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ABSTRACT: Plastometric experiments, supplemented with numerical simulations using the finite element method
(FEM), can be advantageously used to characterize the deformation behavior of metallic materials. The accuracy of
such simulations predicting deformation behaviors of materials is, however, primarily affected by the applied rheology
law. The presented study focuses on the characterization of the deformation behavior of AISI 1045 type carbon steel,
widely used e.g., in automotive and power engineering, under extreme conditions (i.e., high temperatures, strain rates).
The study consists of two main parts: experimentally analyzing the flow stress development of the steel under different
thermomechanical conditions via uniaxial hot compression tests and establishing the rheology law via numerical
simulations implementing the experimentally acquired flow stress curves. The numerical simulations then not only
serve to establish the rheology law but also to verify the reliability of the selected experimental process. The results of the
numerical simulations showed that the established rheology law characterizes the behavior of the investigated steel with
sufficient accuracy also at high temperatures and/or strain rates, and can, therefore, be used for practical purposes. Last
but not least, supplementary microstructure analyses performed for the samples subjected to the highest deformation
temperature provided a deeper insight into the effects of the applied (extreme) thermomechanical conditions on the
behavior of the investigated steel.

KEYWORDS: Rheology law; numerical simulation; finite element method; hot compression test; deformation behav-
ior; microstructure

1 Introduction
Processes of materials forming involve numerous technologies providing the products with required

shapes and dimensions. However, forming methods simultaneously influence the resulting microstructures
and thus the final mechanical properties [1–5]. Forming technologies, conventional (e.g., rolling, forging,
drawing, and extrusion [6–9]), as well as unconventional (e.g., severe plastic deformation methods [10], such
as Equal Channel Angular Pressing (ECAP) [11], ECAP with Partial Back Pressure (ECAP-PBP) [12,13], or
Twist Channel Angular Pressing (TCAP) [14,15], cumulative and multi-axial forming [16–18], or rotary swag-
ing [19–21]), are used to produce a wide range of components in numerous industrial fields, such as nuclear an
power engineering [22], construction of vehicles [23], or bioengineering and medicine [24]. The majority of
the forming methods can be applied to process a variety of different materials; however, each material reacts
to a forming procedure differently. In other words, different materials typically feature different deformation
behaviors, moreover, when formed under different thermomechanical conditions [25,26].
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Although the deformation behaviors of metallic materials usually differ, they are not directly related to
a specific forming technology. On the other hand, by optimizing the processing conditions of a production
technology according to the behavior of a particular material, its final mechanical and utility properties can
be tailored [27,28]. This applies to the entire range of metallic materials, from lightweight alloys [29,30],
through heavy alloys [31,32] and superalloys [33–35], to various composites [36–38]. Characterizing the
deformation behaviors of metallic materials is highly important to make production processes more efficient.
The deformation behavior of a specific material can be advantageously characterized with the help of
plastometric experiments, such as uniaxial tension, compression, or torsion tests [39–41]. Moreover, uniaxial
compression or torsion tests carried out under hot conditions enable mapping of the influences of various
processing parameters (i.e., thermomechanical conditions), such as strain, strain rate, and temperature, on
flow stress development of the formed material [42–44]. The flow stress of a metallic material is directly
related to the acting external forces. In other words, the flow stress affects directly the magnitudes of forces
necessary to change the shape and dimensions of a formed workpiece [45–47]. In addition, the shapes of the
flow stress curve, i.e., dependences of the flow stress on strain, strain rate, and temperature, can be examined
to assess both the kinetics and type of occurring softening processes (recovery, recrystallization) [48–51].
To confirm the estimated beginning (and development) of dynamic recovery (DRV) and recrystallization
(DRX), supplementary electron microscopy analyses of micro/substructure can favorably be used [52,53].

The experimentally acquired flow stress curves can also advantageously be used to establish rheological
laws, which subsequently enable us to assemble numerical simulations of various forming processes using
the finite element method (FEM), and reliably predict the deformation behavior of a given material
under a variety of applied thermomechanical conditions [54–56]. A rheology law can take various forms,
from a whole series of parametric equations (various forms of which have been developed), to complex
structures based on artificial neural networks and other machine learning techniques [57–60]. For example,
Ji et al. [61] studied the deformation behavior of TC21 alloy for hot forming, DEFORM software was used
to simulate the compression process of the forged alloy, Lv et al. [62] investigated the constitutive equation
combined with the Zerilli-Armstrong (ZA) model. Based on the constitutive equation, the influence of the
rolling process and its parameters on the deformation behavior by FEM was investigated, Lin et al. [63]
optimized the hot deformation behavior for 7005 alloys by investigating the closed die forging processing
parameters by integrating 3D processing maps and FEM numerical simulations in QFormUK software for
automotive wheel hubs, Wu et al. [64] studied flow stress behavior characterized by Arrhenius constitutive
model. The macroscopic compression tests were simulated by the FEM in the DEFORM software and the
dynamic recrystallization was described by the critical strain model, González-Castillo et al. [65] used FEM
simulations in DEFORM software to study the behavior of medium Mn steel during the hot rolling process.
They predict the evolution of temperature and effective deformation during the hot rolling process using
numerical simulations, Kim et al. [66] performed hot compression tests to determine the flow behavior
during the hot deformation of the forged Ti-6242 alloy. The experimental data were then used to calculate
the parameters of the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model, which was implemented in the
DEFORM software used for FEM simulations of the hot forging process, and Huo et al. [67] tested the
7Cr7Mo2VSiNi steel with hot compression tests on a plastometer. Based on the flow stress curves was
established constitutive model of dynamic recovery and dynamic recrystallization. The flow stress was
predicted according to the established Arrhenius model which was imported into the software DEFORM for
FEM simulations. A robust rheology law implemented in FEM-based software enables us to perform reliable
numerical simulations and thus economize the production process by minimizing experimental time, costs,
and waste.
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The presented study focuses on the AISI 1045 steel type, which is commonly used to fabricate various
axles and couplings, components in the automotive, heat and gas pipes, etc. [68–71]. The primary aim is
mapping its deformation behavior under a variety of hot forming conditions and subsequently establishing a
respective rheology law suitable to simulate a variety of forming processes when implemented into numerical
software. The experimental analysis is carried out using uniaxial compression tests and supplemented with
microscopy observations. To establish the Hensel-Spittel type rheology law, non-linear regression analysis
is applied to determine the necessary material parameters. Last but not least, numerical simulations of the
experimentally realized uniaxial hot compression tests are performed to verify the reliability of the rheology
law and perform mapping of the deformation behavior of the studied AISI 1045 steel in a greater depth.

2 Experimental Procedures

2.1 Uniaxial Hot Compression Testing
To map the flow stress behavior of the AISI 1045 (its chemical composition is given in Table 1) steel

under hot working conditions and thus gain the basis for the subsequent establishment of the rheology law
and FEM simulations the studied steel was subjected to a series of uniaxial hot compression tests. The testing
procedure was performed using the Gleeble 3800 thermomechanical simulator equipped with a Hydrawedge
II testing unit.

Table 1: Chemical composition of studied AISI 1045 carbon steel

Element C Mn Si Cr Ni Cu P S
wt. % 0.42–0.5 0.5–0.8 0.17–0.37 0.25 0.3 0.3 0.4 0.4

The original material was in a conventionally rolled and normalized state. The rolled + normalized
steel bar (i.e., initial material state) was cut and machined into the form of cylindrical compression test
samples with a diameter of 10 mm and height of 15 mm. The experiments were performed at five temperatures
(900○C, 1000○C, 1100○C, 1200○C, and 1280○C) which were combined with four strain rates (0.1, 1, 10, and
100 s−1). The maximum true (logarithmic) strain for the compression test was set to 1 for all experiments.
During the testing, direct electric resistance heating with a heating rate of 5○C⋅s−1 was applied to a specific
deformation temperature (900○C, 1000○C, 1100○C, 1200○C, and 1280○C). Each tested sample was immediately
after deformation freely cooled by heat transfer to the anvils. The testing chamber was maintained under
a high vacuum to prevent oxidation processes. The above-described testing procedure provided in total of
twenty flow stress curves mapping the flow stress development of the examined steel in a wide range of
thermomechanical conditions. To assemble the nonlinear dependencies of true flow stress on true strain,
strain rate, and deformation temperature, load force (acquired by a load cell) and absolute deformation
(i.e., anvil displacement measured by a linear variable differential transformer transducer) were recalculated
according to the following Eqs. (1) and (2) [20]:

ε = ln(h0 − Δh
h0

)∣
T , ε̇

(1)

σ = F
π ⋅ d2

0
4

⋅h0

h0−Δh
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(2)
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where ε (-) is true strain, h0 (mm) is initial sample height, Δh (mm) is absolute deformation, T (○C) is
deformation temperature, ε⋅ (s−1) is strain rate, σ (MPa) is true flow stress, d0 (mm) is initial sample diameter,
and F (N) is loading force [45].

2.2 Microstructure Analysis
The microstructures of selected samples after the uniaxial hot compression test were examined by

scanning electron microscopy (SEM). The Tescan FERA 3 was used for SEM. The microstructure evaluation
using the electron backscattered diffraction (EBSD) method EDAX DigiView V camera aimed to investigate
in a greater depth the correlation of grain sizes and orientations with the occurrence of softening processes,
as well as to complement the FEM simulations. Data acquisition was performed using APEX 2.5 software
and the acquired EBSD data was evaluated using Orientation Image Map (OIM) 8.6 software by EDAX,
Ametek Inc. To prepare samples for the observations, the samples subjected to the uniaxial hot compression
tests were cut longitudinally, i.e., the cutting plane corresponded to the axial plane of the greatest horizontal
cross-section of the compressed barrel (corresponds Observed Plane) and were prepared by mechanical and
polishing using the contemporary method C-35 [72]. SEM and EBSD analyses were performed at the center
of such a cross-section for each sample.

3 Assembling the Simulation

3.1 Establishing the Law of Rheology
The basis for numerical simulations is the use of a constitutive model. The experimental data was

used to construct a mathematical formulation that describes the relations between the flow stress, σ ,
and corresponding predictors, ε, ε⋅, and T [58–60]. The data set was formed by an n × 4 matrix, where
the first three columns correspond to the individual independent variables (T-ε⋅-ε) and the last column
corresponds to the dependent variable (i.e., σ). The rows then correspond to individual combinations of
thermomechanical conditions (T-ε⋅-ε), where n corresponds to the number of these combinations. The
simulations are performed using the Forge

R©
N × T 3.0 software and the implemented Hensel-Spittel

constitutive model was applied to establish the mathematical formulation (Eq. (3)) [73]:

σ = A ⋅ em1 ⋅T ⋅ εm2 ⋅ ε̇m3 ⋅ em4/ε ⋅ (1 + ε)m5 ⋅T ⋅ em7 ⋅ε ⋅ ε̇m8 ⋅T ⋅ T m9 (MPa) (3)

The rough estimate of the material constants in Eq. (3), i.e., A, m1, m2, m3, m4, m5, m7 , m8, and m9,
was iteratively refined according to the Levenberg-Marquardt method presented in Eq. (4), so that Eq. (3)
describes the flow stress of the studied AISI 1045 steel [73].

βi+1 = βi − (H + λ ⋅ diag [H])−1 ⋅ ∇β F (4)

In Eq. (4), βi is the vector of material constant estimates from the previous iteration step, βi+1 is the
vector of material constant estimates from the present iteration step, H is a Hessian matrix containing partial
derivates of the critical function,∇βF is the vector of criteria function gradients, and λ is damping factor [73].
The parameters corresponding to the investigated AISI 1045 steel, refined by the characterized procedure,
are summarized in Table 2. Note that the validity domain for the gained parameters is as follows: ε = [0.04,
1] ⊆ R, ε⋅ = [0.1, 100] s−1 ⊆ R, and T = [900, 1280]○C ⊆ R.

To quantify the achieved curve fit accuracy, the root means squared error, RMSE (MPa), and the
Pearson’s correlation coefficient, R (-), were applied as follows (Eqs. (5) and (6)), whose values of which are
shown in Table 3.
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RMSE =
√
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√
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i=1 (Ei − E)2

(6)

where Ti (MPa) and Ei (MPa) represent the i-th target and corresponding estimated true flow stress value,
respectively; i = [1, n] ⊆N, where n corresponds to the number of observations. Then T (MPa) and E (MPa)
correspond to the arithmetic means of the flow stress values. Both the statistical indicators point to a highly
favorable curve fit, as seen in Fig. 1. This fact supports the hypothesis that the applied model (Eq. (3)), in
combination with the parameters summarized in Table 2, is applicable for a reliable prediction of hot flow
stress development of the investigated steel, and is, therefore, applicable for the numerical simulations.

Table 2: Hensel-Spittel parameters for AISI 1045 steel

Parameter Value
A 0.00204

m1 −0.00613
m2 0.11877
m3 −0.10138
m4 −0.00674
m5 −0.00008
m7 −0.15830
m8 0.00026
m9 2.48856

Table 3: Accuracy of regression analyse

Parameter RMSE (MPa) R (-)
Value 5.028 0.997

Figure 1: Correlation between target and estimated flow stress data (compression test)
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3.2 Specifying the Simulation Procedure
In order to map the deformation behavior of the investigated steel in the given range of thermome-

chanical conditions in greater detail, numerical simulations of the compression tests were assembled. The
simulations were performed for selected tests carried out under the limit conditions, i.e., combinations of
maximum and minimum deformation temperature and strain rate. See Table 4 summarizing the boundary
conditions corresponding to the real experiments.

Table 4: Basic boundary conditions for simulations of compression tests

Simulation no. Sample no. Temperature (○C) Strain rate (s−1)
Simulation 1 UCT1280/0.1 1280 0.1
Simulation 2 UCT1280/100 1280 100
Simulation 3 UCT900/0.1 900 0.1
Simulation 4 UCT900/100 900 100

The simulations were assembled and computed using the Forge
R©

N × T 3.0 software. The uniaxial com-
pression test (UCT) is generally comparable to the upsetting forging technology. However, unlike upsetting,
the UCT procedure has two requirements; first, the tested sample is held at the required temperature during
the entire testing procedure, i.e., the heat transfer to the anvils and surroundings has to be compensated,
which is performed by a direct electric resistance heating with instantaneous temperature measurement and
control on the experimental Gleeble testing machine; therefore, the thermal exchange conditions between
the anvils and test sample was set as adiabatic, i.e., zero-value of a heat transfer coefficient. The thermal
radiation of the sample with the anvils and surrounding environment was also neglected. Note, specific
heat capacity, c, of 778 J⋅kg−1⋅K−1 and emissivity, ε, of 0.88 as thermal properties of the studied AISI 1045
steel. Second, the strain rate has to be constant—correspondingly, the anvil feed rate cannot be constant.
The Gleeble machine enables to control of the anvil feed rate based on the automatically calculated anvil
position–time dependency. However, in the Forge

R©
software, the required anvil movement was set using a

table as user-defined anvil kinematics. The initial sample height of 15 mm and true strain value of −1.1 led to
a final sample of a height of 5 mm. From the mathematical point of view, the described dependencies can be
expressed by an exponential law, as demonstrated in Fig. 2, which can further be generalized as (Eq. (7))

h = h0 ⋅ e−ε̇⋅t (7)

where h (mm), h0 (mm), and t (s) represent the upper anvil position, initial sample height, and load
time, respectively. If a modification of the parameter of upper anvil movement velocity v (mm⋅s−1) is
required, Eq. (7) can be modified as follows:

v = h0 ⋅ ε̇ ⋅ e−ε̇⋅t (8)

As for the friction conditions at the anvil-sample interface, a friction coefficient, μ, of 0.15, exactly
corresponding to the friction coefficient of the experimentally used nickel-based lubricant, and friction
factor, m, of 0.3 were applied (i.e., combined Coulomb-Tresca friction law).
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Figure 2: Anvil feed rate control applied to achieve constant strain rate during UCT simulations: 0.1 s−1 (a); 100 s−1 (b)

Fig. 3 shows the assembly of anvils and test samples used in all FEM simulations. The dimensions of all
components correspond to the real Gleeble assembly. Specifically, the diameter and height of the test sample
are 10 and 15 mm, and the diameter and height of the anvils are 19 and 6.4 mm. Note that both anvils were
considered to be rigid dies, and the test sample was considered to be a deformable body. The finite element
mesh was generated using a generator built directly into the used FEM software. The test sample was meshed
in its entire volume with a network consisting of 29,656 elements connected by 6315 nodes, with a mesh size
of 0.53 mm. The lower and upper anvil were only surface meshed, with a mesh size of 1 mm in the area of
contact with the test sample (need for more accurate calculation) and 2 mm in other areas. Each anvil thus
consisted of 2012 elements connected by 1008 nodes.

Figure 3: Assembly for uniaxial compression test simulation

4 Results and Discussion

4.1 Flow Stress
Fig. 4a–d graphically depicts the dependencies of flow stress on true strain, acquired for the deformation

temperatures of 900○C, 1000○C, 1100○C, 1200○C, and 1280○C, at strain rates of 0.1, 1, 10, 100 s−1, respectively.
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The figures also depict the flow stress curves predicted for the corresponding conditions using the Hensel-
Spittel equation. As can be seen, the predicted curves acquired using the established rheology law correspond
to the experimental ones with sufficient accuracy.

Figure 4: Hot flow stress curves for investigated AISI 1045 steel acquired by compression tests and predicted by Hensel-
Spittel rheology law for strain rates: 0.1 s−1 (a); 1 s−1 (b); 10 s−1 (c); 100 s−1 (d)

The experimentally acquired curves also enable us to assume the hot deformation behavior of the
investigated AISI 1045 steel from the viewpoint of the kinetics of the occurring softening/hardening
processes. As regards the applied strain, the flow of stress generally rapidly increases at the beginning of
deformation, which points to intense material strengthening due to rapid generation of dislocations and
formation of substructure [74]. After reaching a critical level of accumulated energy (i.e., critical true strain
value), the true stress exhibits a gradual transition to a steady-state flow (initiation of dynamic softening
processes and gradual establishment of an equilibrium state between dynamic strengthening and softening
processes). The comparison of Fig. 4a–d also reveals that the maximum true flow stress values increase with
increasing applied strain rate. The figures impart that higher strain rates and lower deformation temperatures
generally contribute to higher flow stress. In other words, such (combinations of) thermomechanical
conditions support deformation hardening within the processed material. This can directly be related to the
recrystallization kinetics. During dynamic recrystallization, new (refined) grains nucleate and grow at the
expense of the original (larger) grains. However, this process requires time and thus rapid processing, i.e.,
deformation at high strain rates (e.g., processing via methods of intensive plastic deformation, such as rotary
swaging [75–77], generally supports hardening over softening, which results in high flow stress maxima [78].
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The flow stress is directly related to the force necessary to compress the test sample under the given ther-
momechanical conditions. The forces applied during the experimental compression tests are continuously
measured and recorded and subsequently used to determine the true flow of stress values via Eq. (3). Fig. 5a,b
shows the experimentally acquired dependences of forces on load times for the four monitored combinations
of thermomechanical conditions, as stated in Table 4, together with the corresponding numerically predicted
curves. The effects of temperature and strain rate on the load force correspond to the influences of these
parameters on the flow stress, as stated above. In other words, decreasing temperature and increasing strain
rate led to higher maximum forces. The applied force also evidently increases with increasing time of
deformation, i.e., increasing imposed strain. When comparing the experimentally acquired force curves with
the predicted ones, a satisfactory match can be seen especially for the samples deformed at the strain rate of
0.1 s−1; the curves acquired for 100 s−1 exhibit visible oscillations caused by the effect of the high strain rate
(i.e., the movement of the anvils is responsible for these local increases and decreases). This fact confirms the
applicability and reliability of the applied Hensel-Spittel model (Eq. (3), Table 2). However, deviations can be
found in the final stages of deformation, when the experimentally measured forces, more or less suddenly,
drop. Based on the fact that the final stage of the compression test is characterized by more influences such as
barreling effect, different heat transfer than at the beginning stage of the test, and also by the highest imposed
strain that could result in restoration process activation or phenomenon such as cracks occurrence. All these
factors play their role in compression force development, of course, based on individual temperature and
strain rate. As can be seen, a higher strain rate caused the fall of the experimentally measured force curve
but only under 1280○C while lower temperature (i.e., 900○C) did not cause this effect. The reason for this
behavior is in better condition for restoration process (in particular dynamic recrystallization) activation
under higher temperatures. A lower temperature in conjunction with a higher strain rate (100 s−1) resulted in
conditions that were not suitable for the same dynamic softening. On the other hand, the same temperature
but under a lower strain rate (0.1 s−1) enabled softening of material (the drop of compression force).

Figure 5: Load forces for AISI 1045 steel samples deformed at limit temperatures and strain rates: 0.1 s−1 (a); 100 s−1 (b)

4.2 Imposed Strain
The simulations were also used to map the distributions of the effectively imposed strain throughout the

compressed samples. Fig. 6a–d documents the effective imposed strain distributions for the four assembled
simulations, according to Table 4, at the final stage of deformation of a test sample. As can be seen, the
distributions of the imposed strain were comparable for all the deformed samples, the maximum effective
strain was up to ~2.0 in each case. The figures show that the largest effective strains are predicted to be
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located at the edges of the sample surfaces being in contact with the anvils—see the figures. This phenomenon
is more pronounced the lower is the deformation temperature. Except for these surface locations, the
maximum imposed strain is generally observed in the region along the sample axis. On the contrary, the
minimum imposed strain is generally predicted along the sample surface being in contact with the anvils.
This phenomenon can be attributed to the friction at the sample-anvil interface and explained more in detail
by the material plastic flow. During the test, the sample is compressed between two anvils, as a result of
which its height decreases, and width increases. The material plastic flow is the most aggravated at the sample
surfaces being in contact with the anvils and gradually becomes more pronounced towards the bulk of the
sample as the effect of friction diminishes and the free movement of the individual grains facilitates. As a
consequence, the imposed effective strain is generally the lowest at the contact surfaces and increases towards
the sample axis. The sample also typically exhibits bulging along its horizontal axis, which is also noticeable
in Fig. 6a–d. The absolute strain maxima can then be observed at the very edges of the samples, at which
the material layers the plastic flow of which is aggravated by the effect of friction, and the highly deformed
(bulging) material layers collide. The influence of temperature and strain rate is not negligible, they have
a significant effect on flow stress (see Fig. 4). The differences are connected with different material’s plastic
flow where in the figure can be seen that under 900○C are contact areas of sample defined by lower imposed
strain than in case of 1280○C. In addition, the central areas are characterized by higher values of imposed
strain than under higher temperatures. The plastic flow is much more intensive in case of higher temperature
whereas the imposed strain is localized in a more homogenous way.

Figure 6: Distribution of imposed strain within deformed samples: UCT900/0.1 (a); UCT900/100 (b); UCT1280/0.1
(c); UCT1280/100 (d)

The inhomogeneity of the effective imposed strain across the compressed samples was further examined
with the help of three individual sensors located in selected specific points on the samples, as shown in Fig. 7a.
The sensors were located along the sample’s vertical axis, at the very top surface of the sample and in its
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middle height, as well as at its lateral surface, in the middle height, to provide an overview of the development
of strain for the individual samples during the entire compression procedure. Fig. 7b then summarizes the
development of the imposed strain in time for the individual monitored sensors. The figure shows that two
of the monitored locations (sensors 2 and 3) exhibit comparable behaviors as regards the imposed strain,
while the third location (sensor 1) demonstrates a reverse trend. In other words, the strain developments
depicted by sensors 2 and 3 points to a lower work hardening rate during testing at the lower temperature and
strain rate, while, on the contrary, sensor 1, located at the contact surface area, exhibits a more intense work
hardening (for identical testing conditions). The most probable reason for this difference is the influence of
friction; the effect of friction on the contact surface tends to be more pronounced at the lower strain rate.
On the other hand, a higher strain rate decreases this influence of friction on work hardening, which results
in a steeper increase of the strain curve.

Figure 7: Locations of monitored sensors (a); development of imposed strain in selected monitored locations of
compressed samples (b)

4.3 Distribution of Temperature
Last but not least, the sensors are used to monitor the development of temperature during deformation,

see Fig. 8a for the samples deformed at 900○C, and Fig. 8b for those deformed at 1280○C. Although the
deformation temperature is held constant during the compression test, it is assumed to slightly increase
during testing due to the development of deformation heat. This assumption was, therefore, examined (and
confirmed) by predicting the deformation temperature in the monitored sensors. While the generation of
deformation heat is negligible at the low strain rate of 0.1 s−1, the increase is noticeable at the high strain rate
of 100 s−1, especially in the vicinity of the axial region of a test sample, as indicated by the curves for sensor
2 (see Fig. 8a,b). During testing at the temperature of 900○C, the axial regions of the sample heated up to
60○C by the effect of deformation heat, while at the testing temperature of 1280○C, the temperature increase
was slightly lower (~20○C). This finding follows the above-discussed distribution of the imposed strain; the
largest value is predicted in the axial region of a sample. Nevertheless, the temperature increase is three times
(i.e., 63○C, when considering a relative increase) in the case of the lower deformation temperature and higher
strain rate, see Fig. 8a,b.
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Figure 8: Temperature evolution computed by simulations in selected sample parts for the deformation temperature:
900○C (a); 1280○C (b)

4.4 Microstructure Analysis
The microstructure analysis was performed for the initial sample, as well as for selected samples

subjected to the uniaxial hot compression test (under limited conditions). The detailed EBSD analyses
primarily aimed to complement the results of the numerical simulations. Therefore, in addition to the initial
sample, deformed samples designated as UCT1280/0.1 and UCT1280/100 were examined. The grains analysis
showed that the average grain size (measured as the diameter) within the initial sample was 50.4 μm, while
the average grain size after deformation was 47.0 μm in the axial area and 40.1 μm in the (sub) surface area
for the UCT1280/0.1 sample, and 40.7 and 37.5 μm for the UCT1280/100 sample, respectively. The results
thus document that the grain refinement during the compression at 1280○C is not significant, which can
primarily be attributed to the high deformation temperature. However, a slight difference between the grain
size values for both the deformed samples can be seen; a smaller average grain size was observed for the
sample deformed at the high strain rate of 100 s−1. This phenomenon corresponds to the above-discussed
hypothesis that decreasing the strain rate provides more time for the grains to soften and recrystallize. The
primary recrystallization was, in the case of the UCT1280/0.1 sample, most probably followed by secondary
recrystallization, i.e., grain growth, as the result of which the grain size is slightly larger within this sample
than within the UCT1280/100 one. The larger imposed strain is associated with a greater accumulation of
energy, which promotes a faster onset of dynamic recrystallization. The axial areas of the deformed sample
are always warmer than the surface areas. The axial areas took longer for the dynamically recrystallized grains
to grow, so their size is larger in the axial than at the (sub)surface of the deformed sample [78].

Fig. 9a then depicts the OIM of the microstructure in the axial area of the initial sample, while Fig. 9b,c
shows the OIM images of the microstructures in the axial areas for the samples after the uniaxial hot com-
pression tests (UCT1280/0.1, and UCT1280/100, respectively). The images confirm that the hot compressive
deformation not only introduced grain fragmentation and refinement (to a certain extent), but primarily
provoked the development of dynamic restoration processes, as new subgrains were formed, especially within
the microstructure of the UCT1280/100 sample. The comparison of the OIM images in Fig. 9b,c also confirms
the discussed effects of strain rate on microstructure development.
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Figure 9: OIM images for microstructures of samples: initial (a); UCT1280/0.1 (b); UCT1280/100 (c)

4.5 Texture
The EBSD data acquired for the initial, UCT1280/0.1, and UCT1280/100 samples (axial areas) were sub-

sequently used to assess the grains orientations, i.e., texture, via (Inverse) Pole Figures, PF, and IPF. Fig. 10a
shows the PFs for the grains within the initial sample, while Fig. 10b,c shows the PFs for the UCT1280/0.1
and UCT1280/100 samples after the hot compression tests. Fig. 11a then shows the set of IPFs for the initial
sample, and Fig. 11b,c show the IPFs for the UCT1280/0.1 and UCT1280/100 samples. The PF and IPF images
for the initial sample, Figs. 10a and 11a, document a slight tendency of the grains to form the ideal <110>∣∣RD
(rolling direction) α fiber texture [79]. However, the ideal orientations are shifted by approx. 10○ towards
the transverse direction (TD). These findings correspond to the fact that the initial steel was in a rolled
and normalized state (Section 2.1). The directions of RD, TD and ND (normal direction) coordinate system
correspond to those in Fig. 3. The deformation performed during the compression tests then influenced
not only the texture intensity but also the grains’ orientations. The comparison of the texture intensities
observed for the initial sample and the deformed ones (compare Figs. 10a and 11a to Figs. 10b, 11b, 10c,
and 11c) reveals that the maximum texture intensity decreased slightly after the deformation, which can
primarily be attributed to the high deformation temperature of 1280○C supporting the development of
dynamic recrystallization. However, it also reveals that the maximum intensity was higher for the sample
deformed at the higher strain rate of 100 s−1. This, again, confirms the above-presented hypothesis that
lowering the strain rate provides enough time for the grains to relax and recrystallize, which supports texture
randomization. As regards the texture orientations, the grains within both the compressed samples tended to
acquire randomized orientations. This can especially be seen in Fig. 11b,c, showing that the grains within none
of the deformed samples tended to form any intense ideal texture fiber (the texture was more randomized
for the UCT1280/0.1 sample, as the maximum intensity was only slightly more than two times random).
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Figure 10: Pole figures depicting grains orientations for samples: initial (a); UCT1280/0.1 (b); UCT1280/100 (c)

Figure 11: Inverse pole figures depicting grains orientations for samples: initial (a); UCT1280/0.1 (b); UCT1280/100 (c)

5 Conclusion
The focus of the presented study was to establish a rheology law applicable to numerically predict the

deformation behavior of the AISI 1045 steel under a variety of hot forming conditions, and to perform
subsequent numerical simulation and supplementary microstructure observations verifying the established
model. The main acquired results are the following:

• Numerical simulations confirmed the reliability of the established Hensel-Spittel model.
• Flow stress curves predicted using the established rheology law corresponded to the experimental ones

with sufficient accuracy, especially for samples deformed at 0.1 s−1.
• Distributions of the imposed strain, investigated using individual monitoring sensors, were comparable

for all the deformed samples, with the maximum effective strain of ~2.0 for each, certain strain
inhomogeneity introduced by the (inevitable) effect of friction was observed.

• Samples subjected to the highest testing temperatures (above 1200○C) exhibited relatively low maximum
flow stress due to the occurrence of restoration (also supported by the development of deformation heat).

• Deformation conditions during testing influenced also grain orientations and texture intensity.

The limitation of this study, i.e., applicability of the acquired results (established rheology law), is related
to the fact that the investigated material was in a hot rolled state, which can feature certain anisotropy in the
microstructure, as well as in the mechanical properties.
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21. Wang Z, Chen J, Kocich R, Tardif S, Dolbnya IP, Kunčická L, et al. Grain structure engineering of NiTi shape
memory alloys by intensive plastic deformation. ACS Appl Mater Interfaces. 2022;14(27):31396–410. doi:10.1021/
acsami.2c05939.

22. Ukai S, Ohtsuka S, Kaito T, Carlan Y, Ribis J, Malaplate J. Oxide dispersion-strengthened/ferrite-martensite steels
as core materials for Generation IV nuclear reactors. In: Structural materials for generation IV nuclear reactors.
Cambridge: Woodhead Publishing; 2017. p. 357–414.

23. Zagarin DA, Dzotsenidze TD, Kozlovskaya MA, Shkel’ AS, Rodchenkov DA, Bugaev AM, et al. Strength of a load-
carrying steel frame of a mobile wheeled vehicle cabin. Metallurgist. 2020;64(5):476–82. doi:10.1007/s11015-020-
01017-5.
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29. Kunčická L, Kocich R, Král P, Pohludka M, Marek M. Effect of strain path on severely deformed aluminium. Mater
Lett. 2016;180:280–3. doi:10.1016/j.matlet.2016.05.163.

30. Liu R, Wang B, Hu S. Damage behaviour and GTN parameter analysis of TC4 powder metallurgy titanium alloy
during hot deformation. Arch Civ Mech Eng. 2023;23(3):165. doi:10.1007/s43452-023-00708-5.
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73. Němec J, Kunčická L, Opěla P, Dvořák K. Determining hot deformation behavior and rheology laws of selected
austenitic stainless steels. Metals. 2023;13(11):1902. doi:10.3390/met13111902.

74. Verlinden B, Driver J, Samajdar I, Doherty RD. Thermo-mechanical processing of metallic materials. 1st ed.
Oxford, UK: Elsevier; 2007.
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