar eutectic S

phase near the grain boundaries, (b) high-magnification SEM-BSE image of region marked with rectangular box in (a) showing clear lamellae, (c) EDS
colour map for Ni and Cr for segregated region, (d) DSC plot with temperature and quantity of energy evolved/absorbed, (e) XRD spectrum of initial
cast material, (f) phase fraction analysis through Thermocalc software and (g) zoomed region of phase fractions.
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Figure 2: Schematic of experimental plan for (a) Isothermal hot compression test showing details of test conditions and microstructural analysis
conducted and (b) multi-step hot compression test performed in Gleeble 3800 thermomechanical simulator.

(marked as 3) which is slightly darker than matrix 1 contains
Ni- 55 (wt%), Cr-28.9 (wt%), and W- 14.9 (wt%) with small
amount of Ti~ 0.6 (wt%). The same trend was noted in EDS
colour maps for Ni and Cr shown in Fig. 1(c). Considering the

©The Author(s), under exclusive licence to The Materials Research Society 2024

variations in compositions marked at 1, 2 and 3 [Fig. 1(b) and
(c)], it is understood that Cr is segregated at dendritic regions
formed during solidification of cast smelt due to variation in
cooling rates. Therefore, homogenisation is normally done
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to eliminate or reduce the segregation of Cr and W from the
matrix, prior to carrying out further thermo-mechanical pro-
cessing. It was reported that in solid solution [39], the elemental
segregation of Cr and W was also observed in solid solution
Ni-Co base superalloy. DSC analysis of cast ingot is shown in
Fig. 1(d), which shows formation of exothermic peak around
643 °C, indicative of formation low melting phase of o (D8)
phase as confirmed from one-axis phase diagram and equilib-
rium calculation through Thermocalc software [Fig. 1(f), (g)].
However, XRD spectrum [Fig. 1(e)] shows peaks corresponding
to austenite (y) matrix only and no others peaks were noticed,
which may be due to its small fraction lower than XRD detec-

tion limit.

High-temperature flow behaviour (true stress-true
strain)

Figure 3 shows the true stress—true strain graphs of hot compres-
sion tests of Ni-25Cr-14W alloy for all temperatures at differ-
ent strain rates. The flow stress values for all temperatures and
strain rates are tabulated in supplementary Table S1. Verlinden
et al. [40] reported that during dynamic recovery, flow stress
saturates after initial period of work hardening, whereas during
dynamic recrystallization, flow stress curves have broad peaks
or multiple peaks. The extent of DRV and DRX operates during

deformation depends on deformation temperature, strain rate

and composition of alloy. In the present study, it is noted that
during the initial stage of compression, the flow stress increases
rapidly and reaches its peak stress. There is steep rise in the
peak stress with strain hardening at € of 10 s™! from 1000 to
1150 °C [Fig. 3(a)-(c)]. A similar trend was observed for € of
1 s~! from 1000 to 1100 °C. Further, it is noted that the reduc-
tion in flow stress was observed with increasing temperature,
whereas increase in flow stress was noted for increasing €. Post
peak stress, the behaviour of this alloy can be classified into two
types depending on € at which it was deformed. The flow stress
gradually decreases when the alloy was deformed at a strain rates
of 10-0.1 s™". This continuous flow softening at lower tempera-
ture of 1000 to 1150 °C with high strain rate of 10 s* indicates
domination of softening caused by dynamic recrystallization
over hardening caused by dislocation buildup during increase
in strain up to 0.75. The flow instability [24] may be another
reason, which is confirmed through microstructural investiga-

tion of deformed samples. At strain rate of 0.1 s*

, secondary
hardening was observed in the temperature range of 1000 °C to
1150 °C. At slower € of 0.001-0.01 s, the alloy enters a steady
flow stress regime due to the balance between dynamic work
hardening and dynamic softening, indicative of DRX [16, 41].
The dynamic recrystallization (DRX) process involved forma-
tion of strain-free new grains, where nuclei of recrystallized
grains are in the part of deformed matrix [42, 43], and involves

movement of high-angle grain boundaries. The balance between
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Figure 3: True stress—true strain plots for the Ni-24Cr-14W sample isothermally hot compressed at (a) 1000 °C, (b) 1050 °C, (c) 1100 °C, (d) 1150 °C
and (e) 1200 °C, inset shows enlarged view of yield drop phenomena noticed at € of 1 s7". (f) True stress—true strain plots for the samples deformed at
multi-step hot compression by varying temperature or strain rates after each steps.
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nucleation and growth of the recrystallized grains takes place
across deformed microstructure during dynamic recrystalli-
zation leading to steady-state flow stress. Flow softening fol-
lowing a peak stress is a result of increase in grain boundary
migration rate compared to the nucleation rate, as the boundary
of stress free grains spreading to a large volume of deformed
region thereby balancing the strain hardening [27]. The DRX is
highly sensitive to temperature and depends on the flow stress
and the critical strain. At higher temperatures, reduction in the
strain hardening is observed due to grain boundary migration
and diffusion which reduces the dislocation density and thus
reducing the flow stress and critical strain to achieve the DRX.
An increase in strain rate of deformation on the other hand
reduces the grain boundary migration rate leading to a subse-
quent increase in dislocation density which eventually increases
the flow stress.

One of the interesting features of yield drop phenomena was
noted on flow curve of sample deformed at 1200 °C under € of
1 57! and is shown in Fig. 3(e) inset. Similar phenomena were
reported during hot deformation of AD730 alloy [44], Inconel
718, Waspaloy and Haynes 230 [16]. The reasons for same were
believed to be short range order locking of dislocations or dis-
locations pinning by fine particles of y” and carbides. It may be
noted that the present alloy is predominantly strengthened by
solid solution strengtheners and carbide formers, as the y’ form-
ing elements (Al and Ti) are minimal and will not be effective
at high temperature. Thus, the dislocation pinning by carbides
is believed to be the reason for yield drop phenomena in this
Ni-25Cr-14W alloy.

Figure 3(f) shows the true stress—true strain diagram for the
sample deformed with three step forging done by reducing forg-
ing temperature from 1200 °C to 1100 °C to 1000 °C with each
step of 0.22 ¢, at € of 0.001 s™! and 0.01 s™*. Flow behaviour for
three step forging carried out by increasing the € from 0.001 5™ to
0.01 57" to 0.1 s™! at constant temperature of 1200 °C is also shown
in Fig. 3(f). It can be seen that the flow curves represent work
hardening or dynamic recovery. The certain extent of flow soften-
ing or DRX was noted in the third pass for the sample deformed at
constant € of 0.01 5! (sample C) and constant temperature of 1200
°C (sample E). The detail observations towards occurrence of DRX
were noted in microstructural investigation and explained in sub-
sequent microstructural section. Values of flow stress increase with
lowering of deformation temperature for the sample deformed at €
0.001 s™' and same trend with rise in flow stress values was noted
for the sample deformed at increased € of 0.01 s™*. For the sample
deformed at 1200 °C with increasing € from 0.001 s™! to 0.01 s
to 0.1 s, the flow stress value is similar to the sample deformed
at 0.001 s~ with drop in temperature from 1200 °C to 1100 °C to
1000 °C. The above situation is similar to industrial practice, where
drop in temperature and variation in strain rates is anticipated

during forging. This demonstrates the importance of deciding the

©The Author(s), under exclusive licence to The Materials Research Society 2024

extent of deformation to be imparted to the workpiece in each step
under industrial practice.

Figure 4 shows the variation of strain hardening rate (do/
de) versus flow stress (o) for samples deformed at 1000-1200 °C.
As reported by earlier investigators [45, 46], the occurrence of
inversion in the curve is indicative of flow softening and thereby
dynamic recrystallization. Inversion is observed for samples
deformed at 1000 °C ata € of 10 5%, 1 57%, 0.01 s™' and 1050
°Cata€of0.01s™,0.001s " and 1150 °Cat€of 107, 157",
0.1 s'and 1200 °C at£€0of 10 s, 1 s7' and 0.1 s™". In the present
case, DRX do happen at slow stain rate of 0.001 s~ as evident from
the microstructure observation but there is no inflection point
observed in the strain hardening curves since softening behav-
iour is observed in the flow curve. These observations have been
further corroborated by microstructural analysis of deformed
samples in Sect. "Microstructural analysis of deformed samples"
along with Zener-Hollomon [47] parameter in constitutive analy-
sis Sect. "Development of constitutive analysis", which is a single
entity taking into account the effect of strain rate as well as tem-

perature of hot working.

Development of processing map

In order to perform hot working without internal defects, it is
essential to have activation of dynamic softening mechanisms
during hot deformation and avoid flow instabilities. The activa-
tion of softening mechanisms depends on deformation condi-
tions (temperature, strain and strain rate) and in order to identify
the optimum conditions. Prasad et al. [24] have developed hot
working processing maps based on DMM for different engineer-
ing alloys. The processing maps are obtained by superimposition
of rheological instability diagram on power dissipation efficiency
map. In DMM model, work piece is considered to be a non-lin-
ear energy dissipater. The partitioning of input energy (P) into
G-content and J-content was decided by stain rate sensitivity ()
of material. The G-content refers to the energy dissipated dur-
ing hot deformation with generation of heat, whereas J-content
represents energy consumed in microstructural evolution during
hot deformation. The efficiency of dissipation () is determined by
comparing J-content with that of an ideal linear dissipater (m=1)

[24, 48] as given in Eq. 1.

L_ 1)
n=_——=—:
Jmax m+1
where m is the strain rate sensitivity at constant T:
dln(o)
m= )
dln(e)

The flow instability criterion used for constructing process-
ing maps is based on the principles of irreversible thermody-

namics of large plastic flow [49] to avoid plastic instability such
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Figure 4: Strain hardening (do/de) versus flow stress (o) for the samples deformed at different strain rates to €=0.75 at (a) 1000 °C, (b) 1050 °C, (c) 1100

°C, (d) 1150 °C and (e) 1200 °C.

as adiabatic shear bands and cracking. Different instability cri-
teria were proposed by various researchers [24, 26, 27]. Based
on principles of maximum rate of entropy production [27], the
microstructural instability parameter £(¢)is defined by Eq. 3.

_dln[m/(m + 1)]

5©) aln(e)

m, (3)
where region of £(¢) < 0 represents flow instability in the pro-
cessing maps. However, the power dissipation efficiency (#)
estimated through Eq. 1 is valid only in case flow stress obeys

the power law.

o=KE" (4)
As the parameter m is independent of ¢, flow instability crite-
rion (Eq. 3) reduces to m < 0. However, this condition is not valid
for heavily alloyed material as the flow stress does not obey the
power law (Eq. 4) and hence estimation of 77 and £(¢). In order to
extend the flow behaviour for materials which do not obey power
law, the instability criterion was modified by Murty et al. [27] and
represented by Eq. 5.

2m <n <0 (5)
For the stable material flow; 0 < n < 2m, where m values lie
between 0 and 1 and derived from theoretical considerations of

the maximum power dissipation rate by material systems and

experimental values. However, the instability condition of n < 0

©The Author(s), under exclusive licence to The Materials Research Society 2024

seems to violate the feasibility conditions for the instabilities to
occur, since at a given temperature, net dissipative work in the hot
working regime is directly proportional to the internal entropy of
the material which is positive in case of irreversible processes [48].
P=ocs = Té >0 (6)

dr —

Hence, the ratio of dissipative power to net dissipative work
should also be positive. This can also be depicted by area under
stress—strain curves, where the ratio of J/J,,,,, bears a positive value.
Hence, the instability domain has been redefined as written in
Eq.7andn < 0 can be neglected while calculating the boundaries
of instability domains:

2m
527—150;m¢(0,1) (7)

The strain rate sensitivity (m) map, processing map
superimposing instability criteria and activation energy
maps of Ni-25Cr-14W alloy for strain values of 0.3 and 0.7
are plotted in Fig. 5(a)-(f), respectively. From m map, the
maximum value of m corresponding to € of 0.3 is 0.25 in the
temperature range of 1000-1050 °C at low & of 0.001 s, with
increase in extent of strain to 0.7, additional temperature
region (1150-1200 °C) was noted with similar value of m.
The processing maps [Fig. 5(c), (d)] exhibited maximum effi-

ciency in the region having maximum value of m as observed
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in Fig. 5(a), (b). The processing map corresponding to higher
deformation with & of 0.7 is considered as more realistic with
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steady-state condition for the material during processing.

The ‘safe’ region has been identified in the temperature range
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be the regime of dynamic recrystallization. At higher temper-
atures, microstructural re-constitution increases, and similar
observation was reported by Liu et al. [16] during hot work-
ing of Ni-Cr-W alloy. For smaller amount of deformation
(£=0.3) and higher strain rates up to 10 s™', the processing
map shows stable region with lower # values. The ‘unstable’
region was identified based on instability criterion (Eq. 7)
and found to occur when sample is deformed at higher &
1-10 s™! in temperature range of 1000 °C and above. Fig-
ure 5(e), (f) shows the contour map of activation energy
with varying temperatures and strain rates, for the sample

deformed up to strains of 0.3 and 0.7, respectively.

Microstructural analysis of deformed samples

Figure 6 shows the complete spectrum of optical micrographs of
hot compressed samples of Ni-25Cr-14W alloy. Water quench-
ing was performed post hot compression tests to retain the
elevated temperature deformed microstructures. Pancaked fea-
tures were observed in the samples deformed at low temperature
(<1150 °C) and high strain rates (¢ 0.1-10 s, indicating strain
hardening during deformation. The onset of recrystallization

~ 1000 °C 1050 °C

near the grain boundaries was noted for the sample deformed at
1000 °C with high € of 10 s™ and the extent increases with reduc-
tion in € to 0.001 s™! or increases in deformation temperature
to 1200 °C. With increase in temperature, dynamic softening
behaviour gets activated leading to more number of nucleated
grains and subsequent growth of these newly formed grains dur-

-1 as can be observed

ing deformation at slow strain rate 0.001 s
from the sample deformed at 1200 °C. The microstructure of
the sample homogenised for longer duration (30 min) and sub-
sequently deformed at 1200 °C under varying € is shown in last
column in Fig. 6, which reveals similar features to that of 1200
°C sample, deformed without any long-term homogenisation.
Figure 7(a)-(i) and Fig. 7(j)-(r) shows the EBSD inverse
pole figure (IPF) and kernel average misorientation (KAM)
maps, respectively, of the samples deformed at € of 0.001 s™* by
varying the temperature in the range of 1000-1200 °C, and at
1200 °C at different € of 10-0.001 5. A change in recrystalliza-
tion fraction and grain size variation was noted with respect to
change in temperature and strain rates. From Fig. 7(a)-(c), it
is noted that sample deformed at temperature of <1100 °C has
elongated grains with appearance of limited DRX grains with
high -angle grain boundary (HAGB) at initial original grain

1200 °C

Figure 6: Optical microstructures of Ni-24Cr-14W as-cast sample after hot compression (¢ =0.75) tests performed in the temperature range of 1000-
1200 °C and € of 0.001 s™'-10 s™". Microstructures of samples homogenized and subjected to hot deformation at 1200 °C with varying € are shown in

last column.

© The Author(s), under exclusive licence to The Materials Research Society 2024
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Figure 7: Inverse Pole Figure (IPF) maps of sample deformed to €=0.75 under ¢ = 10 3571a

t (a) 1000 °C, (b) 1050 °C, (c) 1100 °C, (d) 1150 °C and (e) 1200

°C. IPF of sample deformed to £=0.75 at 1200 °C under varying strain rates (f) 10s~',(g) 157", (h) 0.1 s and (i) 0.01 s™". The corresponding Kernel
Average Misorientation maps for Fig. (a-i) are shown in Fig. (j-r), respectively. The misorientation profile along the black marker in Fig. 7(c) is shown in

supplementary Fig. S1.

boundaries. With increase in deformation temperature to 1150
°C and above [Fig. 7(d), (e)], the size and amount of recrystal-
lized grains have been increased appreciably. The variation in
recrystallized grains size at different temperature is plotted in
Fig. 8. The recrystallization fraction was estimated with GOS
threshold criteria, where GOS <0.75° are considered as recrys-
tallized grains [50]. The presence of orientation gradient due to
lattice rotation are interpreted with colour gradients observed
in the IPF maps [32], whereas, local lattice rotation represented
by point-to-point misorientation is interpreted with KAM maps.
This is frequently applied to highlight the strain localizations in
microstructures and denotes the average misorientation of given
pixel with its immediate neighbours. Procedural aspect for KAM
analysis is explained in earlier studies [51, 52]. The KAM maps
[Fig. 7(j)-(r)] show the sub-structural evolution across the grain
and dislocation density, and sample having more recrystallized
grains has lower KAM value, due to less misorientation among
recrystallized grains.

© The Author(s), under exclusive licence to The Materials Research Society 2024

In conjunction with flow curves, optical microstructure
and EBSD (IPF and KAM) analysis, it is inferred that hot

deformation at € 0.001 s~!

up to 1100 °C and deformation at
1200 °C up to € 0.01 s™'show higher fraction of coarse grains
with colour gradient in microstructure. Microstructure shown
in Fig. 7(a)-(c) and Fig. 7(f)-(i) typically shows partial DRX,
where newly formed grains are distributed around deformed
initial large grains, showing a typical “necklace structure” [25,
53]. KAM maps suggest higher dislocation densities around
serrated grain boundaries, indicative of DRX through discon-
tinuous dynamic recrystallization (DDRX) [32]. It is also noted
from IPF [Fig. 7(i)] map that the sample deformed at 1200 °C
under € of 0.01 s shows fine recrystallized grains, embedded
within the larger deformed grains in the microstructure at few
locations. Such type of recrystallized grains is often attributed
to Continuous DRX mechanism (CDRX), where the subgrains
progressively rotate to form DRX grains within the parent grains
[54]. The reader is referred to supplementary Fig. S1, where
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varying €.

line profile analysis of misorientation development across these
subgrains has been studied. Two particular misorientation
measures, ‘point to point’ and ‘point to origin, have been plot-
ted (see Fig. S1) across the analysis path (see black markers)
provided in Fig. 7(c). The ‘point to origin, which is indicative of
the misorientation accumulation along the analysis path with
respect to the orientation at the line origin, shows a gradual
increase up to over 12°. The lack of sufficient nucleation sites
at the grain boundaries further promotes the CDRX mecha-
nism in such coarse-grained microstructures. Similar observa-
tions were reported elsewhere during hot deformation of cast
Ni-Cr-W alloy[16], CoNi superalloy [20] and inferred that in
as-cast coarse-grained microstructures, nucleation sites for DRX
are comparatively less because of lower grain boundary area.
Therefore, nucleation of DRX also takes place inside the grains.
KAM map further shows sub-structural feature on the sample
deformed at lower strain rate € of 0.001 s}, indicating higher
dislocation density across the grains, rather than grain bound-
ary alone on the sample deformed at T< 1150 °C or £€>0.01 57",
Considering above, it is inferred that these sub grains may have
formed through sub-grain rotation [32, 36], indicating multiple
DRX mechanisms operating in this alloy.

From Fig. 8(a), for the samples deformed to & of 0.75 at
constant € of 0.001 s, it is noted that the volume fraction of
recrystallization increases with rise in deformation tempera-
ture and obtained about 70% recrystallized grains with average
recrystallized grain size of 31+ 17 um at 1150 °C. The recrys-
tallized grain size (dpgy) observed for the sample deformed at
1200 °C is 104 + 56 um with recrystallization fraction of 72.5%.
This is because increased deformation temperature has provided
sufficient driving force for grain boundary migration and thus
acceleration of DRX process. Similarly, Fig. 8(b) shows the effect
of variations in € on recrystallization fraction and grain size of

the samples deformed at constant temperature of 1200 °C with

©The Author(s), under exclusive licence to The Materials Research Society 2024

€ 0of 0.75. It can be noted that, in spite of high temperature, sam-
ples deformed at €>0.01 s™* have recrystallization fraction less
than 6.6%, which has increased to 35% and 72.5% for lower € of
0.01 s™'and 0.001 s, respectively. For given temperature of 1200
°C, deformation at higher strain rate results in increase in dislo-
cation density and materials preserve a majority of deformation
energy within grains, which results in high nucleation rates of
recrystallization, but have little deformation time for the growth
of DRX nuclei [20, 55, 56]. With deformation at lower strain rates
(€<0.01 s71), deformation time increases, which provides suffi-
cient time for the formation of new DRX nuclei throughout the
matrix, growth of DRX grains and further deformation of previ-
ously formed DRX grains. Due to this, formed microstructure
consists of dynamic mixture of grains with different dislocation
densities and increase in DRX fraction as evident from Figs. 7(e)
and 8(b) for the sample deformed at 1200 °C at strain rates of
0.001 s™%. At higher strain rates, domination of work hardening
was observed from flow diagram [Fig. 3(e)].

Figure 9 shows the image quality map, IPF map and KAM
map for the samples deformed with multi-step hot compression,
where deformation temperature after each step of € 0.22 has been
reduced by 100 °C from start temperature of 1200 °C to finish
temperature of 1000 °C and compressed at 0.01 s™* and 0.001 s,
In third set [Fig. 9(g)-(i)], temperature was maintained constant
at 1200 °C, but the strain rate was increased from 0.001 s™* to
0.01 s™! and finally to 0.1 s™'. However, all deformed samples
showed initiation of DRX, especially at grain boundaries, at the
end of multi-step forging experiments. These microstructures
indicate partial DRX (Fig. 9), as the sample has not been recrys-
tallized throughout and the process has been limited to only a
finite region, in the vicinity of grain boundaries. The mechanical
response profiles shown in Fig. 3(f), however, do not show a sig-
nificant dynamic softening. This can be attributed to two specific

reasons, (a) the fraction of overall microstructure recrystallized
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(e ~ 0.22).The reader is referred to Sect. "Microstructural analysis of deformed samples” for description on markers used in a,b,d,e.

in each of these is significantly lower, with a maximum magni-
tude of ~ 11.6%. The contribution from the non-recrystallized
regions hence dominates the mechanical response curve and
lower the fractional softening [57]; (b) Once the critical strain for
DRX has been achieved [43], the DRX grains begin to nucleate.
However, the progressive deformation followed by a sudden drop
in the temperature restricts their growth. In parallel, the progres-
sive deformation results in a significant misorientation accumu-

lation, even within these newly formed grains [see Fig. 9(a)-(i)].

© The Author(s), under exclusive licence to The Materials Research Society 2024

The dynamic softening due to the newly formed strain-free
recrystallized grains is overcome by the strain hardening taking
place within these grains as a result of the significant imposed
deformation. This is also evident from the large misorientation
accumulation seen in the band of DRX grains in Fig. 9(c), (f).
Such a phenomenon results in rise of the steady-state stress
observed in the mechanical response curve in Fig. 3(f).

It is important to note here that the stripes present across
the EBSD micrographs shown in Fig. 9(a)-(c) are strain
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localizations, more specifically, the shear bands that have formed
as a result of the hot deformation process. A significant orienta-
tion gradient can be seen across these strain localizations in the
IPF as well as KAM maps shown in Fig. 9(b), (c). Such instabili-
ties arise due to a sudden decrease in the temperature during
multi-step forging; thus, localizing the otherwise homogene-
ous deformation that would have taken place, if there were no
temperature variations during the multi-step forging process
[see Fig. 7(e)]. On the other hand, these strain localizations,
more specifically, their intersections with grain boundaries,
act as nucleation sites for the DRX grains, see yellow mark-
ers in Fig. 9(b), (e). The stored energy accommodated by these
bands acts as driving force for the DRX grains. However, it is to
be noted that the sudden temperature drop further hinders the
growth of these DRX grains.

Development of constitutive analysis

As the hot deformation process is thermally activated process,
the peak stress variation with respect to deformation tempera-
ture, strain and strain rates are estimated through classical
Arrhenius-type equations [29]. This is further used to estimate
the activation energy to predict the mode of deformation mech-

anism during hot deformation [16, 25, 37].

&= A0 exp (%?) ®)
& = Azexp(Bo) (;—?) )

. . " -Q
& = Aj[sinh(ao)] exp<ﬁ), (10)
where ¢'is strain rate, o is flow stress, A}, A,, A3, n;, n, « and
are material constants and a=f3/n;, R is gas constant (8.314 ]/
mol-K), T'is deformation temperature (K) and Q is apparent hot
deformation activation energy (kJ/mol), which represents the
energy barrier to dislocation slip during hot deformation. The
extent of difficulty during hot deformation can be interpreted
through the value of Q, where higher value of Q in Ni alloys
indicates more difficulty during hot working [21]. The power law
Eq. 8 and exponential law Eq. 9 are mainly used to describe hot
deformation behaviour in low stress (ao <0.8) and high stress
(ao>1.2) regimes, respectively [35]. The hyperbolic-sine func-
tion given in Eq. 10 was proposed by Sellars and McTegart [58]
and applicable for all ranges of stress, and therefore was selected
to describe the hot deformation behaviour of Ni-25Cr-14W
superalloy in this study.

In order to calculate the parameters of Eq. 10, some mathe-
matical treatments were performed, as explained in earlier study
[20, 25, 35, 36]. The values of f and n, are obtained from linear

©The Author(s), under exclusive licence to The Materials Research Society 2024

fitting plot of experimental data of In & versus oand In ¢ and In o,
and given in supplementary Fig. S2a and Fig. S2b, respectively.
The value of & (=/n;) was estimated from average values of f3
and n,, which are estimated by averaging the values of f and »,
obtained at each temperature. The Eq. 10 has been rewritten
(Eq. 11) after taking logarithm on both sides.

Q

Iné = InAs + nln[sinh(ao)] — —

RT (11)

The linear fitting slope of In & versus In[sinh(ag)] (supple-
mentary Fig. S2¢) at constant temperature gives the value of n.
At a constant strain rate, the activation energy Q is determined
by Eq. 12.

dln[sinh(ao)]

Q=Rn——-—17—,

a(/T) (12)

dln[sinh(ao)]
3(1/T)

(ao)] versus 1/T (supplementary Fig. S2d).

where is estimated from linear fitting plot of In[sinh

As the hot deformation is thermal activated process, many
researchers have used peak stress [35, 37] and steady-state stress
[16, 28] for the estimation of apparent activation energy (Q). In
the present case, steady-state flow stress values at different tem-
perature, strain rates (¢) corresponding to true strain of 0.7 have
been used. Based on test data, the apparent activation energy
has been calculated as 472 kJ/mol for this Ni-25Cr-14W alloy.
This estimated value is closed to the reported activation energy
of 456 kJ/mol of cast Ni-Cr-W alloy [16] containing Mo and
La. This higher value of activation energy compared to Ni self-
diffusion activation energy (292 kJ/mol) is due to solid solution
strengthening effect of Cr and W in nickel. This computed appar-
ent activation energy of 472 kJ/mol is comparatively lower than
the apparent activation energy of 520 kJ/mol of cast Inconel 620
alloy [25], indicating more easiness during hot working of this
alloy. It should also be noted that cast alloy has relatively higher
activation energy compared to wrought alloy of Inconel 783
(445 kJ/mol) and ATI 718 plus (466 kJ/mol) [35, 37].

In order to validate the constitutive equation and under-
stand the flow behaviour, Zener-Holloman parameter (Z) is
introduced by Eq. 13, which is temperature compensated strain
rate and provides synergistic effect of strain rate and deforma-
tion temperature [22, 35] and considered as sign of validity [37]

of constitutive equation.

7 = éexp(%) = Ajz[sinh(ao)]” (13)
Taking logarithm on both sides of the Eq. 13.
InZ = InAs + nin[sinh(oo)] (14)

The values of Z are calculated by using the previously
computed average value of ‘Q’ using first part of Eq.13 cor-

responding to temperatures (T) and strain rates (¢). The slope
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of the linear fit of InZ and In[sinh(ac)] as shown in the sup-
plementary Fig. S2(e) provides the value for the constants A;
and n. The linear fitting line shows good correlation between
InZ versus In[sinh(ao)] with correlation coefficients of 0.998
for Ni-25Cr-14W alloy.

Based on the estimated values of the A;, &, n and Q, the
constitutive relationship between stress and strain rate has
been established for Ni-25Cr-14W alloy using Eq. 10.

RT

—472.13 x 10
& = 2172 x 10'[sink(0.006080) ]+ [exp(ix)}

(15)
Based on above, flow stress has been rewritten as hyper-

bolic-sine function by Eq. 16 and by substituting the values of
parameters flow stress has been predicated.
2

z %+ Z\i
A3 4

Scatter plot of experimental flow stress and predicted flow

1
2

1
o=—In
o

stress through constitutive equation is shown in supplemen-
tary Fig. S2(f). The data points have slope of 0.987, indica-
tive of close prediction of flow stress through constitutive
equation.

In order to understand the flow curve and microstructural
perspective in terms of Zener-Hollomon (Z) parameter [47], it
is understood that drop in flow stress curves, shown in Fig. 3,
from opeax to oss or the steady-state stress increases with an
increase in Z. This is because higher Z, which implies higher
imposed strain rate, results in an enhanced dislocation density
reduction, thus resulting in a significant increase in opeax — 0ss
[47]. The corresponding work-hardening behaviour of these
curves, shown in Fig. 4, also indicates a similar dependence
on the Zener-Hollomon parameter Z. From a microstructural
perspective, however, lower Z which implies higher tempera-
ture and lower strain rate provides a sufficient driving force for
the newly formed DRX grains to grow completely, thus leading
to a fully recrystallized microstructure.

Strain-compensated constitutive equation

In ideal case, the calculated parameters of the constitutive equa-
tion are constant and are independent of strain. However, in
practice, the effect of strain on constitutive equation parameters
should not be ignored. Therefore, in order to account for the
strain on each parameter to improve the accuracy of constitu-
tive model [35, 45, 59], the values of parameters Q, #, & and InA;
have been estimated at different values of strain in the range of
0.1 to 0.7 covering full spectrum of flow behaviour. The func-

tional mathematical relationship between all parameters and

©The Author(s), under exclusive licence to The Materials Research Society 2024

strain is expressed by quadrinomial fitting (polynomial of fourth
order) and expressed by Egs. 17 to 20.

Q = Qo + Bi& + By + B3> + Byt (17)
n=ny+ Cie + Cre? + C3&> + Cye* (18)
o = ag + D16 + Dye? + D3&> + Dyst (19)
InAs = Eg + Ej& + Ez6? + Eze” + Eqe* (20)

The plot of Q, 1, @ and InA as a function of strain is plotted
in supplementary Fig. S3(a)-(d). After substituting the values of

constants, polynomial equations have been rewritten (21-24).

Q = 309.9 + 755.3¢ — 430.0e> — 1841.8¢> + 1984.45*(21)
n = 6.88 — 17.14¢ + 44.50s> — 50.69¢> + 21.44¢* (22)

@ = 0.00732 — 0.0117¢ + 0.02488¢> — 0.01592¢> — 0.000897s*
(23)

In(As) = 25.91 + 40.24¢ + 60.41” — 314.28¢> + 257.31¢*
(24)
From supplementary Fig. S3, the effect of strain on constitu-
tive equation parameters has been understood. With increase
in strain value, stress index n decreases [Fig. S3(b)] and then
becomes stable indicating reduction in stress sensitivity. The
value of apparent activation energy [Fig. S3(a)] increases with
strain, signifying difficulty of alloy with more deformation. The
variation of & and InA; is shown in Fig. S3(c) & S3(d), respec-
tively. After substituting these constitutive equation parameters
in Eq. 16, the flow stress constitutive equation can be rewritten
as Eq. 25.

Hot deformation study of Ni-25Cr-14W superalloy has been
carried at 1000-1200 °C under strain rates of 0.001-10 s™. The
following are the major conclusions drawn from the study:

(1) Ni-25Cr-14W alloy exhibits stable flow curves at lower
€(<0.1s™") and higher temperatures (> 1050 °C). The
flow stress is found to decrease with increase in temper-
ature or decrease in strain rates.

(2) Based on analysis of processing map, Ni-25Cr-14W
alloy has safe region for hot workability in the tem-
perature range of 1000-1200 °C and strain rates of
0.001-0.1 s™! with maximum efficiency (1) of ~44% at
1175 °Cand 0.001s™".
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(3) Decrease in strain rates and increase in deformation
temperature resulted in increase in recrystallization
fraction, whereas higher strain rate (>0.01 s Y and
lower temperature (< 1150 °C) have neckless structure.

(4) The constitutive equation for flow stress as per Arrhe-

nius model has been written as

£=2172x

—472.13 x 10°
10'°[sinh(0.006080)]** {exp(RiTX)}

1

2

! I z - + z - +1
g = n — 7%
0.00608 2.172 x 106 2.172 x 10'®

(5) The multi-step forging, with varying temperature

or strain rate during deformation, has not yielded
complete recrystallization of microstructure, indicating

delayed or early stage of DRX mechanisms.
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