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Abstract: The crack susceptibility during processing has a crucial influence on the workability of
wrought alloys. In particular, the processing of high-strength alloys that are prone to cracking is
challenging and various process parameters have to be optimized to achieve a good formability. The
polycrystalline CoNi-base superalloy CoWAlloy1 provides a high potential for high-temperature
applications due to it having a large forging window, a high γ′ fraction and excellent creep properties.
In order to study its formability during hot rolling, its deformation behavior and susceptibility to
cracking were characterized by sub- and supersolvus compression tests at temperatures between
1000–1150 ◦C. At temperatures around the γ′ solvus temperature, no cracks formed during the
compression testing, while at lower temperatures, cracking occurred. Additionally, an in-situ high-
temperature small-angle neutron scattering revealed the phase fractions and the precipitate size
distributions at different processing temperatures. It was found that a high fraction of γ′ forms during
cooling and cracking starts at the surface of the bar, when the hot bar encounters the cold rolls during
hot rolling. Apparently, the precipitation of γ′, which causes a high strength and reduced ductility,
and the absent recrystallization leads to pronounced crack propagation and limited formability below
the γ′ solvus temperature.

Keywords: compositionally complex alloy; Co-base superalloy; small-angle neutron scattering;
scanning electron microscopy; crack propagation; workability

1. Introduction

There are huge efforts to develop new alloys with similar or better mechanical prop-
erties than the state-of-the-art high-strength wrought alloy Udimet 720Li (U720Li). In
the focus of the production of newly developed alloys is also their improved workability.
Several studies have investigated the hot workability of superalloys by conducting com-
pression tests at high temperatures and different strain rates [1–4]. Recently, Aubert and
Duval developed novel wrought Ni-base superalloys with a good combination of costs,
workability and mechanical properties [5]. The alloy AD730 provides a higher workability
than Waspaloy and U720Li do. Its tensile and creep properties are significantly higher
than those of ATI 718Plus and slightly higher than U720Li [6]. Similarly, VDM Metals
recently developed the VDM® Alloy 780 to obtain a comparable forging window to that of
Inconel 718 (IN718), but with superior microstructural stability, which allows significantly
higher service temperatures [7,8]. VDM® Alloy 780 shows a high tensile strength at room
temperature and it has excellent mechanical strength at elevated temperatures [9].

Other potential candidates for new wrought alloys are the compositionally complex,
γ′-strengthened CoNi-base superalloys that are based on the Co-Al-W system. These
were developed in recent years and reveal promising mechanical properties [10–14]. The
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polycrystalline superalloy CoWAlloy1 has a very good high-temperature strength and
excellent creep properties due to a high γ′ precipitate fraction and a high γ/γ′ lattice
misfit. A large gap between the γ′ solvus and solidus temperature provides a high potential
for high-temperature applications as a wrought alloy. L12-ordered γ′ (Co, Ni)3(Al, W,
Ti, Ta) precipitates are embedded in an CoCrNi-rich γ matrix and they strengthen the
alloy. However, CoWAlloy1 has a limited workability when it is compared to that of its
related alloys CoWAlloy2 [15], CoWAlloy3 [16] or CoWAlloy6 [16] at low temperatures. It
seems that the γ′ solvus temperature has an effect on cracking and the formability during
high-temperature deformation.

Different approaches have been developed to model the fracture, hot deformation
behavior and workability of metals [17,18]. The simulation of the microstructural evolu-
tion [19–21] during the forging or rolling process is an important method to predict the
workability of superalloys. A temperature gradient appears within the forged billet or
the rolled bar due to the heat transfer between the hot superalloy and the cold dies or
rolls. This temperature gradient is crucial for understanding the forging or rolling process
and it influences the microstructural evolution. Dandre et al. [22] simulated the temper-
ature profile of a deformed IN718 billet during ingot-to-billet conversion with an initial
temperature of 1120 ◦C. The forged material had a temperature of about 1040 ◦C at the
surface, whereas the temperature in the core of the billet was above 1120 ◦C. Therefore, if
the precipitation of a strengthening or a grain boundary pinning phase occurs, this will
initiate near the surface of the deformed bar due to the lower temperature. This leads
to a locally increasing strength and worse formability. Zhang et al. [23] mentioned that
a recrystallized microstructure, i.e., a uniform and fine grain structure, facilitates good
formability at high temperatures. It was shown that dynamic recrystallization takes place
in the easily deformed zones with a uniform microstructure, and recrystallization leads to
a better formability.

In this study, the formability of CoWAlloy1 during high temperature deformation was
investigated by conducting compression tests at 1000–1150 ◦C and strain rates of 10−2 s−1 and
10−3 s−1. Scanning electron microscopy (SEM) was used to characterize the microstructure
after the deformation at high temperatures. In-situ high-temperature small-angle neutron
scattering (SANS) was conducted to analyze the precipitate size distributions and the phase
fractions at different processing temperatures. SANS has been shown to be a very powerful
method to analyze the different fractions and sizes of the γ′ precipitates [24–29]. The aim of
this study is to clarify the reasons for the reduced formability and cracking of CoWAlloy1.

2. Materials and Methods
2.1. Observations during Hot Rolling

To characterize the varying formability of the CoWAlloy series, ingots of the different
alloys were homogenized at 1250 ◦C for 3 h and then heated up for 1 h at 1100–1200 ◦C,
before rolling. Bars of the alloys with an initial diameter of 40 mm were rolled in several
steps including during intermediate heating on a non-heated rolling mill with a starting
temperature of 1100 ◦C at the company Vacuumschmelze GmbH (Hanau, Germany).
CoWAlloy1 was only rolled down to a final diameter of 36 mm, whereas the similar
alloys, CoWAlloy2 [15], CoWAlloy3 [16] and CoWAlloy6 [16], could be rolled down to a
diameter of 15 mm without the appearance of any surface cracks even at lower deformation
temperatures because they had a better formability.

2.2. Experimental Methods

Table 1 gives the chemical composition of the alloy under investigation in this study,
named CoWAlloy1.

The alloy was vacuum arc melted from raw elements, cast, and homogenized for 3 h
at 1250 ◦C at the company Vacuumschmelze GmbH (Hanau, Germany). Compression tests
were performed on cylindrical samples of the homogenized material with a diameter of
6 mm and a length of 9 mm, which were manufactured by wire spark erosion (Mechanikw-
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erkstatt FAU, Erlangen, Germany). To achieve the parallel surfaces, the samples were
ground afterwards. The compression tests were executed using an electromechanical In-
stron 4505 testing machine (Instron, Norwood, MA, USA) at strain rates of 10−2 s−1 and
10−3 s−1 until reaching a total strain of 50%. The true stress and the true plastic strain
were calculated from the recorded data and an effect of the friction between the specimens
and dies was not considered, although barreling occurs at larger deformation. However, a
friction effect on the stress–strain curves is negligible small at these conditions [30]. The ma-
terial was heated up to 1100 ◦C and 1200 ◦C for 30 min before conducting the compression
tests at temperatures of 1000–1150 ◦C in order to apply a similar heat treatment procedure
as in the rolling process.

Table 1. Nominal alloy composition of CoWAlloy1 in %.

Element Co Ni Al W Ti Ta Cr Si Hf Zr B C

CoWalloy1 42.2 32.0 6.0 3.0 2.5 1.5 12.0 0.4 0.1 0.01 0.08 0.08

The microstructures of the deformed samples were investigated by using an SEM Zeiss
Crossbeam (Zeiss, Oberkochen, Germany) 1540 EsB in conjunction with a back-scattered
electron detector and an acceleration voltage of 20 kV at an 8 mm working distance. The
samples were cut, ground, and polished up to 1 µm, and in a final step, they were polished
with colloidal silica. The fraction of the crack area was analyzed from microstructural
images using the software package ImageJ 1.53 (Bethesda, Maryland, USA) [31]. The visible
crack area was compared to the total sample area. The thickness of the formed oxide
layer was measured to characterize the oxidation behavior. The samples were annealed at
1100 ◦C and 1200 ◦C for 1 h to investigate the influence of the pre-heating temperature on
the formation of oxides and the subsequent compression testing.

In-situ heat treatments were performed using the small-angle neutron scattering beam-
line SANS-1 (MLZ, Garching, Germany) [32] at the Heinz-Maier-Leibnitz Zentrum (FRM
II) of the TU München due to the difficult determination of the γ′ precipitate size and
volume fraction by using electron microscopy techniques. Neutrons provide the advantage
of average size and volume fraction determination over a large illuminated sample volume
(here these are in the order of >100 mm3) at elevated temperatures. Especially, the high
penetration depth of the neutrons allows such experiments on real bulk samples [33]. Discs
with a diameter of 15 mm were cut from the homogenized samples, which were ground
to achieve parallel surfaces and a thickness of 1 mm. Data from three detector config-
urations were measured and combined to produce one SANS spectrum and to cover a
maximum q-range. The detector distance was varied between 2, 8, and 20 m. The scattering
measurements were performed with a beam diameter of 8 mm and a wavelength of 6 Å
for the detector distances of 2 and 8 m and 12 Å at the detector distance of 20 m. In-situ
measurements were performed with an implemented high-temperature vacuum furnace
(MLZ, Garching, Germany). The homogenized sample was heated up to 1075 ◦C, where
the scattering measurement lasts for 30 min. Thereafter, the sample was cooled down to
750 ◦C and was subsequently, again, investigated. The scattering patterns were analyzed,
corrected for the background scattering from the furnace, calibrated with water measure-
ments to an absolute intensity scale and merged with the software BerSANS 14-Aug-2014
(Darmstadt, Germany) [34]. The data was fitted with the software SASfit 0.94.11 (Villingen,
Switzerland) [35]. The γ′ precipitates were modeled as spherical particles with a log-normal
distributed particle size, and a Porod function was used for the background correction. The
scattering contrasts of the secondary and tertiary γ′ precipitates and the surrounding γ

matrix were calculated by using their chemical compositions, which were determined by
using atom probe tomography (APT) (Cameca Instruments, Madison, Wisconsin, USA) [36].
The resulting scattering contrast of the secondary γ′ precipitates is 1.18 × 1010 cm−2 and of
the tertiary γ′ precipitates is 8.28 × 109 cm−2.

An overview of the experimental methods is given in Figure 1.
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Figure 1. Schematic overview of the experimental methods and their sequence.

3. Results
3.1. Initial Homogenized Condition

Figure 2 shows an SEM image of the initial condition of the CoWAlloy1, which was
heat treated at 1250 ◦C for 3 h. The initial condition has a homogenized microstructure and
a median grain size of about 203 ± 34 µm. A slight residual segregation of the elements on
the dendrite scale is still present.
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Figure 2. SEM image of the homogenized microstructure of CoWAlloy1 after a heat treatment at
1250 ◦C for 3 h.

3.2. Mechanical Properties during High Temperature Deformation

Compression tests were performed at elevated temperatures on this initial condition
to determine the mechanical properties during the high-temperature deformation of CoW-
Alloy1. The specimens were subjected to different pre-heating temperatures before the
specimens were tested at various strain rates and temperatures. The results of the compres-
sion tests with different strain rates are shown and briefly described in the Supplementary
Material. Figure 3a shows the true stress as a function of the true plastic strain at a strain
rate of 10−3 s−1 and for varying pre-heating temperatures. Moreover, macroscopic images
of the samples after the compression tests at the different testing temperatures are shown
Figure 3b.
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Figure 3. (a) True stress as a function of the true plastic strain at a strain rate of 10−3 s−1 and different
pre-heating temperatures. (b) Macroscopic images of the samples after deformation at a strain rate of
10−3 s−1 and a pre-heating temperature of 1100 ◦C.

The strength decreases with increasing testing temperature. CoWAlloy1 has a yield
strength of about 350 MPa at a testing temperature of 1000 ◦C, whereas it is just about
50 MPa at 1150 ◦C. After a short period of work hardening, a constant plastic deformation
is noticeable at high testing temperatures. In contrast, the compression test of the specimen
that was pre-heated at lower temperatures and tested at 1000 ◦C reveals that there was
hardening until 15% strain, and a subsequent softening. The difference between both
pre-heating temperatures is relatively small at higher testing temperatures. However, the
higher pre-heating temperature leads apparently to less strengthening. No differences
can be noticed especially at higher testing temperatures. The sample, after deformation
at 1000 ◦C, reveals a surface with a lot of deep cracks (Figure 3b). Massive damage at the
rim area of the deformed sample occurred. A lower amount of cracks and smaller cracks
occurred with an increasing testing temperature. This indicates that there is a limited
workability for the material at lower temperatures and a better formability with almost no
cracks at higher testing temperatures.

3.3. Cracking during High-Temperature Deformation

More details of the deformed microstructure are revealed by the SEM images of
the tested samples. The microstructures of the samples with a pre-heating temperature of
1100 ◦C are shown in Figure 4. The samples were deformed with a strain rate of 10−3 s−1 to a
total strain of 50%. CoWAlloy1 has a deformed microstructure with a high amount of cracks
at a testing temperature of 1000 ◦C. The cracks are all over the surface, which grow deep into
the material and damage it (Figure 4a). The temperature at the given degree of deformation
is insufficient for recrystallization, and therefore, a typical deformation structure can be
noticed. The only recrystallized areas are at the grain boundaries and in the vicinity of
the crack tips (Figure 4b,c). After compression tests at a temperature of 1150 ◦C, the
microstructure is fully recrystallized, and a typical homogeneous grain structure is formed
(Figure 4d). The higher deformation temperature is sufficient for recrystallization and with
this, almost no or only small cracks appear at the surface (Figure 4e,f). Both conditions
reveal the γ′ phase after the compression tests (Figure 4c,f). However, the SEM images
represent the condition at room temperature after cooling down from 1000 ◦C or 1150 ◦C.
This temperature gradient and period of time for cooling is enough for the precipitation of
the γ′ phase, which is not present at the temperatures above the γ′ solvus temperature.
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Figure 4. SEM images of the samples after deformation at a pre-heating temperature of 1100 ◦C, a
strain rate of 10−3 s−1 and a testing temperature of (a–c) 1000 ◦C and (d–f) 1150 ◦C. Red arrows
indicate the partly recrystallized areas at the grain boundaries.

Figure 5 illustrates the quantitative determination of the crack area after deformation,
where the crack area fraction is plotted over the testing temperature. All conditions
reveal no obvious surface cracks at a testing temperature of 1100 ◦C and above, whereas
cracks or at least small cracks can be found at 1050 ◦C and below. The crack area fraction
decreases with increasing testing temperatures. The highest crack area fraction of about 5%
is measured at a testing temperature of 1000 ◦C and the higher pre-heating temperatures.
Above a threshold value of about 0.8% crack area fraction, cracks can be visually seen after
the deformation, whereas no cracks are noticeable below this threshold value.
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of 10−3 s−1 and total deformation strain of 50%. The dashed line indicates a threshold value for the
qualitative characterization of the samples. Below this threshold value no cracks could be observed
visually at the surface inspection.
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3.4. Oxidation

Additional annealing heat treatments were conducted at 1100 ◦C and 1200 ◦C for 1 h
to characterize the oxidation behavior of CoWAlloy1. The results of this investigation can
be seen in Figure 6.
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Figure 6. SEM images of the oxide layer after annealing at (a) 1100 ◦C/1 h and (b) 1200 ◦C/1 h.
(c) Thickness of the inner oxide layer and the interlayer at different oxidation temperatures. The red
dashed lines indicate the measured thickness of the inner oxide layer. The outer oxide layer was not
included in the measurement due to severe spallation after annealing at 1200 ◦C for 1 h.

Different oxide layers form at both annealing temperatures. The innermost oxide phase
is finger shaped and it is an Al-oxide, which has been confirmed by EDS measurements. The
biggest difference between both oxidation temperatures is the thickness of the interlayer,
which consists of different oxide types. A coarse-grained outer layer can be seen at 1100 ◦C
(Figure 6a), whereas no or only a small amount of this outer layer exists at 1200 ◦C. The
EDS measurements reveal that Co- and Ni-oxides form the outer layer. It seems that the
outer layer was spalled off during the oxidation and subsequent cooling or during the
sample preparation process (Figure 6b). Accordingly, the oxide thickness was determined
only by including the inner and the interlayer for a better comparability. Figure 6c reveals
a significantly thicker oxide layer at an annealing temperature of 1200 ◦C compared to a
thinner oxide layer at 1100 ◦C.

3.5. Neutron Scattering Measurements around the γ′ Solvus Temperature

The SANS measurements were conducted to determine the γ′ precipitate size distri-
butions and volume fractions above or below the γ′ solvus temperature. The absolute
macroscopic scattering cross section d∑/dΩ as a function of the scattering vector q is
plotted in Figure 7. The scattering curves at a temperature of 1075 ◦C and subsequent
cooling down to 750 ◦C are compared.

The scattering curve, after heating the material to 1075 ◦C, has the shape of a Porod
function, which is usually used to subtract the background or the very large particles of an
SANS measurement. This indicates that there is only the measured background and no or a
negligible amount of γ′ precipitates due to the equality of the measured data points and the
Porod function. After cooling down to 750 ◦C, the scattering curve takes the typical shape
of a condition with a bimodal γ′ precipitate size distribution. The curve can be fitted with
two partial curves representing the secondary and tertiary γ′ precipitates. The temperature
gradient and time for precipitation during cooling is sufficient to form a noticeable γ′

volume fraction of about 62%. Electron microscopy reveals a high γ′ volume fraction of
about 78% in the fully heat-treated condition of CoWAlloy1. The determined precipitate
sizes and volume fractions of the secondary and tertiary γ′ precipitates are summarized in
Table 2.
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Table 2. Mean radius r and volume fraction f of secondary and tertiary γ′ precipitates after cooling
to 750 ◦C as determined by using small-angle neutron scattering (SANS). The width parameter σ
represents the broadness of the γ′ log-norm size distributions and the standard deviation.

Condition
Secondary γ′ Tertiary γ′ Total γ′

r/nm σ/nm f/% r/nm σ/nm f/% f/%

750 ◦C 13.6 0.5 37 2.5 0.4 25 62

4. Discussion

The CoWAlloy1 has an increased strength and a high amount of cracks which form
during deformation when the present temperature is too low. This depends on the defor-
mation rate, as the deformation rate has an influence on the strength and work hardening
behavior of the alloy, the contact duration between the material and the rolls or dies and
thus, the temperature distribution in the material, etc. The used strain rates of the com-
pression tests are rather low when they are compared to those of the deformation rates
present during rolling and forging, nevertheless, the conducted compression tests at the
used parameters provide interesting insights in the alloy’s formability. Apparently, the
susceptibility for cracking increases below a critical temperature. The SANS measurements
revealed the precipitation of the γ′ phase below this temperature, i.e., the γ′ solvus temper-
ature. Accordingly, the limited formability of CoWAlloy1 below its γ′ solvus temperature
of 1070 ◦C [36] seems to be explained by the strengthening effect of the γ′ phase and the
lack of recrystallization.

When the hot bar encounters the cold rolls during hot rolling, the cracking starts at the
surface of the bar. A simple approach of a diffusion profile of two semi-infinite bodies, which
are in contact, can be used to simulate the temperature profile of the material during the
rolling process. Equation (1) describes the temperature Tξ at the distance to the surface ξ [37]:

Tξ,t =
TR + TM

2
− TR − TM

2
ERF

(
ξ

2
√

λT ·t

)
, (1)

TR is the temperature of the roll, TM is the temperature of the rolled material, λT is
the thermal conductivity and t is time. A thermal conductivity of 29.2 W/mK is assumed,
which corresponds to the value of the Co-base superalloy Haynes25 at 1000 ◦C [38]. The
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calculation is shown in Figure 8, where the temperature Tξ is plotted over the distance to
the surface after 1 s of contact.
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as well as the temperatures at which the SANS measurements were conducted are indicated by the
dashed lines.

The temperature decreases close to the contact point of the material surface with the
rolls. The temperature towards the contact point of the rolls and the rolled material is a
factor of about two lower as that which is in the material core. Material with an initial
temperature of 1200 ◦C or 1100 ◦C has a temperature of about 600 ◦C or 550 ◦C after
1 s of contact at the contact point, and then the temperature falls below the γ′ solvus
temperature at a distance of about 0.9 cm or 1.5 cm to the surface. The low temperatures
at the rim of the bar during rolling causes the massive precipitation of the γ′ phase. The
SANS measurements revealed a very high precipitate fraction of 62% due to it cooling
to 750 ◦C. Therefore, the formability is deteriorated due to the strengthening of the γ′

precipitates and the reduced ductility and cracking starts near the surface region, like the
specimen that was compressed at 1000 ◦C (Figure 3b), which was also below the γ′ solvus
temperature. This also explains the better formability of CoWAlloy2, 3 and 6, since their γ′

solvus temperatures, see Table 3 [36], and the strengths of their γ/γ′ microstructures are
significantly lower than that of CoWAlloy1. The γ′ solvus temperature of CoWAlloy1 is
about 40–80 ◦C higher than the solvus temperatures of the derivate alloys. Therefore, less
precipitation and less strengthening occur during hot rolling at the rim of the bar of the
derivative alloys.

Table 3. Determined γ′ solvus temperatures of CoWAlloy1, 2, 3 and 6 [36].

Alloy γ′ Solvus Temperature/◦C

CoWAlloy1 1070
CoWAlloy2 1030
CoWAlloy3 1006
CoWAlloy6 986

However, the question that considers why the specimens that were pre-heated for 1 h
at the higher pre-heating temperature of 1200 ◦C show more cracking during subsequent
compression at temperatures below the γ′ solvus temperature remains. To understand
this, the influence of the pre-heating temperature on the oxidation behavior was also
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characterized. In general, brittle oxides and the embrittlement of the grain boundaries can
lead to a pronounced cracking. This was already observed in other superalloys, such as
IN718 [39]. Apparently, the stronger oxidized surface, and thus thicker oxide layers and
deeper penetration (Figure 6c), facilitates more cracking if the pronounced precipitation of
the γ′ phase increases the strength and reduces the formability of the bulk material such
that the crack propagation starting from the oxides cannot be hampered.

Therefore, the temperature range of the rolling or forging process of CoWAlloy1 is
limited. The materials and deformation temperature should be above or at about that
of the γ′ solvus temperature due it resulting in a better formability and absent cracking.
However, an upper critical temperature for the materials does also exist, since at very high
annealing temperatures, the surface is damaged by severe oxidation after longer exposure
times, which also facilitates cracking if the temperature at the surface of the material falls
below the precipitation temperature of the γ′ phase.

5. Conclusions

The present study reveals the origins of crack formation and limited formability during
high temperature deformation of the polycrystalline CoNi-base superalloy CoWAlloy1.
The following conclusions can be drawn:

• CoWAlloy1 has a high strength and a limited formability below the γ′ solvus temperature;
• Cracking and a highly deformed microstructure occur at lower deformation tempera-

tures, while recrystallization and no cracking occurs at higher deformation tempera-
tures that are above that of the γ′ solvus temperature;

• Precipitation of the hardening γ′ phase is responsible for the high strength and crack-
ing susceptibility;

• Stronger oxidized surfaces at a higher pre-heating temperature seem to lead to
more cracking;

• SANS reveals a γ′ precipitate radius of about 14 nm for the secondary precipitates
and 3 nm for the tertiary precipitates and a total volume fraction of about 62% after
cooling down from 1075 ◦C to 750 ◦C;

• The combination of different analytical methods optimized on various length scales
provides the understanding of the deformation mechanism and possible cracking.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/met12091520/s1, Figure S1: True stress as a function of true
plastic strain at a pre-heating temperature of 1100 ◦C and different strain rates.
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