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ABSTRACT

In this study, the flow behavior, microstructural evaluation and dynamic recrystallization (DRX) mechanisms of a
new AD730 Ni-based superalloy with initial coarse grain size were investigated by hot compression tests in a
wide temperature range of 950-1200 °C and strain rates of 0.001 s’l, 0.01 s’l, 01s'and1s L According to
the dissolution temperature of the y precipitates in the studied alloy at 1079 °C, a significant difference was
observed in the flow stress, activation energy and microstructure in the two temperature ranges of 950-1050 °C
and 1100-1200 °C for all strain rates. In the temperature range of 950-1050 °C, higher stress level in flow curves
and activation energy value (1284.9 kJ/mol) were obtained. Microstructural observations showed that the high-
volume fraction of fine y precipitates formed during heating up to deformation temperature and holding at
950-1050 °C prevented DRX development which resulted in the formation of cracks and a non-uniform defor-
mation. In the temperature range of 1100-1200 °C, the dissolution of 7 fine precipitates decreased the flow stress
level and the activation energy to 468.94 kJ/mol as a result of development of DRX. DRX in coarse grain AD730
was occurred by strain induced boundary migration (SIBM) and particle stimulated nucleation (PSN) mecha-

nisms which was enhanced by the twins.

1. Introduction

The increase of performance in gas turbines needs the development
of new alloys which can serve at elevated temperatures. In the path of
development of high application C & W Ni-based superalloys such as
TMW4, IN718, Waspaloy, U720 and U720Li, Aubert & Duval French
company introduced a new Ni-based superalloy as called "AD730" for
manufacturing of turbine disc in the jet motors [1-3]. However, TMW4,
718plus and U720i have limitations due to high content of Co in the
chemical composition, restricted creep properties and high production
cost, respectively, while AD730 presents an especial combination of the
properties at elevated temperatures which has low production cost due
to the existence of Fe (~4 wt%) and controlling the expensive elements
content in its chemical compositions [3-7]. AD730 superalloy is a
polycrystalline alloy with precipitation hardening ability by 7 coherent
phase with structure of L;5 and composition of Nizg(Al, Ti) which pre-
sents proper mechanical properties at 700 °C in comparison with the
mentioned superalloys [1,8]. In development of AD730 superalloy,
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some researches have been down about aging [9,10], creep [11],
corrosion behavior [6,12,13] and the effect of heat treatment on y pre-
cipitates morphology and mechanical properties [4,8,14-17]. However,
there are limited published reports about the hot compressive behavior
of AD730 superalloy at elevated temperatures. So, the study on the
dominant work softening mechanisms such as DRX during hot defor-
mation with considering to the initial microstructure and the deforma-
tion parameters and achieving a fine grain microstructure can provide
new findings in the direction of the development of high-performance Ni
based superalloys.

Dynamic recovery (DRV) and DRX as main work softening mecha-
nisms can occur during hot deformation of metal alloys. DRX as a well-
known mechanism in the metals with low and medium stacking fault
energy (SFE) such as Ni-based superalloys is accompanied with nucle-
ation and growth of new grains. Therefore, the mechanical properties of
the superalloys are dependent on DRX rate and final average grain size
[18,19]. Flow behavior and work softening mechanisms in Ni-based
superalloys are affected by deformation parameters such as
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Table 1
Chemical composition of AD730 Ni-based superalloy in wt. %.
Al Ti w Nb Mo Cr Co Fe C B
2 2.7 2.8 0.98 3 14.5 9.8 4.8 0.0043 0.008
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Fig. 1. DTA results during the cooling route of the cast-homogenized AD730.
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Fig. 2. Schematic representation of the thermomechanical treatment per-
formed in the present study.

w
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temperature (T), strain rate (€), strain (¢) and initial microstructure
characteristics such as initial grain size, precipitates and carbides. Wang
et al. [20] studied microstructure changes of Inconel 718 by DRX. They
reported that DRX rate increases with increasing the process tempera-
ture. Chen et al. and Lin et al. [21,22] indicated that the increase of
process temperature or the decrease of strain rate raises the driving force
of DRX in a nickel-based superalloy. Konkova et al. [14] expressed that
the size of DRXed grains in AD730 decreases with increasing the strain
rate. Liu et al. [23] observed nucleation and growth of DRXed grains
from the grain boundaries in the temperature range higher than solution
temperature in U720. They showed that easier DRX occurs in U720 with
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smaller initial grain size. Generally, in Ni-based superalloys with low
SFE, discontinuous DRX (DDRX) which is accompanied with nucleation
and growth of new grains has been introduced as the main mechanism of
work softening [24,25]. Also, continuous DRX (CDRX) with gradual
changes in sub grain boundaries has been observed in some conditions of
the hot deformation, not as the main mechanism [26-28]. Song et al.
[29] stated that the first nuclei during DRX forms by bulging of the parts
of grain boundaries with SIBM mechanism which finally leads to for-
mation of a necklace microstructure. Wang et al. [26] reported that after
the start of DRX by bulging mechanism and formation of new grains in
Inconel 740, twins can enhance the rate of nucleation and growth of
DRXed grains. Zhong et al. [24] in the investigation of DRX mechanism
in Incoloy 825 indicated that twins help to the enhancement of DRX by
their transformation to high angle boundaries (HABs). Liu et al. [23]
showed that DRX rate decreases considerably with the presence of
precipitates during hot deformation of U720. So, the precipitate parti-
cles can affect the DRX mechanism during hot deformation process
depending on their type, size and distribution [30,31]. Rollet et al. [31]
showed that precipitates can play the role of an obstacle against DRX
progression when their volume fraction to radius ratio is > 0.2 pm ™. It
has been reported that in Co-based superalloys, fine precipitates prevent
the formation of fine DRXed grains during hot deformation [32]. In
contrast, coarse precipitates (>1 pm) can help to DRX by PSN mecha-
nism [33]. Wang et al. [34] reported that the presence of coarse pre-
cipitates of NigNb (8) can develop DRX during hot deformation.

AD730 superalloy as a precipitation hardened alloy with 7 pre-
cipitates experiences DRX during hot deformation process at elevated
temperatures. So, exploring the hot deformation behavior, the role of 7
precipitates and carbides on the microstructure evolution and work
softening mechanisms in a wide temperature range of 950-1200 °C and
strain rates of 0.001-1 s~! can be interesting for readers and industries.
Therefore, flow curves analyzing, constitutive equation and micro-
structure characterizations are used to present a simple understanding of
the hot deformation behavior of AD730 superalloy.

2. Experimental procedures

In this research, AD730 as a billet with dimensions of 6 * 5.6 * 28 cm®
was casted by vacuum induction melting technique under a vacuum
atmosphere of 103 bar. Chemical composition of as-cast AD730 is re-
ported in Table 1.

For the hot deformation process, the cylindrical samples with
diameter of 8 mm and height of 12 mm were machined from an as-cast
billet. Then, all samples were homogenized at 1200 °C for 100 min ac-
cording to the solution temperature of 1079 °C of 7 phase (obtained from
differential thermal analysis (DTA) as shown in Fig. 1),

Hot deformation process of AD730 was performed in the tempera-
ture range of 950-1200 °C and the strain rate range of 0.001-1 s up to
the strain of 0.8 by Zwich/Roell tensile testing machine equipped by an
electrical furnace with temperature controller system with precision of
+5 °C. Before deformation, the samples were held at testing temperature
for 5 min to remove the temperature slope. The schematic illustration of
the hot deformation process is illustrated in Fig. 2. Also, for under-
standing of work softening mechanisms at elevated temperatures, some
hot deformation tests were carried out at 1150 °C, 0.1 s~ ! for strains of
0.2, 0.4 and 0.6.

Microstructures of hot deformed samples were characterized by the
optical microscopy after etching by Marble solution (50 ml HCI + 50 ml
H30 + 10 g CuSO4). EBSD measurements were carried out on a Hitachi
SU-70 FEG-SEM operated at 20 kV and equipped with the Channel 5
software (Oxford Technology, English) and a step size of 0.25 pm.

To examine the precipitates morphology variations during hot
deformation process, microstructures of samples were characterized by
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Fig. 3. (a, b) Optical micrographs of AD730 in conditions of (a) as-cast, (b) homogenized at 1200 °C for 100 min, (c) XRD analysis, (d, €) SEM images and (f-i)

elemental maps of homogenized sample indicating the carbides type.

frequently scanning electron microscopy (FESEM; model: Mira3 TES-
CAN) before hot deformation (after heating and holding at deformation
temperatures of 950 °C, 1000 °C and 1050 °C for 5 min) and after
deformation in these temperatures at strain rate of 0.001 s~

3. Results and discussion
3.1. Microstructures before hot deformation

Microstructures, XRD analysis and elemental maps of AD730 in as-
cast condition and before and after solution heat treatment have been
shown in Fig. 3. As is seen in Fig. 3(a), microstructure in as-cast con-
dition is dendritic. After solution heat treatment at 1200 °C for 100 min
(Fig. 3(b)), the dendritic structure in as-cast condition is eliminated and
replaced with coarse grains of >1 mm. Some dark color particles with
size of 3-4 pm (Fig. 3(e)) are observed which have a volume fraction of
about 5 %. XRD analysis (Fig. 3(c)) and elemental maps (Fig. 3(f-i)) after
solution treatment confirm that these particles are MC type carbide and
rich of Ti, C and other elements such as Ni and Nb. Also, it should be
mentioned that nanometric precipitates of y are not detected in XRD
pattern and high magnification FESEM image (Fig. 3(d)) which confirm
all of them have been resolved after solution treatment.
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3.2. Hot deformation behavior

3.2.1. The true stress-true strain curves

The true stress-true strain curves of AD370 after hot deformation in
the temperature range of 950-1200 °C and strain rates of 0.001 s~ %, 0.01
571, 0.1 571 and 1 s7! up to strain of 0.8 after removing adiabatic and
friction effects have been illustrated in Fig. 4. Results show that the
stress level (peak stress, 6;,) decreases with increasing the temperature
and decreasing the strain rate as shown in Fig. 5. The stress level at
temperatures of 950 °C, 1000 °C and 1050 °C is more than temperatures
of 1100 °C, 1150 °C and 1200 °C which can be attributed to micro-
structure evolutions. Also, the curves at low temperatures of 950 °C and
1000 °C and high strain rates of 0.1 s * and 1 s~* show a final strain of
<0.6 in comparison with other temperatures and strain rates because of
flow instability such as grain boundary cracking, flow localization and
fracture [35].

The flow curves at temperatures of 1100 °C, 1150 °C and 1200 °C
show that the stress firstly increases to peak strain rapidly (step I: strain
hardening) and then drops with increasing strain (step II: work soft-
ening) and finally reaches a steady state (step III). With consideration of
the solution temperature of y phase of AD730 at 1079 °C (as shown in
Fig. 1), it seems that different mechanisms take part during hot defor-
mation in up (1100-1200 °C) and down (950-1050 °C) temperature
ranges of the solution temperature.
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Fig. 4. The true stress-true strain curves of AD730 hot deformed in the temperature range of 950-1200 °C and strain rates of (a) 0.001 s’l, (b) 0.01 s’l, (©)0.1s™
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Fig. 5. The plot of peak stress vs. temperature at different strain rates.

To obtain activation energy of AD730 for illustrating a relationship
among deformation parameters of stress, temperature and strain rate at
different temperature ranges of 950-1050 °C and 1100-1200 °C, a sine
hyperbolic function (Eq. (1)) is used in this study due to its application in
a wide range of temperatures and strain rates [31,36]:

Z = éexp (R%") =A(sinh(aoc))" (Eq.- 1)
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True Strain

1

where Z, Q, R and T are defined as Zener-Holoman parameter, activation
energy, gas universal constant (=8.314 J/molK) and process tempera-
ture. A, n (stress exponent) and o are material constants.

o parameter is determined by following equation:

a=

BN

(Eq. 2)

where f and 71 can be obtained by the average slopes of the log é-log o
and log é-6 plots (Fig. 6(a and b)) defined by Egs. (3) and (4):

, [ ologé

n= (6log ap)T (Eq. 3)
_ (ologé

r= ( dopp )T (Fa. 4)

a values for AD730 are calculated as 0.0035 and 0.0126 for tem-
perature ranges of 950-1050 °C and 1100-1200 °C, respectively.

By taking the natural logarithm of Eq. (1) and interpolating the
empirical data obtained from stress—strain curves, Q can be determined
by Eq. (5) and the average slopes of the log é-log sinh(ac) and log sinh
(a0)-1/T plots as shown in Fig. 6(c and d):

log (sinh(acy)),

M)

So, activation energies values are determined as 1160.45 and 468.32
kJ/mol for two temperature ranges of 950-1050 °C and 1100-1200 °C,
respectively which are in agreement with the values reported for
different superalloys in the literature (Table 2).

Results show that there is a comparable difference between the flow

dloge
dlog (sinh(ac,)),

Q=23 ( (Eq. 5)

H
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Table 2

Activation energies (kJ/mol) of different superalloys as compared to the present work.
Superalloy Solution temperature of y’ (°C) Q (kJ/mol) Refs.

single-phase region two-phase region

Waspaloy 1030 462 1400 [37]
In939 1080 400.5 930.1 [38]
Cobalt-based superalloy 1071 496.5 1182.5 [32]
U720Li 1140 417 687 [39]
NiCo based superalloy 1090 390 650 [40]
GH4742 1086 437.66 949.08 [41]
Present work 1079 468.32 1160.45 -

stresses and the activation energies for these two temperature ranges. At
low temperatures or two phases region (y + 7 region) high flow stress
and activation energy can be attributed to the presence of fine y pre-
cipitates through the microstructure which prevent the movement of the
dislocations and grain boundaries for the start of work softening
mechanisms (pinning effect of precipitates) [37-39,42,43]. So, AD730
shows low formability in the temperature range of 950-1050 °C while
the deformation needs to consume more energy. At elevated tempera-
ture range or single-phase region (y region), low flow stress and acti-
vation energy is due to easy movement of dislocations and grain
boundaries while enhance the work softening mechanisms such as DRX
[32,44]. This region (1100-1200 °C) is corresponded with high form-
ability of the alloy due to easier occurrence of work softening
mechanisms.

3.3. Microstructures

3.3.1. Microstructures in the temperature range of 950-1050 °C

Microstructures of deformed samples at temperatures of 950 °C,
1000 °C, 1050 °C and strain rates of 0.001 s 1to 1 s~ ! have been shown
in Fig. 7. Microstructures show elongated coarse grains with size of >1
mm. Also, the presence of grain boundary cracks, flow localization and
adiabatic shear bands indicate non uniform deformation or the region
with low formability. Similar observations have been also reported by
Monajati et al. [45], Sajjadi et al. [46] and Sani et al. [32]. Although,
microstructures especially at higher temperatures of 1000 °C and
1050 °C show very low fraction

of new fine DRXed grains into the grains and/or grain boundaries,
these new grains almost are not observed considerably in the
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Fig. 8. Microstructures of samples after heating and holding at deformation temperature for 5 min, just before the hot compression tests at temperatures of showing
morphology and distribution of the precipitates at (a) 950 °C, (b) 1000 °C and (c) 1050 °C.
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1

Fig. 9. Microstructures of samples showing morphology and distribution of the precipitates after hot deformation at strain rate of 0.001 s™* and deformation

temperatures of (a) 950 °C, (b) 1000 °C and (c) 1050 °C.

Fig. 10. Optical micrographs of deformed samples at (a) 1100 °C-0.01 s’l, (b) 1150 °C-0.01 s’l, (¢) 1150 °C-0.1 s~ ! and (d) 1200 °C-0.1 s .
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Table 3
The values of o, o, &, and &5 of AD730 at different deformation conditions.
Temperature (°C) Strain rate (s’l) op (MPa) 0ss (MPa) € £
1100 0.001 35.83 42.99 0.08 0.3
0.01 71 77.82 0.093 0.32
0.1 113.72 106 0.193 0.48
1 173.75 171 0.346 0.57
1150 0.001 35.23 37.2 0.046 0.28
0.01 55.728 59.12 0.0501 0.3
0.1 96.01 92.17 0.07 0.36
1 144.6 134.9 0.295 0.59
1200 0.001 25.36 26.85 0.05 0.13
0.01 35.1 38.2 0.05 0.15
0.1 59 59.47 0.11 0.27
1 97.74 96.18 0.24 0.48
| T=1100°C
2 4| de=113
4/ * 0.001s?
0 0.01 s!
{|* 0151
2 4l 15!

|
-

In In(1/(1-X))

7 -5 -3
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Fig. 12. Relationship between Inln(1/1-Xpgrx) versus In (2(e-gp)/(es-€p)) at
1100 °C and different strain rates for determination of k and d.
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temperature range of 950-1050 °C for all strain rates.

For exploring the reason for lack of DRXed grains in deformed
samples in the temperature range of 950-1050 °C, the 7 precipitates
evolutions before deformation and after heating and holding at defor-
mation temperature for 5 min and then water quenching are studied
(Fig. 8). As shown in Fig. 8, the microstructures contain numerous y
precipitates in comparison with the homogenized one in Fig. 3(d), which
have been formed during the heating process. Fig. 8 confirms that
coarsening and decreasing of concentration of precipitates also occur
with the increase of the temperature from 950 °C to 1050 °C. The
average size and volume fraction of precipitates at temperatures of
950 °C, 1000 °C and 1050 °C are estimated to be as 35 nm, 56 nm and 68
nm, and 57 %, 48 % and 34 %, respectively. Based on nucleation theory
of precipitates in solid phase [31-33,45], it is expressed that with
increasing the temperature, the mismatch level of y precipitates in y
matrix decreases which leads to nucleation and formation of spherical
coarse precipitates with low surface energy.

Rolett et al. [31] indicated that DRX is affected by precipitates dis-
tribution in alloy matrix with according to following equation:

£

r

D (Eq. 6)
where f;, and r are volume fraction and radius of precipitates,
respectively.

They reported that precipitates can act as an obstacle against DRX
progression when D is > 0.2 2 pm ™! [31,45]. In this study, D values for
the temperatures of 950 °C, 1000 °C and 1050 °C are calculated as 16.3
pum 1, 8.57 pm~! and 5 pm ! which confirm the precipitates role as an
obstacle against DRX development.

During hot deformation process eg. 950-1050 °C and strain rate of
0.001 s~ 1, two phenomena of coarsening (based on agglomeration or
Ostwald ripening) and shape change occur in the precipitates
morphology. With the increase of the process temperature, the pre-
cipitates morphology varies from fine and spherical shape to coarse and
oval shape which are accompanied with decreasing the concentration
[10,47,48]. Applying the pressure during hot deformation also leads to
variation of the precipitates distribution (red arrows in Fig. 9). As shown
in Fig. 9, at high temperatures, the precipitates tend to connect together
to form a lamellar structure as rafting, which is a well-known mecha-
nism in Ni-based superalloys. Rafting phenomenon in Ni-based super-
alloys can be due to local movement of y/ 7 interface which its driving
force is provided by the change in the elastic energy produced by the
lattice mismatch. This lamellar morphology causes hard movement of
dislocations during creep process [49]. Pollak et al. [50] reported the
formation of the lamellar structure with preferred orientation of <100>
due to the decrease of the elastic energy between precipitates and matrix
[51].

3.3.2. Microstructures in the temperature range of 1100-1200 °C

Microstructures of deformed samples at 1100 °C, 1150 °C and
1200 °C and strain rates of 0.001 s~ and 0.1 s~} have been shown in
Fig. 10. The presence of new fine grains near to the grain boundaries and
into the initial grains confirms DRX. The plot of the average grain size of
DRXed grains versus temperature and strain rate is illustrated in Fig. 11.
Results show that with the increase of strain rate from 0.01 s ' to 157},
DRXed grain size and its volume fraction are decreased. For eg., at
1150 °C and with the change of the strain rate from 0.01 to 1 s-1, the size
and the volume fraction of DRXed grains are decreased from 61 pm to
91 % to 47 pm and 83 %, respectively. It has been reported that lower
strain rate provides enough time for grain boundaries migration and
development of DRX [26,52]. Also, with increasing the temperature
from 1100 °C to 1200 °C, the size and volume fraction of DRXed grains
are increased (for eg., DRXed grain size increases from 72.8 pm to
223.82 pm, respectively).

Generally, Avrami equation is used to estimate work softening and
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Fig. 13. Plots of Xprx-strain in the strain rate range of 0.001-1 s~ and temperatures of (a) 1100 °C, (b) 1150 °C and (c) 1200 °C.
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Fig. 14. The plot of predicted Xpgrx versus experimental Xpgrx.

volume fraction of DRXed grains by Eq. (7) [53-55]:

2(e - gp)} !
(& — &)
where e, and ¢, are defined as peak and steady state strains, respectively.

d and k are material constants.
Xprx can be also deterimend by Eq. (8):

XDszlfexp[fk< (Eq. 7)

Op — 0O

6y — 0
The values of 6, o, £, and &; obtained from the true stress-true strain
curves of AD730 are reported in Table 3.
With taking the logarithm from Eq. (7), the average values of k and
d can be determined by drawing the In In(1/1-Xpgrx) versus In (2(e-gp)/
(es-gp)) plot (Fig. 12) based on Eq. 9

1\ (e — &)
lnln(m) _lnk+dln(2

(ep — &)

So, the average values of k and d are reported as 0.00249 and 1.13,
respectively.

With drawing Xprx versus strain plots based on Eq. (7), S shape
curves (Fig. 13) are obtained that designate development of DRX
(nucleation and growth of new grains) during hot deformation process is
affected by diffusion phenomena. Therefore, it depends on the process
temperature and strain rate. Xprx develops by increasing the tempera-
ture and/or decreasing the strain rate, while a full DRXed structure can
be achieved at 1200 °C and 0.001 s L.

Fig. 14 shows a comparative plot between the Predicted and exper-
imental Xprx obtained at 1100 °C, 1150 °C and 1200 °C under different
strain raes and strain of 0.8. Results confirm that there is a good coin-
cidence between calculated and experimental values with regression
value (Rz) of 0.997.

To study DRX mechanisms in the temperature range of
1100-1200 °C, microstructures of deformed samples at 1150 °C and 0.1
s~1 in different strains of 0.2, 0.4 and 0.6 have been illustrated in Fig. 15.

Microstructure at the start of the deformation process at strain of 0.2

(Eq. 9)
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Fig. 15. Optical micrographs of deformed samples at 1150 °C-0.1 s~! and strains of (a) 0.2, (b) 0.4 and (c) 0.6; (d) high magnification EBSD image showing the PSN
mechanism and the formation of fine DRXed grains around the carbide particle and (e) EDX analysis of the dark area indicating of the presence of MC type carbide

around the fine DRXed grains.

(Fig. 15(a)) shows that DRXed grains have been formed in the parts of
serrated grain boundaries especially around the triple points. In initial
strains of deformation, the deformation is affected by a high strain
gradient around the grain boundaries due to non-uniform distribution of
strain which leads to local migration of grain boundaries as serrations or
bulging into the grains with more dislocations to decrease the system
energy by nucleation of new grains. This mechanism is defined as DDRX
which is introduced as a main mechanism of work softening in low
strains of deformation in AD730 and occurs by plastic strain induced
grain boundary migration. In this mechanism, dislocations formed
during deformation are rearranged to form subgrains and then with
approaching a critical size and formation of a stable nucleus develop a
DRXed microstructure [18,31,56].

With further increase of the strain to 0.4 and 0.6 (Fig. 15(b and c)),
the volume fraction of DRXed grains increases to form a necklace
structure. Also, it is observed that some new grains have nucleated near
the MC carbides by PSN mechanism (Fig. 15(d and e)). The presence of

MC hard particles (~1395 HV) with size of almost 3 pm and volume
fraction of 5 % in y soft matrix (~330 HV) can provide an effective
contribution in development of DRX of Ni based superalloy [30]. Sem-
iatin et al. [57] expressed that DRX in waspaloy occurs by two mecha-
nisms of DDRX and PSN. Sani et al. [32] have reported that during hot
deformation of Co-based superalloy with initial coarse grains, PSN
mechanism around the carbide particles with size of 2 pm is introduced
as a main mechanism of DRX. Momeni et al. [33] investigated the effect
of PSN on DRX of Incoloy 901 superalloy in the temperature range of
950-1100 °C. They indicated that the particles contribute to DRX pro-
gression by PSN when f,/r is more than 0.2 pm™L.

For more examination of DRX mechanism in this conditions, EBSD
micrographs of deformed sample at 1150 °C and strain rate of 0.1 s
and strain of 0.6 with the changes of the point to point and point to
origin orientations in the lines of A-B and C-D are illustrated in Fig. 16.
Results show that in the long of these lines, the variations of point to
origin orientation in distance of 30-35 pm are more than 10° which
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Fig. 17. EBSD micrographs of deformed sample at 1150 °C and strain rate of 0.1 s~! and strain of 0.6; (a) IPF and (b) KAM maps.

designate with the increase of strain to 0.6, medium and high angle
boundaries form close to initial grain boundaries. It confirms that for
development of a DRXed structure with the increase of strain, first,
dislocations rearrangement occurs with formation subgrains to form a
low energy structure, and then these subgrains grow while consume the
dislocations to reach a critical size to form a stable nucleus.

The EBSD inverse pole figure (IPF) map in Fig. 17(a) indicates the
presence of equiaxed grains with random orientation at elevated tem-
peratures due to DRX. The kernel average misorientation (KAM) map
presented in Fig. 17(b) at 1150 °C, 0.1 s—* and strain of 0.6 asserts high
dislocation density and low angle boundaries in the initial deformed
grains as compared to DRXed grains. High dislocation density in initial
deformed grains in the start of the process (work hardening step) in-
creases local misorientation which leads to the formation of subgrains
and finally DRXed grains in deformed regions with continuation of
deformation [58].

Fig. 18(a) presents a grain boundary map (GBM) of deformed sample
at 1150 °C, 0.1 s~! and strain of 0.6. HAGBs (8 > 15°) with black color
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and twin boundaries including ¥3 (60°/<111>), 29 (38.94°/<110>)
and 227 (31.58°/<110>) [24,59,60] are observed with colors of blue,
green and brown, respectively. The existence of twin boundaries in
DRXed grains indicates the formation of twins in the growth step of these
grains. Also, high fraction of blue boundaries indicates that more twins
are ) 3 type. Some researchers stated that with the increase of serrated
grain boundaries during DRX, twins can develop nucleation and growth
of DRXed grains in Ni-based superalloys [27,59]. The development of
twin boundaries during hot deformation of Ni-based superalloys can be
investigated by two issues: (i) the decrease of initial twins effect with the
increase of strain by their transformation to HAGBs as a result of the
change of initial grains orientation [59] which is in agreement with
Ebrahimi et al. findings [58]; (ii) nucleation and growth of new twins in
the DRXed grains [27]. In present work, with considering the initial
coarse grains of AD730 before deformation, twin boundaries have a
minor role in the start of DRX. So, AD730 similar to other Ni-based su-
peralloys with low SFE tend to form annealing twins during DRX by the
random growth mechanism. These twins are formed by interaction
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Fig. 18. (a) A grain boundaries map (GBM) of deformed sample at 1150 °C, 0.1
s~! and strain of 0.6 (HAGBs (0 > 15°) with black color and twin boundaries
including 3, ¥9 and 227 with colors of green, red and blue have been char-
acterized) and (b) showing the interaction of twins (X3: green, X9: red,
227: blue).

between HAGBs and the SFE region [27]. The formation rate of twins
can increase with fast movement of boundaries at elevated temperatures
[59]. The formation of twins in DRXed grains leads to the decrease of
grain boundaries energy and enhanement of their mobility. So, the
presence of twins improves growth of DRXed grains. It has been reported
that twins accelerate dislocations absorption and separate the bulging
regions from initial grains [61-63].

During hot deformation, twins can interact together to form 23 and
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23" (n > 1) ones [60,61]. For eg., the interaction of initial £3 twins leads
to formation of 29 twin boundaries in accordance with 23 + %3 rela-
tionship (Fig. 18(b)). With formation of X9 boundary, it can interact
with 23 boundary to form 23 and %27 twin boundaries with relation-
ships of 23 + ¥9 — %27 and %3 + 29 — X3 [26,64,65]. These in-
teractions can sometimes occur in AD730 similar to other Ni-based
superalloys [66]. The presence of twin boundaries with low fault energy
and vacancy can increase corrosion resistance and fatigue strength [67,
68].

For better understanding, a schematic illustration of DRX mecha-
nisms in AD730 is shown in Fig. 19. Based on the presented model in
Fig. 19, AD730 consists of coarse grains, low angle boundaries and
carbides at the initial stage of the deformation (Fig. 19(b)). With the
increase of the strain and work hardening stage, dislocation density rises
rapidly around the grain boundaries and carbide particles which results
in the increase of the internal energy (Fig. 19(c)). With continuation of
the deformation and after the critical strain, work softening stage strats
with the formation of fine DRXed grains around bulged grain boundaries
(DDRX mechanism) and carbide particles (PSN mechanism) which de-
creases the internal energy (Fig. 19(d)). In this stage, twins present a
positive effect and develop DRX with formation of new orientations in
DRXed grains. In the steady state stage, a balance between work hard-
ening and work softening occurs which is accompanied with grain
refining (Fig. 19(e)).

4. Conclusions

In this study, hot deformation behavior and microstructural evalu-
ation of AD730 Ni-based superalloy were investigated in a wide tem-
perature range of 950-1200 °C and strain rates of 0.001 s-1 to 1 s-1 up to
the strain of 0.8. Following points were extracted.

1) Flow behavior and microstructure changes of AD730 during hot
deformation process were dependent on the solution temperature of
7 precipitates at 1079 °C, which were divided to two temperature
ranges of 950-1050 °C and 1100-1200 °C.

2) In the temperature range of 950-1050 °C, the presence of fine y
precipitates caused high stress levels, high activation energy of
1160.45 kJ/mol and nonuniform deformation due to their role as an
obstacle against work softening and DRX development.
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Fig. 19. A schematic illustration of microstructure development of AD730 during hot deformation at 1200 °C and 0.001 s71; (a) the true stress-true strain curve,
microstructures in (b) initial stage, (c) work hardening stage, (d) work softening stage and (e) steady state stage.
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3) In the temperature range of 1100-1200 °C, the dissolution of fine
precipitates decreased considerably stress levels and activation en-
ergy to 468.32 kJ/mol which was corresponded to easier occurrence
of DRX.

4) In the temperature range of 1100-1200 °C, DRXed structure by
DDRX and PSN mechanisms was developed by the formation of the
twins. Also, the volume fraction of DRXed grains increased with
increasing the temperature and decreasing the strain rate.
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