Article

Determining Hot Deformation Behavior and Rheology Laws of
Selected Austenitic Stainless Steels

Josef Némec !, Lenka Kuné¢icka 1%*, Petr Opéla !

check for
updates

Citation: Némec, J.; Kuncicka, L.;
Opéla, P.,; Dvoték, K. Determining
Hot Deformation Behavior and
Rheology Laws of Selected Austenitic
Stainless Steels. Metals 2023, 13, 1902.
https://doi.org/10.3390/
met13111902

Academic Editor: Qingsong Mei

Received: 21 October 2023
Revised: 12 November 2023
Accepted: 16 November 2023
Published: 17 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Karel Dvo¥ak 3

Department of Metallurgical Technologies, Faculty of Materials Science and Technology, VSB-Technical
University of Ostrava, 17. Listopadu 2172/15, 70800 Ostrava, Czech Republic; petr.opela@vsb.cz (P.O.)
Institute of Physics of Materials, Czech Academy of Sciences, Zizkova 22, 61600 Brno, Czech Republic
Faculty of Civil Engineering, Brno University of Technology, Veveti 331/95, 60200 Brno, Czech Republic
Correspondence: kuncicka@ipm.cz

Abstract: Due to their versatile properties, austenitic stainless steels have a wide application potential,
including in specific fields, such as the nuclear power industry. ChN35VT steel is a chromium-nickel-
tungsten type of steel stabilized by titanium, and it is suitable for parts subjected to considerable
mechanical stress at elevated temperatures. However, the available data on its deformation behavior
at elevated /high temperatures is scarce. The core of the presented research was thus the experimental
characterization of the deformation behavior of the ChN35VT steel under hot conditions via the
determination of flow stress curves, and their correlation with microstructure development. The
obtained data was further compared with data acquired for 08Ch18N10T steel, which is also known
for its applicability in the nuclear power industry. The experimental results were subsequently used
to determine the Hensel-Spittel rheology laws for both the steels. The ChN35VT steel exhibited
notably higher flow stress values in comparison with the 08Ch18N10T steel. This difference was
more significant the lower the temperature and the higher the strain rate. Considering the peak stress
values, the lowest difference was ~8 MPa (1250 °C and 0.01 s~1), and the highest was ~150 MPa
(850 °C and 10 s~1). These findings also corresponded to the microstructure developments—the
higher the deformation temperature, the more negligible the observed differences as regards the
grain size and morphology.

Keywords: austenitic stainless steel; deformation behavior; Hensel-Spittel; microstructure

1. Introduction

Due to their high corrosion resistance, favorable heat resistance, and other advanta-
geous properties, stainless steels are used in a wide range of industries [1,2]. They are
especially favorable for demanding applications [3,4]. For example, stainless steels are used
in the healthcare sector for instruments [5,6], implants [7,8], or stents [9-11]; in energetics
for hydrogen storage tanks [12]; or pipes for the transportation of fluids containing chloride
ions in solar power plants [13]; in nuclear technology applications [14,15]; as well as for the
blades of gas turbines [16,17]; combustion chambers [18,19]; fuel cells [20], etc.

The ChN35VT and 08Ch18N10T austenitic stainless steels (the first mentioned is equiv-
alent to the H23020 steel type, while the latter is equivalent to the AISI 321 steel type) are
both alloyed with high volumes of nickel and chromium, and stabilized with titanium.
Due to the significant volume fraction of the alloying elements, the steels typically feature
high volumes of grain boundary precipitates, such as complex carbides of Cr, Fe, Mn,
Ni, and Ti [21], or titanium carbonitrides [22]. As titanium is a powerful carbide-forming
element, it preferentially binds carbon and thereby advantageously reduces the probability
of the formation of undesirable (Fe, Cr)3Cg carbides, which negatively affect the material
properties in the temperature range of 400-800 °C [23,24]. The formation of Cry3C¢ carbides
at grain boundaries reduces the amount of dissolved chromium, thereby decreasing the cor-
rosion resistance [25,26]. Titanium does not only react with carbon and nitrogen to produce
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carbonitrides [27], but also decreases the susceptibility to intergranular stress corrosion
cracking by minimizing chromium carbide precipitation along the grain boundaries [28],
and effectively suppresses recrystallization during forming [29], all of which enhances the
mechanical properties and increases the lifetime of the final products [30,31]. Compared
to 08BCh18N10T steel, the corrosion resistance of ChN35VT steel is even more enhanced
by the addition of ~3 wt.% of tungsten [32]. Another difference between these two steels
that is worth mentioning is the nickel content, which is significantly higher for ChN35VT
steel (~36 wt.% compared to ~11 wt.% for the 08Ch18N10T steel) [33]. Nevertheless, the
available literature sources on the mechanical behavior of ChN35VT steel, especially at
elevated and hot temperatures, and moreover in correlation with structure development,
are scarce.

Austenitic steels are typically produced in electric arc furnaces and subsequently cast
via continuous casting in the form of blocks, slabs, or, in special cases, in molds [34]. The
blanks of such steels can be further processed using conventional methods of plastic defor-
mation, such as rolling [35,36]—for example, sheets of 08Ch18N10T steel are typically rolled
under hot, and, subsequently, cold conditions [37]—drawing (tubes [38,39]), or forging [24].
However, non-conventional methods [40], e.g., rotary swaging [41-44], modified rolling
processes [45,46], or methods of severe plastic deformation (SPD), such as various types of
the equal channel angular pressing (ECAP) method, [47-53], can also be used. Last but not
least, austenitic stainless steels have recently been a subject of additive manufacturing (3D
printing) [54-57], possibly in combination with other deformation processes, which can
advantageously affect the final properties of as-built materials [58,59].

The main aim of this research was to examine the hot deformation behavior of the
above-discussed ChN35VT steel. As far as the authors” knowledge reaches, this topic has
not been sufficiently researched so far. The examination is performed via the evaluation
of experimentally acquired flow stress data, characterized in a wide range of thermo-
mechanical conditions. The data on the mechanical behavior was further correlated with
corresponding microscopic analyses. In addition, the acquired data was processed by a
nonlinear regression analysis with the application of the Hensel-Spittel rheological law,
which resulted in the development of a flow stress prediction that can further be used to
enhance the material databases of FEM simulation software. In order to validate the results
acquired for the ChN35VT steel, a comparison with another steel used in the nuclear power
industry, i.e., the mentioned 08Ch18N10T stainless steel, was finally performed.

2. Materials and Methods
2.1. Experimental Material

Both the ChN35VT and 08Ch18N10T steels investigated in this research were produced
and supplied by ZDAS, a. s. (ZDAS, a. s., Zd'ar and Sazavou, Czech Republic). These
steels feature different chemical compositions, primarily as regards the Ni content—see
Table 1 summarizing the chemical compositions of the steels. Both the austenitic stainless
steels were produced in electric arc furnaces, cast into ingots, and deformation processed
by rolling under hot conditions into bars with ~12.3 mm in diameter; see the mechanical
properties of the delivered steel bars in Table 2. The bars were then machined into testing
specimens with the final diameter of 10 mm and length of 15 mm.

Table 1. Comparison of chemical compositions of investigated stainless steels (contents in wt.%).

Steel Type Ni Cr W Mn Ti Si S P C
ChN35VT 34-38 13.5-16.5 2.7-3.7 1-2 1.2-19 <0.8 <0.03 <0.045 <0.12
08Ch18N10T 9.5-12.0 17.0-19.0 <2 >5x%C <10 <0.03 <0.045 <0.10




Metals 2023, 13, 1902

30f15

Table 2. Comparison of mechanical properties of investigated stainless steels.

Rp(),z Rm A KCU (RT)
Steel Type [MPal [MPal %] [J/em?]
ChN35VT 392 735 15 59
08Ch18N10T 195 550750 35 80

2.2. Hot Compression Testing

The deformation behavior of the ChIN35VT steel at elevated and hot temperatures
was investigated via evaluation of the development of flow stress under various thermo-
mechanical conditions. To acquire the required flow stress data, hot uniaxial compression
tests were performed under six individual deformation temperatures (850, 900, 970, 1060,
1150, and 1250 °C), and four strain rates (0.01, 0.1, 1, and 10 sfl)—i.e., 24 tests were
performed in total. For the purposes of comparison of the acquired data with another steel
commonly applied in the nuclear power industry, 08Ch18N10T (AISI 321) steel was tested,
too. However, since the behavior of 08Ch18N10T steel has already been well-researched
(e.g., [60-63]), the testing was performed only under selected conditions—see Table 3.

Table 3. Examined hot compression test conditions: ChN35VT (a) and 08Ch18N10T (b).

T CO/e (s71) 0.01 0.1 1 10
850 a a a a
900 a a,b a,b a,b
970 a a a a
1060 a,b a,b a,b a,b
1150 a a a a
1250 a a ab a

The hot compression tests were performed using the above described machined
cylindrical samples. Each sample was subjected to the following testing procedure: The
required deformation temperature was achieved via direct electric resistance heating with
a heating rate of 5 °C-s~. Before performing the deformation, a dwell time of 300 s on
the selected temperature was applied. Temperature control was mediated via a pair of
thermocouple wires of K-type (i.e., Ni-Cr (+) and Ni-Al (—)), and R-type (Pt-13%Rh (+)
and Pt (—)) for the temperatures of 850 °C to 1150 °C, and the temperature of 1250 °C,
respectively. The thermocouples were welded on the surfaces of the testing samples
(in the middle length). The compressive deformation was realized up to the true strain
value of —1.1 to ensure sufficient reliability of the data up to the true (logarithmic) strain
of —1.0. Each of the deformed samples was then quenched for 60 s by pressurized air.
The testing chamber was held under vacuum until the quenching stage to prohibit any
development of oxidation processes. The sample—anvil interface was treated by tantalum
foils in combination with a nickel-based high-temperature grease to decrease friction forces
and inhibit anvil wear during testing. The described procedure was performed with the
use of the Gleeble®Thermal-Mechanical Simulator equipped with the Hydrawedge testing
unit (Dynamic Systems Inc., Poestenkill, NY, USA).

2.3. Structure Analyses

Having performed the compression testing, selected characteristic samples were
subjected to subsequent structure observations. These were performed on cross-sectional
cuts from the deformed testing samples. The analyses were carried out using scanning
electron microscopy (SEM); a Tescan Lyra 3 XMU FEG/SEMxFIB microscope (Tescan Orsay
Holding a.s., Brno, Czech Republic) equipped with a Symmetry EBSD detector (Oxford
Instruments, Abingdon, UK) was used for these purposes. The samples for the SEM-EBSD
analyses were prepared by manual grinding on SiC papers, subsequent manual polishing,
and final electrolytic polishing. The scanned area was 150 x 150 um? for each sample,
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and the scan step was 0.2 pm. The acquired microstructure data was evaluated using the
AZtecCrystal software (https://nano.oxinst.com/azteccrystal, accessed on 15 November
2023, Oxford Instruments, Abingdon, UK). The limits for the grains and grain boundaries
considered during the evaluations were 5° for LAGB (low-angle grain boundaries), and
15° for HAGB (high-angle grain boundaries).

2.4. Calculating the Rheology Law

Bearing in mind various approaches to assemble a suitable rheology model to charac-
terize the deformation behavior of metallic materials, see, e.g., [64,65], the Hensel-Spittel
rheology law (Equation (1)) [66—68] was selected to describe the relationship between the
flow curve predictors (i.e., temperature, strain rate, and true strain), and corresponding
outcome (i.e., true flow stress):

c=A- eml-T LMo L g em4/e . (1 + €)m5-T . eM7E . ém3 . émg.T 1)

where T (°C), & (s !), e (—), and ¢ (MPa) are deformation temperature, strain rate, true
strain, and true flow stress, respectively, A, my, mp, m3, my, ms, my, mg, and mgy are material
parameters, and e (—) is Euler’s number. The material parameters were established via
the method of nonlinear least squares, with the application of the Levenberg—Marquardt
optimization algorithm [69,70] (performed using the GNU Octave-4.2.1 software equipped
by the optim-1.5.2 package, free software). The algorithm uses an initial estimate of material
parameters (usually taken from a previous regression analysis) and iteratively refines this
estimate to find the most precise fit with the experimentally acquired hot compression
data. In other words, the algorithm attempts to find parameters for which Equation (1)
provides the lowest possible value of a fitness function (a sum of squared errors in this
case). The refining of the initial estimate via iteration algorithms has the following general
form (Equation (2)):

Biv1=pi+0 2)

where f; and ; + 1 represent m x 1 vector of the material parameters from previous and
subsequent iteration step, respectively, m corresponds to the number of material parameters
(nine in our case). The m x 1 increment vector ¢ then contains values for the modification of
previous iteration step parameters, and in the case of the Levenberg—-Marquardt algorithm,
it has the following form (Equation (3)):

§=—(H+A-diag[H]) ™" - V4F )

where VgF is the m x 1 vector of fitness function gradients. The m x m Hessian matrix of
second-order partial derivatives, H, is then given by multiplication of m x n transposed
Jacobian matrix and n x m Jacobian matrix containing partial derivatives of the fitness
function with respect to the examined material parameters, where # corresponds to the
number of observations (datapoints). The A-parameter is then a damping factor, the value
of which is influenced by returned iteration step fitness function value.

3. Results
3.1. Rheology Law

The material parameters, i.e., A and m; — myg, established to fit the experimental flow
stress curves for both the studied steels, are summarized in Table 3. The suitability of the
regression fit of the assembled Hensel-Spittel rheology model is supported by low root
mean squared error (RMSE) values and high values of the Pearson correlation coefficient
(R)—see Table 4. A graphical comparison of the numerically acquired data with the
experimentally acquired ones is also offered in Section 3.2.
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Table 4. Hensel-Spittel rheology law parameters.

Parameter ChN35VT 08Ch18N10T

A 0.11849 165,812,128.83665
m —0.00520 —0.00131
my 0.26891 0.17785
ms —0.22211 —0.36327
My —0.00472 —0.02081
ms —0.00128 —0.00113
my 0.12993 0.29098
mg 0.00034 0.00047
Mo 1.94258 —1.74049

RMSE (MPa) 14.30052 8.40329
R 0.99238 0.99307

3.2. Deformation Behavior

Figure 1a—f show the flow stress curves (stress—strain curves) for the ChN35VT steel
acquired experimentally at the temperatures of 850, 900, 970, 1060, 1150, and 1250 °C, and
strain rates of 0.01, 0.1, 1, and 10 s~ ! (dashed lines). As previously mentioned, these curves
were used to assemble the Hensel-Spittel rheological model presented in Section 3.1. In
order to demonstrate the model accuracy, the experimental curves showed in Figure 1a—f
were supplemented with flow stress curves calculated based on the assembled model (solid
lines). Figure 2a—f then show the flow stress (stress—strain) curves for the 08Ch18N10T
steel acquired experimentally (dashed lines), and calculated numerically according to
the Hensel-Spittel model (solid lines). However, since this steel has been the subject of
investigations of various other researchers, we experimentally tested this material only
under a limited number of temperature-strain-rate combinations and the experimentally
acquired flow stress curves are available only for selected conditions. Nevertheless, this
limited number of experimental observations was sufficient to assemble the Hensel-Spittel
model, which further enabled the prediction of the flow stress curves also for the conditions,
which were not experimentally tested herein (solid lines).
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Figure 1. Experimentally acquired and Hensel-Spittel model created flow stress curves for ChN35VT
steel: (a) 1250 °C; (b) 1150 °C; (c) 1060 °C; (d) 970 °C; (e) 900 °C; (f) 850 °C.
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Experimentally acquired and Hensel-Spittel model created flow stress curves for

08Ch18N10T steel: (a) 1250 °C; (b) 1150 °C; (c) 1060 °C; (d) 970 °C; (e) 900 °C; (£) 850 °C.

For both the steels, the higher the temperature and lower the strain rate, the lower
the flow stress. As can be seen from the presented figures, the majority of the acquired
curves exhibited a flow stress increase up to the peak point, which was directly followed
by a steady-state (the flow stress curve acquired experimentally for the ChN35VT steel at
850 °C and 0.01 s}, Figure 1f, exhibited a local minimum before the end of the test; this
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local flow stress decrease could most probably be attributed to an unexpected short-term
temperature increase due to a software error). However, exceptions to this were the curves
acquired under higher temperatures and lower strain rates, for which a small flow stress
decrease followed by a gradual transition to a steady-state after reaching the peak point
was observed. Also, the strain rate evidently affected the flow stress values the most at
the higher deformation temperatures (1250 °C and 1150 °C). At the lower deformation
temperatures, the differences between the flow stress values for the different strain rates
were not so striking. This effect was more notable for the ChN35VT steel than for the
08Ch18N10T steel.

When comparing the ChN35VT and 08Ch18N10T steels, it is clear that the flow
stress values of the studied ChN35VT steel were significantly higher than those of the
08Ch18N10T steel, under otherwise identical hermos-mechanical conditions. It is also
apparent that the lower the temperature, the more significant these differences.

3.3. Microstructure Observations

The microstructure characterization via SEM-EBSD mapping was performed for both
the steels, for samples deformed at the temperatures of 900 °C and 1060 °C, and strain
rates of 0.1 s~ and 10 s~ 1. In order to observe the grain morphology, analyses of the
band contrast images were performed. Figure 3a,b depict examples of the microstructures
acquired for the ChN35VT steel deformed at 1060 °C and 900 °C and at a strain rate of
10 s~1, while Figure 3c,d show the microstructures acquired for the 08Ch18N10T steel
deformed at 1060 °C and 900 °C and at a strain rate of 10 s—!. Evidently, the samples of
both the steels deformed at the higher temperatures exhibited a rather significant presence
of twins, whereas the microstructures of both the steels deformed at the lower temperature
featured highly refined grains. Also, the microstructures of the ChN35VT steel generally
appeared to be more uniform than those of the 08Ch18N10T steel.

b)

o e g @

Figure 3. Band contrast images for ChN35VT steel deformed at 1060 °C, 10 s~ 1 (a); 900 °C, 1051 (b);
08Ch18N10T steel deformed at 1060 °C, 10 s~ (c); 900 °C, 10 s~ (d).
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In order to quantify the results and document the effects of the applied hermos-
mechanical conditions in greater detail, further microstructure analyses were performed.
Figure 4a—-d show the results of the analyses of the grain orientations and grain boundaries
depicted via the orientation image maps (OIM) for the ChN35VT steel deformed at 1060 °C
and 900 °C and at 0.1 s~! and 10 s}, respectively. Figure 5a-d then correspondingly show
the results of such analyses depicted via OIM for the 08Ch18N10T steel. The results of
the grain size analyses, depicted by the area-weighted fractions of grain areas in um?, for
the examined samples are further shown in Figure 4e-h for the ChN35VT steel, and in
Figure 5e-h for the 08Ch18N10T steel.

The microstructure observations showed that the ChN35VT steel deformed at higher
temperatures exhibited equiaxed grains with more or less random orientations for all the
examined strain rates (Figure 4a—c). For the sample deformed at 1060 °C, the average grain
size was slightly larger for the lower testing strain rate of 0.1 s}, i.e., 20.1 um?. For the
higher strain rate of 10 s~ it was 16.7 pm?. The sample deformed at the strain rate of 10 s~
featured a higher overall fraction of HAGB (97.3%), although both the samples featured a
majority of HAGB (a portion of 84.9% of HAGB was observed within the microstructure
of the sample deformed at the strain rate of 0.1 s~!). Also, the fraction of the <111>60°
twin boundaries was higher for the sample deformed at the higher strain rate; compared to
31.5% observed for 0.1 s, 44.8% was observed for 10 s~ L.

On the other hand, the microstructures of the samples deformed at the lower tem-
perature of 900 °C exhibited highly deformed grains at all the examined strain rates
(Figure 4b—d). Specifically, the sample deformed at the strain rate of 0.1 s~! exhibited a
high fraction of elongated grains, surrounded with small equiaxed grains of more or less
random orientations (i.e., necklace-like structure). The HAGB fraction for this sample
was 69.5% (compared to a portion of 82.5% of HAGB observed within the microstructure
of the 900 °C and 10 s~! sample), and its average grain size was 3.8 um? (although the
structure exhibited also larger grains with the areas reaching up to 80 um?, see Figure 4f).
Increasing the strain rate to 10 s~! contributed to grain fragmentation, the microstructure
exhibited a higher fraction of small equiaxed grains, and also a smaller average grain size
of 3.0 um?. The grain structure was more uniform when compared to the 0.1 s~! sample
and the largest grain reached only to less than 50 um?, see Figure 4h). The higher strain
rate also supported the occurrence of the twinning phenomenon; compared to the 19.9%
fraction of <111>60° twin boundaries observed for the 900 °C and 10 s~! sample, there was
a negligible occurrence of twin boundaries within the 900 °C and 0.1 g1 sample (4.2%, see
Figure 4b).

Similar to the ChIN35VT steel, the structure observations of the 08Ch18N10T steel
showed that the microstructures of the samples deformed at higher temperatures exhibited
equiaxed grains with more or less random orientations at all the examined strain rates
(see Figure 5a—c). The average grain size for this steel deformed at the temperature of
1060 °C was slightly larger when compared to the ChN35VT steel deformed at the identical
temperature (26.3 um? for the strain rate of 0.1 s71, and 21.9 um? for the higher strain rate
of 10 s~1). However, the applied strain rate imparted significant differences in the fractions
of HAGB, and, namely, the fractions of the <111>60° twin boundaries. The HAGB fraction
for the 1060 °C and 0.1 s~! 08Ch18N10T steel sample was 62%, 8.2% of which were twin
boundaries. On the other hand, the 1060 °C and 10 s} sample featured a fraction of 93.4%
of HAGB, 34.1% of which were twin boundaries.

The morphologies of the grains of the samples processed at the deformation temper-
ature of 900 °C were comparable to those observed within the samples of the ChN35VT
steel. However, the grain size was larger for the 08Ch18N10T steel, similar to the samples
deformed at 1060 °C. The average grain size of the 900 °C and 0.1 s~! sample was 6.2 um?,
while for the 900 °C and 0.1 s~ ! sample it was 8.8 um? (Figure 5f-h). For the 08Ch18N10T
steel deformed at 900 °C, both the examined samples exhibited high fractions of elongated
grains. The fractions of HAGB in the samples deformed at 0.1 s~ and 10 s~ were 58.9%
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and 48%, respectively. The occurrence of twin boundaries within the microstructures of

both the 08Ch18N10T steel samples deformed at 900 °C was negligible (Figure 5b—d).
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Figure 4. OIM images for ChN35VT steel deformed under specific conditions: 1060 °C, 0.1 s71 (a);
900 °C, 0.1 s~1 (b); 1060 °C, 10 s~ ! (c); 900 °C, 10 s~ 1 (d). Grain size depicted via area-weighted grain
areas for ChN35VT steel deformed under specific conditions: 1060 °C, 0.1 s (e); 900 °C, 0.1 s~ (f);
1060 °C, 10 s~ (g); 900 °C, 10 s~ (h).
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Figure 5. OIM images for 08Ch18N10T steel deformed under specific conditions: 1060 °C, 0.1 s~
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4. Discussion

The hot compression tests performed for the two selected austenitic steels provided
valuable insights into their mechanical behaviors at elevated temperatures. The stress—
strain curves acquired for both the steels showed that the flow stress only increased up
to the peak point and then gradually decreased, or remained more or less constant (i.e.,
steady-state was established). In other words, neither the ChN35VT nor the 08Ch18N10T
steel generally exhibited any significant flow stress decrease after the peak point was
reached. Therefore, the development of intensive softening during the deformation ongoing
after reaching the peak stress value seemed to be aggravated for both the steels. This
phenomenon can most probably be attributed to the additions of relatively high amounts
of elements featuring higher melting temperature (especially Cr or W, see Table 1) in both
the steels, which can not only promote precipitation, but also increases the activation
energy of recrystallization and thus aggravates the development of this dynamic softening
mechanism [71]. The ChN35VT steel generally exhibited higher true flow stress values
compared to the 08Ch18N10T one under identical thermo-mechanical conditions. This
difference could most probably again be attributed to certain differences in the chemical
composition, the most prominent of which were the differences in the contents of W and
Ti (see Table 1) [72]. W can be considered to have a major effect on the grain size, as the
addition of 1 wt. % W was reported to reduce the austenite grain size of the steel deformed
at temperatures above 950 °C substantially [73]. This conclusion is supported by the fact
that the 08Ch18N10T steel exhibited larger average grain sizes than the ChN35VT steel for
all the investigated thermo-mechanical conditions.

When the different processing conditions were compared, both the investigated steels
exhibited similar behaviors as regards the microstructure development. However, certain
differences could be seen. During deformation at lower temperatures, the grains of both
the investigated steels were deformed and significantly elongated; see Figures 3b,d, 4b,d
and 5b,d, acquired for the steels deformed at 900 °C. Deformation at this temperature
thus evidently supported the development of deformation substructure [74], especially
for the 08Ch18N10T steel. On the contrary, for higher deformation temperatures, the
grains were equiaxed and more or less randomly oriented, see Figures 3a,c, 4a,c and
5a,c, acquired for the steels deformed at 1060 °C. It can thus be said that deformation
temperatures above ~1000 °C promote the development of dynamic recrystallization
regardless of the applied strain rate [71]. The results also showed that the higher the
strain rate, the more intense the development of dynamic recrystallization within the
steels. In other words, increasing the strain rate supported dynamic recrystallization. This
effect was significant especially for the ChN35VT steel, for which the increase in the strain
rate supported substantially the development of dynamic recrystallization even at lower
temperatures. Dynamic recrystallization is typically promoted by higher temperatures and
lower strain rates [71]. However, the situation can be more complicated if precipitation
takes place, as precipitation is known to delay the recrystallization processes Nevertheless,
as precipitation requires a nucleation time period to develop, higher strain rates can inhibit
this process and thus promote dynamic recrystallization and vice versa, i.e., lower strain
rates can support precipitation and thus delay dynamic recrystallization. The applied strain
rate also influences significantly the fraction of the <111>60° grain boundaries, i.e., twin
boundaries. The results of the microstructure observations showed that the occurrence
of twin boundaries after deformation at the lower strain rate was negligible. This can
be explained by the fact that lower strain rates support the dislocation slip deformation
mechanism, while twinning is a deformation mechanism supported by higher strain rates
and/or lower temperatures [75]. Therefore, the twinning deformation mechanism is
supported when the dislocations movement is aggravated, i.e., when the dislocations are
not provided with sufficient time to pass through the lattice.

The validity of the original Hensel-Spittel model, which is implemented in the rheol-
ogy databases of a wide range of FEM (finite element method)-based software, is limited
for predicting the deformation behaviors of the steels primarily at lower temperatures, for
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which it corresponds well with the experimentally acquired data. Therefore, determining
the Hensel-Spittel equation, which would be applicable even at elevated and high tempera-
tures, does not only provide an easy flow stress prediction, but, at the same time, enables
the broadening of the inbuilt rheology databases of various FEM simulation software. A
shortcoming of the presented rheology model is, however, that the description of the strain—
stress curves at high temperatures is still not completely accurate after the stress value
drops and the steady state is reached. This limitation is related to the fact that the Hensel-
Spittel model does not incorporate the independently calculated peak point coordinates;
thus, it does not describe the areas before the peak and after the peak separately.

5. Conclusions

The presented research focused on the characterization of the influence of thermo-
mechanical parameters, i.e., temperature and strain rate, on the deformation behavior, i.e.,
stress—strain curves, and the microstructures of the ChN35VT and 08Ch18N10T austenitic
stainless steels. The acquired experimental results were also used to determine the Hensel-
Spittel rheology laws. Through a comprehensive analysis of the experimental results and
subsequent discussions, the following key findings emerged:

- The ChN35VT steel showed higher flow stress values than the 08Ch18N10T steel;

- The 08Ch18N10T steel exhibited a larger grain size at all the tested strain rates and
temperatures (at both the strain rates, the grain size for the 08Ch18N10T steel was
approx. doubled at 900 °C, and ~1.3 times larger at 1060 °C);

- The ChN35VT steel microstructure generally exhibited higher fractions of high-angle
grain boundaries, which points to the development of dynamic recrystallization;

- The mathematical description of the experimental data via the Hensel-Spittel models
provided satisfactory curve fits, especially at lower temperatures;

- The developed Hensel-Spittel rheology low for the ChN35VT steel was

7
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