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Abstract: Inconel®718 is a well-known nickel-based super-alloy used for high-temperature appli-
cations after thermomechanical processes followed by heat treatments. This work describes the
evolution of the microstructure and the stresses during hot deformation of a prototype alloy named
IN718WP produced by powder metallurgy with similar chemical composition to the matrix of
Inconel®718. Compression tests were performed by the thermomechanical simulator Gleeble®3800
in a temperature range from 900 to 1025 ◦C, and strain rates scaled from 0.001 to 10 s−1. Flow curves
of IN718WP showed similar features to those of Inconel®718. The relative stress softening of the
IN718WP was comparable to standard alloy Inconel®718 for the highest strain rates. Large stress
softening at low strain rates may be related to two phenomena: the fast recrystallization rate, and the
coarsening of micropores driven by diffusion. Dynamic recrystallization grade and grain size were
quantified using metallography. The recrystallization grade increased as the strain rate decreased,
although showed less dependency on the temperature. Dynamic recrystallization occurred after the
formation of deformation bands at strain rates above 0.1 s−1 and after the formation of subgrains
when deforming at low strain rates. Recrystallized grains had a large number of sigma 3 boundaries,
and their percentage increased with strain rate and temperature. The calculated apparent activation
energy and strain rate exponent value were similar to those found for Inconel®718 when deforming
above the solvus temperature.

Keywords: Inconel®718; hot deformation; Gleeble; recrystallization; flow modelling approach

1. Introduction

Inconel®718 nickel-based superalloy is well known for its high mechanical and creep
resistances. It presents high fatigue resistance at high temperatures and is suitable for
use in corrosive environments [1]. These characteristics of Inconel®718 allow its use in a
wide application range, such as in the aeronautical and energy production industries [2,3].
The alloy is used in aerospace engines, where creep resistance at the service temperature is
required [4]. The most well-known feature that makes Inconel®718 very attractive for its
best mechanical properties is the presence of different types of precipitates [5]. The alloy
presents four distinct phases: the FCC matrix γ, and the precipitates γ’, γ” and δ. The γ’
phase is Ni3(Al,Ti) with a cubic (L12) crystal structure; the γ” phase has a composition
Ni3Nb and bct (D022) crystal structure; and the δ phase is described by Ni3Nb and has
an orthorhombic (D0a) crystal structure [6,7]. The first two precipitates are responsible
for the hardening effect, while the δ phase can be used to control the grain size, thus
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improving hardness and ductility [8]. The material can be cast and forged or produced by
powder metallurgy (PM). Nickel-based superalloys produced by this technique have shown
high fatigue resistance, hot-corrosion resistance, high-temperature mechanical properties,
and high oxidation resistance up to 900 ◦C [9]

Inconel®718 is also characterized by being a material with low stacking fault en-
ergy [10]. During hot deformation, dynamic recovery (DRV) due to the annihilation and
arrangement of dislocations into subgrain boundaries is fast overcome by the formation of
new grains due to discontinuous dynamic recrystallization (dDRX) [11]. In the initial stages
of deformation, dislocation multiplication results in strain hardening. In low stacking fault
energy alloys, DRV hardly proceeds due to the restricted movement of dislocations and
their decomposition into stable partial dislocations [12]. The material undergoes dDRX at
strains over the critical strain by the formation of nuclei and their growth by the movement
of the high-angle grain boundary [13,14]. In the specific case of Inconel®718, it the forma-
tion of annealing twins during recrystallization is widely accepted. It is reported that twins
with boundaries type ∑3 are promoted at higher temperatures and lower strain rates [15].
The main restoration process during forging is dynamic recrystallization (DRX), which, in
competition with the DRV, reduces the stored energy [16,17]. However, it is precisely after
hot forming at an industrial scale where meta-dynamic (mDRX) and post-dynamic (pDRX)
recrystallization play an important role in nickel-based superalloys, especially at high strain
rates [18]. The final microstructures then depend on the deformation parameters, such as
temperature, strain, and strain rate, and also on the material history after deformation.

The presence of solutes and precipitates reduces the mobility of dislocations and
boundaries in general. The most well-known temperature–time transformation (TTT)
diagram of Inconel®718 [19] shows that precipitates can be formed before deformation
below 930 ◦C during the soaking time. This precipitation is accelerated if the deformation
is applied before the annealing treatment as shown by Renhof, L. et al. [20]. The solvus
of the δ phase occurs between 990 and 1020 ◦C [21]. Other works [22,23] concluded
that the δ phase can partially dissolve and fracture during deformation. The remaining
particles can further stimulate the nucleation of DRX grains by inducing the generation
and rotation of subgrains. In the presence of δ phase particles, grain growth can be
hindered by the Zener pinning effect [24]. Many studies have been done to characterize the
behavior of standard Inconel®718 alloys under different conditions. The behavior of the
low-temperature deformation is affected by the presence of precipitates, especially of the
δ phase with a solvus temperature between 990 and 1020 ◦C, depending on the chemical
composition [25]. Primary γ’ precipitates can also promote the recrystallization process by
a mechanism called heteroepitaxial recrystallization [26]. In this case, the recrystallized
grains grow with the same crystallographic orientation as the precipitate.

The present work focuses on the study of the behavior of an alloy where the precip-
itation is strongly reduced. In this context, the main objective of the present work is to
describe the hot deformation behavior of a nickel-based superalloy with modified chemi-
cal composition to simulate the behavior of the matrix Inconel®718 without the massive
interaction with δ, γ’ and γ”. The outcome is compared with standard Inconel®718.

2. Materials and Methods
2.1. Materials

The innovative investigated material identified as “IN718WP” is a nickel-based super-
alloy based on the chemical composition of the γ phase of a standard Inconel®718 after
precipitation of the other phases [27]. The precipitation of γ’, γ” and δ phases is therefore
strongly reduced. To achieve this, two main requirements for fundamental deviations
from the chemical composition of standard Inconel®718 were changed. Firstly, Cr and Fe
contents were slightly increased as solid solution strengtheners. Secondly, Al, Ti, and Nb
contents were significantly decreased to avoid the formation of γ”, γ’ and δ phases. C was
kept low to reduce the formation of carbides. With the above-mentioned changes in the
chemical composition, an IN718WP disc of diameter 195 mm was produced by powder
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metallurgy at Voestalpine BÖHLER Edelstahl GmbH (Kapfenberg, Austria). The chemical
composition of the IN718WP (in weight percentage) is shown in Table 1. The nominal
chemical composition of Inconel®718 alloy is included for comparison [28]. Powder metal-
lurgy was used to produce a material with a homogeneous small grain size, avoiding any
grain coarsening expected to occur during upsetting. The hot compression trials studied
here were meant to close the micro-porosity of the as-received condition.

Table 1. Chemical composition of both standard Inconel®718 and without precipitates IN718WP alloys.

Material Elemental Composition (wt.%)

Ni Cr Fe Mo Al Co Si Nb C Mn Ti

IN718WP 50.18 23 22.07 3.71 max
0.28 0.22 0.1 max

0.28
max
0.03 0.1 max

0.03
Inconel®718 50–55 17–21 bal. 2.8–3.3 0.2–0.8 1 0.35 4.75–5.5 0.08 0.35 0.7–1.3

2.2. Compression Tests

Samples of 8 mm diameter and 15 mm length were compressed in the Gleeble®3800
simulator at 5 different strain rates (0.001, 0.01, 0.1, 1 and 10 s−1) and 6 different temper-
atures (900, 925, 950, 975, 1000 and 1025 ◦C), up to a maximum strain of 0.8. A K-type
thermocouple was spot-welded at the surface of the specimen to measure and control
the temperature during the process. The samples were (i) heated by direct resistance at
5 ◦C/s to the selected temperature; (ii) homogenized for 2 min at the same temperature;
(iii) compressed; and (iv) in situ water-quenched with water jets to freeze the microstruc-
ture. Graphite and tantalum foils were used between the edges of the specimens and
the anvils to reduce the effects of friction during hot deformation and to decrease the
temperature gradient along the sample. An Ar atmosphere was used to mitigate oxidation
during the tests. The flow curves obtained experimentally were temperature-corrected to
represent isothermal deformation conditions based on the literature [29,30] as described by
P. Wang et al. [31]. The flow curves were not corrected by friction. Contrary to the tendency
obtained in the work of G. Tan et al. [32] and in many other publications, the largest
barrelling observed in our work occurred at the smallest strain rate. This must be related
to a different mechanism of barrelling, such as wedge cracking promoted by diffusion,
already observed by S.C. Medeiros et al. [33].

The interdependence of peak flow stress σ, strain rate
.
ε and deformation temperature T

was described using semi-empirical equations, as done for Mg alloys by C. Poletti et al. [34]
and for steels by M. El Mehtedi et al. [35]. The analysis of the flow stress at the peak
value was carried out using the universal constitutive equation proposed by Sellars and
Tegart [36]:

Asinh(ασ)n =
.
ε exp(Q/RT) = Z (1)

where A and α are material constants, R is the gas constant (8.314 J/kmol), T is the absolute
temperature, Q is the apparent energy of activation, and n is the stress exponent. The last
term is identified as the Zener–Hollomon parameter Z. The α constant was obtained from
Equation (2):

α =
β

n1
(2)

The coefficients β and n1 are obtained from Equations (3) and (4)

.
ε exp(Q/RT) = A1σ

n1 (3)

.
ε exp(Q/RT) = A2 exp(βσ) (4)

The slope of ln(
.
ε) vs. ln(σ) gives n1, while the slope of ln(

.
ε) vs. σ gives β.
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The power law equation was additionally used for comparison:

APσ
nP =

.
ε exp(QP/RT) = ZP (5)

The subscript p refers to the power law. The power law is useful at low strain rates
and high temperatures (low Z), but it deviates from this relationship at higher Z values.

The relative softening is calculated using the difference of the stress values at the peak
and the stress value at a given strain and divided by the stress at the peak. This relative
softening was then plotted as a function of the strain. Additionally, the relative softening at
0.6 of strain was compared with values obtained from the literature for Inconel®718.

2.3. Microstructure Characterization

The samples were cut in the compression direction at their center, embedded in resin,
ground and polished, and chemically attacked with a mixture of ethanol, hydrochloric acid,
and hydrogen peroxide (75 mL C2H5OH + 33 mL HCl + 3 mL H2O2) for optical microscopy.
The selected samples were observed with an optical microscope provided by the company
Zeiss, and the grain size was obtained following the interception method recommended by
the American Society for Testing and Materials (ASTM) in the norm ASTM E112-12 [37].

Some samples without etching were analyzed with a field emission gun scanning elec-
tron microscope (FEG-SEM) model Mira3 of the TESCAN company (Brno, Czech Republic)
using an accelerating voltage between 18 and 20 kV and step sizes of 0.1 µm (for high
resolution) and 0.7 µm (for lower resolution). A backscattered electron (BSE) detector was
used to identify carbides and pores within the matrix. A Hikari detector provided by EDAX
(AMETEK GmbH, Weiterstadt, Germany) was used for electron backscattered diffraction
(EBSD) to measure the local crystal orientation. OIM Analysis™ software (AMETEK
GmbH, Weiterstadt, Germany) was used to determine the grain size and recrystallization
percentages. Firstly, a cleaning process was applied to the EBSD measurements based
on the CI (confidence index) standardization and neighborhood correlation. The follow-
ing parameters were used: grain tolerance angle of 15◦, a minimal grain size of 2 pixels,
and a CI higher than 0.9. Recrystallized grains were identified by two features: a grain
boundary angle larger than 15◦ and a grain orientation spread (GOS) smaller than 2.5 [38].
The average recrystallized grain size was obtained out of these criteria and the recrystal-
lization fraction was obtained by dividing the area covered by the recrystallized grains
with the inspected area (120 µm × 200 µm). Due to the formation of annealing twins
during dynamic recrystallization (DRX), the reconstruction of the grains was performed
once, considering all high-angle grain boundaries (with twins), and the second time by
considering the annealing twins Σ3 and Σ9 to belong to the grain (without twins). Finally,
the recrystallized grain size ∅RX was correlated with the Zener–Hollomon parameter,
rearranging the equation presented by G. Shen et al. [39] for a Waspaloy as follows:

ln Z = B + C ln∅RX (6)

where B and C are materials constants.

3. Results
3.1. Initial Microstructure

The initial microstructure of the as-received material was characterized by a mean
grain diameter (without twins) of 20.4 µm. The microstructure showed annealing twins,
as identified with the optical microscope in Figure 1a,b. Light optical images also showed
the presence of micropores at some grain boundaries and carbides with sizes smaller
than 1 µm decorating the grain boundaries. Micropores are typical features in powder
metallurgy products [40]. Apart from the carbides, no other precipitates were detected,
even at high resolution (Figure 1b,c). Additionally, Fe-rich regions were observed regularly
in the sample with sizes between 60 and 100 µm (see Figure 1d,e), due to a lack of Fe
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mixing in the matrix during the sintering process. These Fe-rich regions occupied 1.25% of
the volume.

Figure 1. Microstructure of the as-received material: (a) light optical micrographs showing grains with annealing twins,
carbides decorating some boundaries (light) and pores (black); (b) SEM picture in backscattered electron (BSE) mode
showing a pore and no precipitate within the matrix; (c) SEM picture in BSE mode showing annealing twin carbides and
pores (in black); (d) SEM micrographs in BSE mode; and (e) the corresponding EDS map, showing the grains of based
material and the Fe-rich regions, respectively. The percentages are shown in (f).

The measured hardness of the as-received material was 199 HV, a value lower than
the standard Inconel®718 alloy after solid solution treatment (245 HV), and much lower
than the values of the standard Inconel®718 alloy after heat treatments (up to 500 HV) [41].

3.2. Flow Curves

The experimental flow curves corrected by temperature are shown in Figure 2.
The curves present the typical characteristic of DRX: a single peak up to the peak stress,
preceded by a rapid rise [18]. After the peak had been reached, the stress drops reached
steady-state flow stress and suggested that recrystallization was not completed for all
deformations. The strains at which the peak stress values are reached are a function of the
temperature and the strain rate. The higher the temperature and the slower the deforma-
tion, the smaller the strains to start (just before peak stress) and finish (flow steady-state)
the recrystallization. The increase with a large slope of the stress is a characteristic of alloys
with low stacking fault energy (SFE) [11], such as the nickel alloy studied here.

In the whole temperature range, the peak stress decreased with increasing tempera-
ture and decreasing strain rate. Softening was more noticeable in the flow curves of the
lowest strain rates (0.001–0.1 s−1). The curves corresponding to the highest strain rates
(1 and 10 s−1) showed lower yield stress than the values reported for Inconel®718 at any
temperature [42,43]. At high strain rates and low temperatures, a very small yield strength
was calculated, and two hardening slopes were identified in Figure 2a. These phenomena
could be related to the activity of deformation bands.
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Figure 2. Flow curves of the IN718WP alloy for all strain rates (0.1–10 s−1) at (a) 900 ◦C, (b) 925 ◦C, (c) 950 ◦C, (d) 1000 ◦C,
(e) 1025 ◦C, and (f) 1050 ◦C.

The relative softening was plotted as a function of the strain in Figure 3. This softening
was highly dependent on the strain rate, while the temperature had a negligible influence
on the softening values and the shape of the curves. In general, it can be observed that
at the strain rates between 0.1 and 10 s−1, the hardening part consisted of a curve with
two slopes. Then, the curves reached a minimum, corresponding to the peak stress. This
minimum occurred at higher strains. The temperature plays a secondary role, as observed
for comparison in Figure 4. It can be seen that the temperature has an influence on
the hardening slope and on the strain at the peak stress, where the softening reaches



Metals 2021, 11, 605 7 of 18

zero. The higher the temperature, the lower the strain required to reach this condition.
Furthermore, the softening rate, given by the slope after the zero value, is not influenced
by the temperature at the measured conditions.

Figure 3. Relative softening as a function of the strain during deformation at (a) 900 ◦C, (b) 925 ◦C, (c) 950 ◦C, (d) 975 ◦C,
(e) 1000 ◦C and (f) 1025 ◦C at different strain rates from 0.001 to 10 s−1.

Figure 4. Relative softening showing the influence of the temperature at two different strain rates,
at (a) 0.001 s−1 and (b) 0.1 s−1.
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While the softening at high strain rates is comparable with values in the literature for
Inconel®718 [18,42,43], much larger values of softening are observed at strain rates below
0.01s−1. The softening of the model alloy IN718WP can reach 40% at the lowest strain rates,
and only 5% at the highest strain rate (Figure 5).

Figure 5. Comparison of softening at 0.6 of strain for different deformation conditions compared
with standard Inconel® 718 obtained from the literature (A = [17] red, B = [42] blue, C = [43] green).
The softening values are grouped in regions: grey, the values of the present work for IN718, and red
the values of the literature for Inconel® 718.

3.3. Phenomenological Relationships

The peak stresses were correlated with the Zener–Hollomon parameter using Equa-
tions (1) and (4). The calculated average values of β and n1 calculated from Equations (2)
and (3) were 0.0275 and 60,282, respectively. The activation energy Q = 450 kJ/mol, the
stress exponent n = 4.76, and α = 0.0046 were obtained using the sinh relationship (Equa-
tion (1)). The mean values of n and Q obtained for the creep law (Equation (4)) are n = 6
and Q = 400 kJ/mol. Using the creep relationship, Q has shown to be highly dependent on
the strain rate

.
ε. Figure 6 shows the correlation of the peak stress with the Zener–Hollomon

parameter calculated using both approaches. It can be seen that the correlation provided
with Equation (1) deviates less at higher Z values than the power law (Equation (4)).

The values of the apparent activation energies Q obtained using Equations (1) and (4)
are in agreement with the literature for Inconel®718 [8,23,43–45] (see Table 2) using similar
α values for the sinh equation type. On the other hand, the stress exponents n found in the
literature for Inconel®718 are similar to the value found here (4.76) when deforming above
the solvus temperature. This must be related to a similar plastic deformation mechanism
for both materials. A dependency of n with temperature was reported in the literature
as well ([8,23]). The high values at low temperatures were attributed to the interaction of
dislocations with particles [8]. This observation was in contradiction with the dependency
of n with the temperature [23].
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Figure 6. Correlation of the peak stress values with the Zener–Hollomon parameter using (a) Equation (1) and (b)
Equation (4).

Table 2. Material constant values calculated from Equations (1) and (4) for IN718WP compared the
literature for Inconel®718.

Alloy α [MPa−1] Q [kJ/mol] n Source

IN718WP
0.0046 450 4.76 Equation (1)

- 400 6 Equation (2)

Inconel®718

0.0042 364 4.57 [43]

0.006104 461 3.52 (960 ◦C)
4.23 (1020 ◦C) [23]

NA 467 7.3, 6.3, 5.4 and
5.2

[8] (n varies with
temperature)

0.0054 468 5.2 [44] (at the peak)
0.0054 427.6 4.12 [45] (above solvus)

3.4. Microstructure after Deformation and Damage

The light optical micrographs shown in Figure 7 depict the microstructure after
deformation. Two main features can be distinguished: the presence of DRX grains, and
the presence of damage (pore coarsening). Recrystallization twins are present within new
recrystallized grains, and deformed annealed twins are observed inside deformed grains.
As the strain rate increases and the deformation temperature decreases, the recrystallization
grade is generally lower.

The evolution of the porosity was also studied. Figure 7 shows a larger number of
pores for the lower strain rates. Coalescence and growth of micropores resulting in wedge
cracking were produced favorably at high temperatures and long times of deformation [46].
This effect was also observed in other powder metallurgy-produced nickel-based alloys
deformed at low strain rates [47]. In Figure 7, it can be seen that the damage is particularly
large in the barrelled region due to multiaxial stress condition. On the other hand, the center
of the sample shows much less porosity.

Figure 8 shows the grain orientation spread (GOS) maps of microstructures after
deformation at different conditions of strain rate and temperature. Recrystallized grains
were distinguished from the deformed ones by their level of internal misorientation,
expressed in this case by the level of the GOS value. In general, the higher the strain
rate and lower the temperature, the finer the recrystallized grains, in agreement with the
literature for Inconel®718 [15]. Annealing twins were observed in all the recrystallized
grains, as reported for Inconel®718 [48].
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Figure 7. Light optical micrographs of IN718WP deformed after several conditions: (a,b) 900 ◦C and 10 s−1, (c,d) 900 ◦C
and 0.01 s−1 and (e,f) 1025 ◦C and 0.001 s−1. The pictures correspond to the center of the sample (b,d,f) and the barrelled
area (a,c,e). The micrographs show recrystallized and deformed grains, as well as pores at the center and wedge cracking at
the barreled region.

The results of the recrystallized grain sizes are shown in Figure 9. The tendency shows
that the larger the strain rate and the lower the temperature, the smaller the recrystallized
grain [17]. The exceptions at high strain rates and low temperatures may be due to mDRX
effects. An overestimation of the size occurs when using image analysis of light optical
microscopy samples. Further analysis showed that measured recrystallized grain size at
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the lowest strain rates had a large standard deviation, meaning that there were multiple
stages of the recrystallization happening simultaneously.

Figure 8. Grain orientation spread (GOS) obtained from SEM-EBDS measurements of samples
deformed at several conditions. Grains can be considered as deformed (red and orange) and recrys-
tallized (green, blue, and yellow).

Figure 9. Grain size estimated using different methods: light optical microscopy (LOM), and
scanning electron microscopy–electron backscattered diffraction (SEM-EBSD) without extracting
the twin boundaries (w/twins) and extracting the twins (w/o twins) from the high-angle grain
boundaries (HAGB).
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4. Discussion on the Deformation Mechanisms

This section discusses the evolution of the microstructure and the correlation with the
flow curves for the IN718WP. Furthermore, a comparison with Inconel®718 is conducted,
where the deformation of the matrix takes place without interacting with precipitates.

The details of the microstructures of two samples partially recrystallized are shown
in Figure 10. The grain reference orientation deviation (GROD) maps show the rotation
of the grains, especially markedly close to the grain boundaries, and the formation of
bands. The highly misoriented regions result in a fragmentation of the grains, especially at
high strain rates and low temperatures. This effect corroborates the measurement of the
misorientation cumulating along the deformed grain (see Figure 10c).

Figure 10. Detail of the microstructure of two samples after hot deformation at (a) 900 ◦C and 0.1 s−1 and (b) 900 ◦C and
10 s−1 showing partial recrystallization. Grain reference orientation deviation (min = 0◦ blue; max = 60◦ red). Black lines
represent high-angle grain boundaries (above 15◦), and white lines the low angle grain boundaries. (between 2◦ and 15◦).
The results of the misorientation scan through Line A and Line B can be seen in (c).

The intense crystal rotation shown in the deformed grains for strain rates higher than
0.1 s−1 is further illustrated in Figure 11a,b. The rotation of the grain and the change in the
crystal orientation can be observed in the pole figure (PF) and the inverse pole figure (IPF).
This microstructural aspect is related to the change in the slope during strain hardening
shown in the flow curves Figure 2. The formations of bands at grains and existing annealing
twins have the same amplitude as the serrations formed at all high-angle grain boundaries.
This intense rotation and fragmentation of grains is responsible for the change in the
hardening rate, as observed from the change in the slope of the softening curves up to the
minimum value (Figure 3). A comparison of the microstructure can be observed when



Metals 2021, 11, 605 13 of 18

deformation occurs at low strain rate (Figure 11c). In this example, the non-recrystallized
grains undergo dynamic recovery before recrystallization, thus reducing the stored energy.

Figure 11. High-angle grain boundary maps (black lines) of samples after deformation at (a) 900 ◦C and 10 s−1, (b) 1000 ◦C
and 0.1 s−1 (c) 1000 ◦C and 0.001 s−1 (dynamic recovered grains—DRV are observed). Rotation of the grains can be observed
in the inverse pole figures and pole figures. A1 and A2 refer to the reference axis.

The strain at the peak stress was plotted in Figure 12a. In general, the higher the strain
rate, the larger the strain at the peak stress. The recrystallization percentage shows the
opposite dependency on the strain rate than the strain at peak stress. The temperature has
a negligible effect on the strain at the peak stress at the investigated conditions. Results in
Figure 12 show that the percentage of recrystallization increases as the strain rate decreases
in the 900–1000 ◦C range. Both diagrams have the same outcome: longer tests (slower strain
rate) promote the formation of new grains, because the process is diffusion-controlled.
Regardless of the deformation conditions, a minimum of 50% of recrystallization is always
reached. It was shown that post-dynamic recrystallization pDRX can occur isothermally
within some seconds [49]. Quenching seems to be fast enough to avoid post-dynamic
recrystallization at high strain rates. The delay of 2–3 s as reported by A. Nicolaÿ et al. [50]
was drastically reduced to 0.5 s in this work due to the in-situ water jet system. Therefore,
the higher the strain rate, the lower the recrystallization grade. Concerning the temperature,
lower recrystallization grades were observed at the middle-temperature range. This must
be related with the competition of dynamic recovery and dynamic recrystallization: higher
stored energy is achieved at lower temperatures, competing with the increment of the
mobility of high-angle grain boundaries at high temperatures.

The types of boundaries at deformed and recrystallized grains were analyzed from
the EBSD measurements. The fractions (f) of these boundaries are plotted in Figure 13 and
are compared with the results obtained from the material in the as-received conditions.
The deformed grains present a large number of low-angle grain boundaries (LAGB) due
to lattice rotation and formation of deformation bands at high strain rates, and due to the
formation of subgrains at smaller strain rates. The sigma 3 boundaries are nonexistent
in the deformed grains, due to the progressive transformation of these boundaries into
mobile boundaries [4]. Recrystallized grains show a negligible fraction of LAGB (fLAGB),
and the microstructure mainly consists of a large fraction of HAGB (fHAGB) and sigma 3
grain boundaries (fsigma3) Figure 13.

Finally, the softening rate, identified as the slope of the relative softening from the
peak stress, is plotted in Figure 14. The softening rate is highly dependent on the strain rate,
while a temperature tendency could not be identified. The high values of the softening
rate at low strain rates are a result of the pores coarsening as well as the fast growth of
recrystallized grains without the interaction with any precipitate.
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Figure 12. (a) Strain at the peak stress as a function of the temperature and the strain rate, and (b) recrystallization
percentages of the IN718WP alloy for temperatures (900–1000 ◦C) and strain rates (0.1–10 s−1) based on LOM and SEM
analysis average values.

Figure 13. Fractions of the different type of boundaries: high-angle grain boundary (fHAGB), low-angle grain boundary
(fLAGB); Σ3 (fsigma3) and Σ9 (fsigma9) measured at (a) deformed grains (b) recrystallized grains after different deformation
conditions.
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Figure 14. Slope of the softening region calculated from the softening curves shown in Figure 4.

The correlation of the recrystallized grain size with the Zener–Hollomon parameter
was determined using both the sinh law (Equation (1)) and the power law (Equation (2)),
by Equation (3). The measured grain sizes from EBSD data were analyzed using two
approaches: the grain size as measured, and the grain size after extracting the twin bound-
aries. A linear correlation was obtained in a double logarithmic scale in all cases (Figure 15).
When using the grain size, a slope of 3 was obtained using both approaches (Figure 15a),
while a slope of 3.5 was obtained when extracting the twin boundaries from the grain size
calculation (Figure 15b).

Figure 15. Correlation of the Zener–Hollomon parameter with the recrystallized grain size obtained by EBSD measurements
(a) without taking into account the twins (b) extracting the twin boundaries.
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5. Summary and Conclusions

The material free of precipitates, IN718WP produced by powder metallurgy, was
tested under hot compression to understand the deformation behavior of this nickel-based
superalloy. The following can be concluded:

• The material IN718WP deforms similarly to Inconel®718: after reaching peak stress,
the stresses soften due to DRX;

• Lower stress values and larger softening than Inconel®718 may be related to the lack
of precipitates;

• The relative stress softening is independent of the temperature, meaning that the
growth is only dependent on the strain rate. The large stress softening at a low
strain rate may be related to two phenomena: the fast recrystallization rate, and the
coarsening of pores driven by diffusion;

• The growth rate of recrystallization is only dependent on the strain rate at the de-
formed conditions. This results in larger amounts of Σ3 boundaries within recrystal-
lized grains at high strain rate for a given strain;

• The recrystallization grade %DRX increases from 45% at low strain rates up to 85% at
the slowest deformation;

• The recrystallization grade reaches a minimum of 70% at 950 ◦C due to the competition
of dynamic recovery and dynamic recrystallization occurring at low strain rates;

• Deformation takes place by first increasing the amount of low angle grain boundaries,
while the Σ3 boundaries become mobile and their fraction decreases with deforma-
tion. Recrystallized grains have a large number of Σ3 boundaries, and their fraction
increases with increasing strain rate and temperature;

• The apparent activation energy of 450 kJ/mol found for IN718WP and the strain rate
exponent (n = 4.76) value are in agreement with the values found for Inconel®718 when
deforming above the solvus temperature, suggesting similar deformation mechanisms.
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