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Abstract: Grain size distribution after the completion of a phase transformation was studied through
the laboratory-controlled hot-plastic deformation of dual phase 600 (DP 600) steel using a specially
prepared asymmetric single-pass hot-rolling wedge test with a refined reheating grain size instead of
the usual coarse-grained starting microstructure observed in practice. The experiment was performed
to reduce generally needed experimental trials to observe the microstructure development at elevated
temperatures, where stable and unstable conditions could be observed as in the industrial hot-
rolling practice. For this purpose, experimental stress–strain curves and softening behaviors were
used concerning FEM simulations to reproduce in situ hot-rolling conditions to interpret the grain
size distribution. The presented study revealed that the usual approach found in the literature for
microstructure investigation and evolution with a hot-rolling wedge test was deficient concerning the
observed field of interest. The degree of potential error concerning the implemented deformation per
notch position, as well as the stress–strain rate and related mean flow stresses, were highly related to
the geometry of the specimen and the material behavior itself, which could be defined by the actual
hardening and softening kinetics (recrystallization and grain growth at elevated temperatures and
longer interpass times). The grain size distribution at 1100–1070 ◦C was observed up to a 3.45 s−1

strain rate and, based on its stable forming behavior according to the FEM simulations and the
optimal refined grain size, the optimal deformation was positioned between e = 0.2 and e = 0.5.

Keywords: wedge test; hot-rolling; grain size distribution; dual-phase steel

1. Introduction
1.1. Dual Phase Steels

Dual-phase (DP) steel is highly interesting and is intended for many demanding
applications, such as the automobile industry. Its high strength-to-weight ratio can be
related to fuel economy as a part of the green transformation promoted by the EU. These
compositions are similar to lean qualities, making them interesting for further study. The
use of the wedge test for obtaining data on grain size evolution under various rolling
parameters is demonstrated in this paper.

DP steels are considered common representatives of advanced high-strength steels
(AHSS) for advanced safety components in the automotive industry due to their high
tensile strength. The high strength is obtained by (higher carbon) martensite (M) content,
and the optimal yield stress is provided by the ferrite (F) content. Therefore, their good
cold-formability properties can be exploited for rather complex shapes. A complex mi-
crostructure was obtained during sheet processing; bainite (B), retained austenite, and
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carbides could also be identified alongside F and M. Usually, the martensite fraction is from
10 to 30 %. In the case of high-strength DP 1200 steel up to 38 vol.% or higher [1–4].

AHSS sheets are mainly delivered after cold rolling and are covered with metal
coatings to protect the steel surface against corrosion [4–6]. They are also available in a
hot-rolled state. For ultrafine (UF) refinement, two on-line methods are generally used:
modern thermomechanical processing (which involves controlling the cooling rate dur-
ing the γ → α transformation, strain (–deformation)-induced ferrite nucleation (DIFT),
etc.) and severe plastic deformation strategies at elevated temperatures, introducing low-
temperature regimes, etc. [7]. An example of these two methods is when one part of the
deformation is carried out in the roughing stage (R) for full austenite recrystallization,
and the other part is carried out in the low-temperature regime with several large strain
deformations. They are followed by inter-critical annealing (IA) and quenching for the
production of ultrafine-grained DP steel [1]. Ultrafine ferrite grain (ULFG) can be produced
by a single- or multi-pass deformation at IA temperatures by promoting the dynamic-strain-
induced transformation of austenite to ferrite [8]. Under ordinary hot-rolling procedures,
the DP steel’s microstructure is composed of F and pearlite (P) bands, while microalloy-
ing additions (such as Nb) may cause additional B formation. Classical microstructure
development using off-line reheating, for example, in thin strips, can be carried out by
heating the products within the IA region between Ar1 and Ar3, followed by quenching [3].
These rolling schedules and heat treatments can, therefore, be adapted to the chemical
composition, secondary precipitation, and potential influence of the solid drag (SD). In this
study, a single laboratory “roughing pass” was conducted at a reasonably low roughing
temperature of 1100 ◦C, which is close to the conditions of the final roughing passes used
in the industry.

1.2. The Wedge Test

Non-standardized wedge-shaped specimens are used for research regarding metal
forming, the workability of specific alloys, and to evaluate microstructure evolution. The
tests of wedge specimen deformations can be used for hot forging, pressing, as well as
(hot-) rolling tests. The rolling tests of wedge-shaped specimens (henceforth called wedge
rolling tests) deform their former tapered geometry with a single pass into a thin sheet
of equal thickness; however, different deformation conditions are applied regardless of
the rolled length of the material under investigation. The direction of rolling begins from
the lower height to fulfill the bite condition and gradually progresses toward the higher
end. The wedge specimen can be designed to include a narrow part at the beginning (the
so-called tongue) with a height smaller than the rolling gap. This in itself provides a good
control sample, given that the tongue is not submitted to any material deformation. The
wedge specimen must end with a parallel plane length of at least 1/3 of the total specimen’s
length to ensure a stable finish [9].

The wedge rolling test can be used to obtain information on the slab-to-plate or plate-
to-strip reduction ratio, specifically concerning the grain size and microstructure evolution
during deformation [10–14]. It can also be used for technological formability studies, such
as observing crack formations under different technological parameters of melt preparation,
casting, and hot rolling. This was demonstrated in the case of 25CrMo4 steel by extracting
samples from different positions of blanks, blooms, and slabs. The height strain, e (or ε),
the force, and the strain rate (

.
ε) were close to linear with increasing values along the rolled

length [15]. A possible mathematical solution for the evaluation of rolled wedge samples
was proposed by Kubina et al. [16], where a macro image of the rolled sample was evaluated
with a computer algorithm. The output was the mean strains (both true and relative), the
mean strain rates, and the broadening of the sample along the sample’s length. However,
due to the dynamic nature of the wedge rolling test and its high dependency on the sample
geometry, rolling stand, etc., the instructions for sampling and microstructural investigation
should be given in a precise manner to ensure good comparability and repeatability.
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In this study, the wedge rolling test was performed using DP 600 steel. The nature
of the grain size evolution in grain refining and grain growth was studied at an elevated
temperature and different length positions to ensure different thickness reductions with
the corresponding strain rates (

.
ε). The main issue in the wedge-rolling tests was in the

comparability of individual tests in terms of the sampling location significance and possible
deformation-related influences that could affect the result.

2. Materials and Methods
2.1. Materials

The steel charge was melted using an open induction furnace. The steel (with
Tliq = 1520 ◦C) was cast into ingots at approx. 50 K of superheat and left to cool. No
stress relieving was necessary due to the lean composition with poor hardenability. Ingots
were used to prepare a tapered wedge sample with the dimensions shown in Figure 1a.
The wedge sample consisted of three distinct areas: first, the thinnest starting part, referred
to as the tongue (which also served as the reference point for microstructural evaluation),
ensured a smoother start to the rolling; second, the tapered rising part enabled the dynamic
test of varying strains and strain rates. Finally, the finishing thick area served to stabilize
the rolling process and prevented dimensional post-rolling abnormalities [9]. Furthermore,
notches were mechanically cut into the side of the wedge to signify the selected computed
deformations (given in Table 1) for easier observation after rolling. A schematic representa-
tion of hot-deformation and cooling regimes to prevent excessive primary austenite grain
(PAG) coarsening is shown in Figure 1b. Cooling was similar to offline heat treatments for
DP steels. The cooling started from the full austenite region, crossing the (α + γ) region
by adjusting the cooling rate, and finally, with the intense transformation of undercooled
(remaining) austenite (A) into a-thermal martensite (M), the test was completed [5].

Table 1. Engineering (relative) deformation per notch position (/) using a 3 mm rolling gap.

Position e1 e2 e3 e4 e5 e6 e7 e8 e9 *

Target 0.04 0.12 0.21 0.32 0.41 0.50 0.60 0.70 0.75

Actual 0.05 0.08 0.12 0.21 0.32 0.39 0.51 0.62 0.68

Actual ratio ** 1.05 1.08 1.13 1.27 1.46 1.64 2.04 2.62 3.12

* Notch position e9 marks the final flat end of the wedge sample. ** Measured on actual starting and achieved exit
thickness per notch position. (Calculation of true strain from relative follows: εh = − ln(1− e)).

2.2. Experimental Testing

The final rolled sheet was revealed to be rather flat, with no excessive edge waves
or flatness issues. This could be an indication that due to a rather low rolling speed (and
consequently

.
ε), the final microstructure along the sample length was cross-sectionally

uniform (not isotropic) despite it being an asymmetric wedge test [17]. Figure 1c shows
the location of the notch positions where with each increased number (from e1 to e9), an
increase in the stored energy during rolling was expected. This means that, by increasing
the deformation, the driving force for recrystallization also continuously increases [18].

The maximum ratio h0
h1

, where h0 signified the starting thickness and h1 the final
thickness, was set to 4:1. The ratio 3:1 was estimated to be the lowest ratio per notch
position of the highest reduction for the given study and the wedge geometry setup. The
wedge maximum thickness was sufficient due to the maximum allowable bite angle αo
concerning the friction coefficient. The steel wedge sample was reheated to the temperature
of 1100 ◦C. The temperature of the sample after rolling was measured to be, on average,
1070 ◦C. For a single-run hot-rolling test, a laboratory two-high rolling mill with roll
diameters (2R) of 294 mm each was used. The work rolls were also preheated to minimize
heat extraction during rolling (a drop of 30 K was measured). The preheating of the rolls
was conducted for 3 hours before the actual test was run to achieve quite a homogeneous



Crystals 2023, 13, 1055 4 of 18

surface temperature of approx. 80 ◦C. Based on the work roll’s rotation frequency of
n = 8 rpm, the average rolling speed v was calculated as:

v = ω·R (1)

where ω is the angular velocity. Therewith, the average rolling speed was calculated to be
0.12 m/s. The mean strain rate,

.
ε, based on the contact time of 2.5 s, was calculated to be up

to 4.1 s−1, and when estimated with the length of the deformation zone Ld, the maximum
values were up to 3.98 s−1 (Equations (2)–(4)) [19].

.
ε =

ε

Ld
·v (2)

Ld =
√

R·(h0 − h1) (3)

cos α0 =1− h0 − h1

2R
(4)
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Figure 1. (a) Geometry of the test sample (sketch taken from the FEM simulation), (b) Test schedule, 

and (c) Final sample with locations selected for investigation (marked A to E). The arrows represent 

the position of the grain size evolution study (through the thickness cross-section). The edge integ-
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Table 1. Engineering (relative) deformation per notch position (/) using a 3 mm rolling gap. 

Figure 1. (a) Geometry of the test sample (sketch taken from the FEM simulation), (b) Test schedule,
and (c) Final sample with locations selected for investigation (marked A to E). The arrows represent
the position of the grain size evolution study (through the thickness cross-section). The edge integrity
in rolling length is well preserved—the material acts ductile during rolling.
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The first part of the moderate cooling of the nominally 3 mm thick sheets after rolling
was conducted to promote ferrite nucleation in the (α + γ) region down to approx. 750 ◦C,
which was close to the usual IA. Further intense cooling was performed to promote γ→M
transformation, similar to step quenching [4].

The samples were extracted for a light optical microstructure observation (OM, Zeiss
Axio Imager 2, Francoforte, Germany) and field-emission scanning electron microscope
investigation (FE-SEM, Zeiss Supra VP55, Francoforte, Germany), as seen in Figure 1c. They
were viewed in the transverse direction according to the rolling direction. After grinding
and polishing, the microstructure was observed after etching with 2% Nital. FE-SEM
observations were performed on non-etched samples. Secondary electron (SE) images were
used for grain size evaluation and were analyzed using the commercial ImageJ software
(1.53k, open-source software, NIH, Bethesda, MD, USA) and by analyzing Feret’s diameter.

Table 1 reveals the target and actually achieved engineering deformation per notch
position for the performed wedge rolling test. The target deformations were chosen based
on roll mill stiffness, safety during sheet production, and allowable roll mill displacement.
The achieved true strain was in a range between ε = 0.05 and 0.96. The per-notch position de-
formation could be considered as having a cumulative (residual) deformation representing
multiple passes with an insufficient delay between passes for softening (or achieving t50).
For example, in usual recrystallization rolling, at least 0.5 of the cumulative engineering
strain was targeted for proper uniform grain size evolution. This was consistent up to
notch e7 regarding the achieved strain e. Here, we already had an obvious discrepancy
between the target and achieved deformation based solely on the geometry of the hot-rolled
flat sheet.

The per-notch positions for engineering strains e1 to e3 were regarded as limited
regarding the metallurgical pass needed for the full cross-section PAG evolution. Addition-
ally, secondary recrystallization was expected during post-rolling cooling. The latter was
closer to broad sizing as seen in industrial practice, with weak first ε passes, and were not
considered as actual roughing or effective metallurgical passes [20]. Above e3 and up to
e5/e6 was the region where the last roughing pass before finishing in plates was considered
in actual practice, and post-deformation SRX is regarded as the main softening kinetic.
Above e5/e6, the εT was already above the usual per pass engineering strain for the last
roughing phase of most of the thin plate rolling productions’ practice. This meant that the
main softening mechanism in the last positions (between e6 and e9) on the wedge if εc or
εp were also considered (latter as grain size dependent), was among the dynamic, static
recovery (DRV, SRV) also fast post-deformation meta-dynamic recrystallization (MDRX).
SRX could also be activated. The maximum peak obtained from the σ-ε curve was evaluated
at approximately ε = 0.3–0.4 with the softening above ε = 0.4 for 1100 ◦C at 1 s−1 and 3 s−1.
The σ-ε curves indicated a DRX phenomenon (T > Tnrx), as shown later in the manuscript.
This was observed with the hot compression curve; reheating to 1200 ◦C → cooling →
deformation at 1100 ◦C and εT = 0.7, quench. This meant that with and above e7, the effect
of starting PAG was complex, depending on the DRX kinetics. It also indicated that at
least part of the production/reheating grain size history of the wedge should be minimized
concerning the achieved final (originally preserved) PAG; it was known that under DRX,
the recrystallization kinetics were independent of the starting (initial) PAG if σsteady was
achieved. However, the post-deformed softening on nucleated DRX grains and grain size
evolution was complex and depended on the status of individual grains concerning the
preserved dislocation density and actual grain mobility.

Based on the results shown further in this paper, this also meant that a different PAG
evolution per notch position was expected in the activated post-deformation process [21].
After deformation and based on the predicted CCT calculated using JMatPro, the approxi-
mate cooling rate that was needed to prevent pearlite formation was approx. 10 K/s, which
is in agreement with [2] for similar compositions used for DP microstructure formation
using the deformational dilatometry test.
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2.3. Computer Modeling

Two commercial thermodynamic tools were used, namely Thermo-Calc (Thermo-Calc
2022a, TCFE11: Steels/Fe-Alloys v11.0, Thermo-Calc Software AB, Solna, Sweden) and
JMatPro 6.1 (General Steel database). JMatPro 6.1 (Sente Software Ltd., Guildford, UK) was
also used for the estimation of approximate cooling rates for γ→ α transformation before
intense quenching in the cold water of approx. 18 ◦C. Additionally, the non-commercial
model from Bhadeshia, Mucg83, was used for basic temperature determinations [22].

For a more detailed understanding of the hot working process when using a tapered
wedge test, finite element (FEM) simulations were conducted using Abaqus software. The
model was calculated as a 3D stress Dynamic/Explicit problem with the wedge being
deformably extruded solid, and both rolls were 3D discrete rigid objects. The mesh of
the wedge sample consisted of 2904 standard C3D8R linear brick elements, while each of
the rolls was meshed with 1111 R3D4 and R3D3 quadrilateral and triangular elements,
respectively. The mesh of the wedge sample was constructed with a bias and element seeds
ranging from 4 mm to 2 mm. Figure 2 shows the mesh sensitivity analysis of the wedge
sample, revealing that decreasing the element size below 4 mm gains produced neglectable
little accuracy at the expense of a much longer computing time.
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Figure 2. Mesh sensitivity analysis of the wedge sample mesh (C3D8R elements); a decreasing
element size below 4 mm gained neglectable little accuracy at the expense of a significantly longer
computing time.

In the setting of the simulation, the heat transfer between the wedge and the rolls
was neglected, similar to the work of Parsa et al. [10]. The temperature effect was taken
into account by employing the mechanical properties of the wedge as being temperature
dependent. The data used for the temperature-dependent mechanical properties (Young’s
modulus, density, Poisson ratio) were obtained with the thermodynamic prediction soft-
ware described above and the data shown in Table 2. The stress–strain curves used were
taken from actual measurements performed on the Gleeble thermo-mechanical simulator,
as an example shown in Figure 3. Kinematic sliding with the penalty was used as an inter-
action property; a friction coefficient of 0.3 was used based on the work of Edberg et al. [23]
to calculate the flow stresses with the friction-hill model for a hot strip mill [18]

Table 2. Material properties used in the FEM calculation.

Density (g/cm3) Young’s Modulus (GPa) Poisson’s Ratio

7.485 98.85 0.36
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Figure 3. An example of experimental and fitted Gleeble hot compression true stress-true strain (σ-ε)
diagram: DRX flow curves for both deformation rates (1 and 3 s−1) at 1100 ◦C are presented for the
C-Mn type of composition and were also used for DP 600 in this study. The estimated absolute error
is +/−10 MPa (based on the Sellars constitutive equation, adapted after [3]). For the highest rate, a
simplified hypothetical saturation stress limit (σ′sat) was added (dotted line) to observe the softening
due to DRX.

3. Results and Discussion
3.1. Chemical Composition

A basic composition, typical for lean (C-Mn) structural steels, was set (with low carbon,
high manganese grade) where manganese defined the proportion of ferrite and pearlite
under ordinary air-cooled conditions [24,25]. No precipitation-strengthening carbide or
nitride-forming elements were intentionally added to the given study to allow full soft-
ening kinetics (for close to equiaxed austenite shape formation) concerning the kinematic
parameters of wedge rolling. Additionally, due to the very thin sheet material, there was
no need for Cu, Mo, or Ni to enhance hardenability. A similar basic composition could
also be used for S690QL thin plate grades (<8 mm) using thermo-mechanical controlled
processes (TMCP) and DP steels which were intended for bake hardening [2,17]. The added
Al produced no precipitation hardening [24]. In Table 3, showing the measured chemical
composition, it was obvious that a rather high nitrogen content was achieved due to the
open induction melting procedures and the used pre-alloyed material. Soluble nitrogen
influences the impact transition temperature; for this test, this was considered allowable.
Therefore, the soluble nitrogen was not controlled, and grain refinement by HAGB and
coarsening were observed concerning the rolling parameters. The alloys used in this case
were highly pure, resulting in a low oligo-element content and cleanliness concerning
non-metallic inclusions (NMI). Sulfur and phosphorous were both under 0.0015% and
0.01%, respectively. The material was prepared using remelts for the synthesis of low
carbon, which was close to C-Mn type steel [26]. No boron or other microalloying additions
were introduced for this purpose. The metal melt was deoxidized using SiMn and Al. The
calculated carbon equivalent, based on the measured compositions of an ingot using the
CEV (IIW) equation, was 0.42. This indicated that the material was weldable.
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Table 3. Chemical composition of the as-cast ingot (in wt.%).

C Si Mn Cr Ni Mo Al * Cu Ntot Ti + Nb + V Fe CEV [26]

0.072 0.19 1.38 0.56 <0.01 <0.01 0.031 <0.01 0.018 0.0125 Bal. 0.42

* Minimum 0.02 wt.% Al was considered for a fully killed grade. The ratio Al: N < 2.0 indicates the potential
availability of soluble nitrogen in the austenitic matrix as no other nitrogen-binding elements were introduced.

Based on the chemical composition, Tnrx was estimated to be at 841 and 864 ◦C based
on the Boratto–Barbosa equation [27] and modified equation [28], respectively. Having a
similar composition and microalloying additions, the Tnrx was properly increased as in the
work of Song et al. [8]. The Tnrx was considered as a recrystallization stop temperature
(RST). The recrystallization low temperature (RLT), despite the minimum solid drag and
Zener force, if any, was considered to be 934 ◦C, which was close yet still approx. 140 ◦C under
the used single-pass temperature. The Ae3 was predicted by Thermo-Calc and JMatPro 6.1
to be 834 ◦C and 830 ◦C, respectively. This meant that R and FRT were conducted in the full
austenitic recrystallization range (Type-I, static recrystallization) according to Irvin et al. [24],
and no substantial pancaking could be visible, even by direct online water quench.

The Ms was predicted by JMatPro to be 438 ◦C, while the CCT diagram using KIN
was predicted to be 477 ◦C (Figure 4). Additionally, based on the Bhadeshia model [22],
the Ms was predicted to be 463 ◦C. All information about the starting Ms position revealed
the possible self-tempering effect of prior M upon continuous cooling. The predicted [28]
Ar3 was 764 ◦C and, based on KIN, Ac3 = 828 ◦C. The intense cooling should already be
partially performed inside the IA region based on Ae3 and also Ar3 conditions. The delay
time from FRT to the beginning of the water quench was sufficient for proper polygonal
ferrite development under Ae3 [8]. In this case, the formed ferrite was not impinged
after nucleation due to the lack of pinning particles and their subsequent deformation.
Due to the rather fast cooling from FRT to the region of Ar3, the overall PAG coarsening
was limited.

Crystals 2023, 13, x FOR PEER REVIEW 10 of 20 
 

 

Table 3. Chemical composition of the as-cast ingot (in wt.%). 

C Si Mn Cr Ni Mo Al * Cu Ntot Ti + Nb + V Fe CEV [26] 

0.072 0.19 1.38 0.56 <0.01 <0.01 0.031 <0.01 0.018 0.0125 Bal. 0.42 
* Minimum 0.02 wt.% Al was considered for a fully killed grade. The ratio Al: N < 2.0 indicates the 

potential availability of soluble nitrogen in the austenitic matrix as no other nitrogen-binding ele-

ments were introduced. 

  

(a) (b) 

Figure 4. (a) Predicted CCT using JMatPro and (b) KIN with the internal material database. 

3.2. FEM Simulations and Calculations 

The wedge rolling test in itself is considered to be a dynamic test as every geometri-

cally dependent rolling parameter (ε, 𝜀̇, αo) is both time and location dependent. Based 

on Equations (2)–(4), the different calculated mean parameters of the rolling in depend-

ence of the per notch position are shown in Figure 5. Expectedly, an increasing trend can 

be noticed for all three parameters. 

  

Figure 5. Calculated mean values of (a) the bite angle, deformation zone, and (b) strain rate with the 

per notch position of increasing mean strain, e. Each point on the diagram represents an increasing 

notch position (see Table 1 for reference). 

Figure 6 represents the deformed wedge sample after rolling. The parameters, as de-

scribed in the previous section, were taken from measurements during the actual test (i.e., 

the rotational speed of the rolls, velocity of the wedge sample, the rolling gap, etc.). When 

comparing the dimensions of the simulated sample to the actual one, it was observed that 

the simulation resulted in larger dimensions, even though the overall projection of the 

simulated sample was visually almost identical to the actual one (see Figure 1c). When 

comparing the simulation results to real experiments, a certain deviation was to be 

Figure 4. (a) Predicted CCT using JMatPro and (b) KIN with the internal material database.

3.2. FEM Simulations and Calculations

The wedge rolling test in itself is considered to be a dynamic test as every geometrically
dependent rolling parameter (ε,

.
ε, αo) is both time and location dependent. Based on

Equations (2)–(4), the different calculated mean parameters of the rolling in dependence
of the per notch position are shown in Figure 5. Expectedly, an increasing trend can be
noticed for all three parameters.
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Figure 5. Calculated mean values of (a) the bite angle, deformation zone, and (b) strain rate with the
per notch position of increasing mean strain, e. Each point on the diagram represents an increasing
notch position (see Table 1 for reference).

Figure 6 represents the deformed wedge sample after rolling. The parameters, as
described in the previous section, were taken from measurements during the actual test
(i.e., the rotational speed of the rolls, velocity of the wedge sample, the rolling gap, etc.).
When comparing the dimensions of the simulated sample to the actual one, it was observed
that the simulation resulted in larger dimensions, even though the overall projection of the
simulated sample was visually almost identical to the actual one (see Figure 1c). When
comparing the simulation results to real experiments, a certain deviation was to be expected.
In our case, the geometrical deviation most likely stemmed from the fact that shrinking
during cooling was not included. Furthermore, the simulation was stopped after the
sample left the rolling gap; therefore, the temperature drop and stress relaxation was not
incorporated. The second reason was most likely linked to the fact that the simulation kept
the end thickness fixed at 3 mm, while in reality, the thickness slightly increased toward
the end of the wedge sample due to roll displacement (also evident from the actual ratio in
Table 1).
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Figure 6. Image of the deformed wedge sample after post-rolling according to the simulation.

The dimensions of the wedge sample were marked with letters from a to c; a compar-
ison between the simulation and the actual test is given in Table 4. The center and edge
directions are marked in the image with arrows (Figure 6) highlighting the two different
areas for the strain and strain rate evaluation of the wedge sample.
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Table 4. Wedge sample dimensions post-rolling: comparison between the actual test and the simula-
tion (in mm).

a b c End Thickness

Actual test 95.15 281.52 101.28 2.98–3.86

Simulation 95.86 322.58 112.80 3.00

The simulation of the true strain, ε, on the deformed wedge sample (Figure 7) showed
an unequal distribution of the strain over the wedge’s planar projection. The simulated
strain was, as expected, lowest at the tongue part of the wedge sample and started increas-
ing toward the thicker end. At first, the strain increased almost linearly over the entire
width and localized with higher strain zones that started appearing in the middle of the
wedge’s width around notch e7. This phenomenon continued throughout the rest of the
wedge’s length; lines of equal strain transformed from straight into almost parabolic (also
visible by the deformation of elements), as seen in Figure 8a. The inequality of the predicted
strain at the edge and in the center of the wedge sample was more emphasized, where the
values calculated on the edge were increasingly lower compared to the values predicted in
the center. This indicated a certain loss of strain and strain rate control during rolling.
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Figure 8. (a) Simulated relative strain e (calculated from the software’s output ε) to the mean relative
strain based on the notches on the wedge sample (Table 1). (b) Simulated strain rate (given as an
average trend) in correlation to the mean relative strain based on the notches on the wedge sample
(dotted line—edge, solid line—center). Both simulated values are shown for the edge and the center
of the wedge sample in the longitudinal direction, see Figure 6.
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All the simulated strain values were predicted to be higher than the mean values from
individual notch positions, according to Figure 8a. The simulation computation took into
account the mutual interaction of individual elements representing the partial volume of
the sample, which the theoretical calculation could not account for. Most likely, for this
same reason, the strain in the center of the sample in the simulation was calculated to be
higher than on the edge. The strain rate, calculated from the software’s output strain ε
per notch position (simply as ∆ε

∆t for individual elements corresponding to a specific notch
position), also showed a different rate between the edge and the center of the sample, see
Figure 8b. Compared to the calculated mean strain rate, the simulated values were lower:
the maximum simulated levels of the strain rate were 3.45 s−1 and 2.93 s−1 (center of the
sample, notch e8 and edge of the sample, notch e8, respectively) while the maximum mean
strain rate was calculated as 3.98 s−1 (notch e9).

The result of the predicted unequal strain across the planar projection as well as the
differences predicted between the edge and the center of the wedge suggest that caution
must be taken on how to sample the rolled wedge. The predicted notch positions might
not be a sufficient marker for the achieved strain during the test, especially if the samples
for metallographic investigation are taken from the center of the wedge. This, of course,
depends on the chosen geometry of the wedge sample, as the result is highly dependent
on the dimensions. Further tests are being performed to evaluate the impact of geometry
variability on the changes in the strain and the strain rate distribution of the wedge sample.

3.3. Grain Size Evolution

Under similar hot rolling schedules and different starting PAGs, the starting difference
in grain size evolution was expected if the per pass and total reduction with recrystal-
lization were considered. Some mills produced coils of similar compositions, as used for
DP, with cumulative e = 0.82–0.88 to obtain proper final microstructure regardless of the
starting PAG [18]. The importance of the starting grain size was already observed when
comparing the shapes of single stress–strain curves with fine or coarse starting PAG at
elevated temperatures obtained by torsion and hot compression tests [3]. The microstruc-
ture control over the wedge sample during intense reheating resulted in a fine starting
grain size, which was achieved by cold charging. Intense reheating is also performed
in the industry (where possible) for IA to take advantage of the uniform distribution of
cementite. The cementite acts as a potential nucleation site of austenite [29]. When partial
SRX is activated at sufficiently high temperatures, the starting new PAG can easily grow
due to high HAGB mobility until sufficient roughing passes are introduced to limit/stop
the HAGB mobility, and the continuous refining of PAG can again be observed with further
passes [17,25]. By using a wedge rolling test, the notch positions are usually observed where
sufficient ε (or e) is introduced for an effective through-section deformation, achieving
the uniform cross-section dislocation density and promoting a repeatable dislocation-free
grain formation to minimize any microstructural cross-section variation (microstructural
non-uniformity). However, unstable grain refining processes are also highly interesting,
and other (presumably the starting notch) positions have also been considered. The grain
size in this study was considered only by the high-angle boundaries.

The average measured values of anisotropy usually increase per position concerning
temperature and, based on Figure 9a, are within the values of 1.3 for DP 600; these values
are calculated as an average between the grain sizes determined in the longitudinal (L.G.)
and transverse (T.G.) direction. If the ratio between L.G. and T.G. is unity or close to
unity, then no anisotropy (transverse to rolling) is present after the completion of the test.
Based on these results, the microstructure can be regarded as mainly equiaxed. Based
on L.G./T.G., only modest anisotropy was expectedly interpreted, potentially due to
the individual deformed coarser grains observed in the metallographic samples. It was
concluded that recrystallization rolling was obtained and went well with the predicted
Tnrx. Some texturing appeared very modest and more emphasized in the region of highest
compressions, as expected in hot-rolled sheets or strips [5].
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Mixed grains were counted (partly as the fraction variation in phases is rather low):
martensite (M), self-tempered martensite (SM), lower Bainite (LB), and ferrite (F) were
included. Figure 9 shows that the final average grain size (F + M/self-tempered M/low
B) observed on the finally cooled and transformed microstructure of the as-rolled sheet,
regardless of the observed position, was in a range between 5 and 12 µm. This meant that
we were achieving conventional to coarser grain sizes (CG) with F sizes on average of
approx. 9–7 µm, yet no fine grains or ultra-fine grains were gained for DP steels (2–5 µm
and <2 µm, respectively) as the process itself did not involve multi-forming operations,
thermal cycling, etc. If these results are compared with classical high-temperature reheat
and hot-rolled C-Mn steels, cooled under air with similar compositions, a rather refined
structure was obtained in this work, indicating the importance of a proper low-temperature
reheating temperature (of an ingot, slab, etc.), and a holding time adjustment in respect of
the pre-existing state (quality of as-cast, pre-deformed state) to promote a fine transformed
structure due to the initial fine and homogeneous PAG. The described fine-grained structure
was observed from the first to the last notch position. This was achieved without using
costly elements such as Nb, Mo, and similar. The degree of PAG evolution and a related
transformed microstructure was successfully controlled by the reheat, roughing, and final
rolling temperature, which introduced intense cooling as basic metallurgical tools for the
minimization of grain coarsening [24,30]. Based on the coarsest observed transformed PAG
within bi- and multi-modal peaks in Figure 9b, an estimation of the maximum PAG was set
to be under 40 µm, which was consistent with similar values expected for the recrystallized
grains of austenite in commercial grades [20].

Figure 9b reveals that, despite the relatively fine structure obtained on average, most
grains were located between 3 and 20 µm. Locally rather coarse grains were also obtained,
indicative of the anisotropy ratio. The localized coarse grains could exceed sizes of 40 µm up
to 70 µm (related to transformed PAG into M/SM/B as an indicator). The local coarse grains
were far from the fine-grain steel grade observed on average. The excessive transformed
PAG size affected the ductility, as shown in [31]. Additionally, bi- or multimodality was
enhanced at lower deformations (e up to 0.22). This indicated the unstable recrystallization
process in early per-notch positions in relation to deformation among the phase-related
modality. The intensity of multimodality was, however, low and the curve resembled the
asymmetric Gauss distribution regardless of the deformation.
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PAG coarsening was observed on the last notch positions and at the maximum defor-
mations achieved for the given test. The thickness of the final sheet was not completely
equal along the entire length and thicker exit thickness was achieved on the last notch posi-
tions despite achieving a higher εt, as shown in Table 1. Therefore, slower cooling (longer
times for grain growth) of the as-rolled structure was possible for these positions, partially
due to the sheet manipulation and/or higher achieved thickness. However, based on the
FEM simulations and material characteristics of DP 600, additional phenomena should
be considered. Due to the starting fine structure, sufficiently high roughing temperature,
sufficiently low strain rates, and achieved cumulative ε based on the stress–strain curves,
DRX could be activated on the last positions. Therefore, grain growth was possible during
cooling based on the low (strain-related) incubation time, high HAGB mobility already
under SRX, and the related lack of pinning particles to retard secondary recrystallization.
Sudden grain growth was often observed in hot strip rolling when MDRX was activated
below 6 mm of the exit thicknesses (based on [31]). As discussed, Figure 7 (based on FEM
simulations) shows strain localizations above e = 0.6; hence, most representative sample
positions for grain size interpretations should be under e = 0.6 by considering the constant
temperature of the sample and the limited range of

.
ε.

In practice, contrary to a well-defined temperature regime under hot compression
tests, the temperature uniformity using the wedge sample was more demanding, and the
intensity of SRX, MDR/MDRX was, in some cases, also possibly related to non-uniform
temperature distribution before and after completion of the test (as a part of adiabatic
heating, variation in the roll chill per notch position, etc.).

Based on the results shown in Figure 9b and the laboratory setup of
.
ε up to 3.45 s−1,

the optimum deformations for temperatures of 1100–1070 ◦C were obtained between
e = 0.2 and e = 0.5 and went well with the overall strain uniformity achieved after the rolling
test. Engineering strains e were given from industrial practicality.

The characteristic of the grain-size curve visible in Figure 9a included only SRX (as
PAG dependent) with no grain growth as a part of the secondary recrystallization at a close
to constant temperature and, disregarding the obvious changes in

.
ε, the nature of this curve

could be described based on the Beynon and Sellars type of equation [32], where ε was
considered from Table 1 for each notch position with the same starting PAG, which was
written as D0:

DSRX = A·DB
0 ·ε−1 (5)

where A and B should be experimentally determined to calculate the achieved SRX grain,
DSRX. The maximum transformed PAG (evaluated with the mode transition from IV to II,
Figure 10) based on Equation (5) was at e = 0.05 of the deformation and was in relatively
good agreement with the measured grain size distribution seen in Figure 9a.

The schematic representation of a potential PAG microstructure evolution (condition-
ing), as shown in Figure 10, was observed during a single pass by hot wedge rolling and
was given for plain C-Mn-type steels, including low alloyed grades (as DP steels) as well as
abrasion-resistant, high strength low alloyed steels (HSLA). This scheme showed a different
PAG evolution above and under Tnrx when various deformations per position at elevated
reheating and rolling temperatures, cooling rates, and the overall changed hot-rolling
schedules were implemented. The effects of the higher reheating (soaking) temperatures
resulting in coarse starting PAG (mode I) or local PAG growth (mode IV and mode V)
were also indicated, the latter due to the starting refined PAG and/or sufficiently high
temperature for grain boundary mobility or post-rolling normal grain growth. Mode V
was also related to the actual rolling speed as the flow curve (stress–strain) was related to
temperature and the strain rate affecting the values of the Zener-Hollomon parameters and
the hardening/softening of the material. It is visible that based on the scheme, we were able
to produce the DP 600 response within modes IV, II, and partially V due to the overall rather
low

.
ε, and still observe an overall fine-grained structure per notch position. The modes of

the grain size evolution presented in Figure 10 are shown to better understand the nature of
refining and/or coarsening through a simple descriptive information methodology. Based
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on the results in Figures 9a and 10, the overall trend was observed and widely accepted;
the total reduction that increased the overall refining was observed under SRX regardless
of the starting PAG.
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Figure 10. Based on the example of the literature review [3,17,20,25,33,34] and the current work, a
schematic representation of grain size evolution was proposed concerning PAG, rolling schedule
(geometry and related εt), temperature, and cooling regime considering the metallurgical per pass
reduction. Here, Mode I represents continuous grain refining at higher starting roughing temperatures
(coarse starting PAG); Mode II represents continuous grain refining at lower roughing temperatures
and/or finer starting PAG; Mode III represents deformations usually conducted under Tnrx; Mode
IV represents grain growth due to insufficient deformation during roughing, the pre-existing high
density of HAGB and a lack of pinning particles; Mode V represents post-deformation grain growth
after completion of SRX (with low t50) or activated fast MDRX with the available post-deformation
cooling rate and lack of second phase particles/SD or synergetic effect of decreased roll chill and
adiabatic heating on the last notch positions in dependence on the roll length.

In Figure 11, only ferrite grains were determined for the grain size evolution study.
Ferrite was considered a ductility holder and revealed a similar trend in the grain size
evolution per notch position to the mixed grains shown previously in the text. The results
show that controlling the final PAG also controlled the ferrite grains. Overall, no preferential
orientation of ferrite was recognized due to a single pass run at an elevated temperature
for the given test. The starting temperature for intense quenching was, however, under
Ae3. Considering the equilibrium (lever) predictions conducted by using Thermo-Calc
and JMatPro 6.1 and the results in Figure 11f, the temperature of the quench start was set
to be between 770 ◦C and 780 ◦C. The measured surface temperature was, on average,
750 ◦C (under Tnrx) and had a reasonable agreement. The areal fraction of (self-tempered)
martensite blocks and/or LB revealed that the per notch position and increased deformation
reveal minor variations in martensite and ferrite content (VF = 1 − VM). It was recognized
that if hard M/SM was considered a measure of tensile strength, with the increasing
ratio of the original to final thickness for different wedge geometries under relatively low
strain rates, the mechanical tensile properties were weakly changing for the current rolling
schedule. Based on the increasing deformations of the hot-rolled wedge, ferrite fraction
also changed moderately, indicating weak yet still measurable increased nucleation sites for
F formation per e. The various F fractions could be obtained by manipulating the number
of passes concerning the actual temperature of the deformations and IA temperature,
etc. [4,8]. In this case, only polygonal ferrite was obtained. If the quench temperature of
the sheet was in the region outside the formation of polygonal ferrite (PF), acicular ferrite
(AF) could also be promoted. As VM varied with the chemical composition, the austenite
grain size, the actual time available for the phase transformation of austenite into ferrite,
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the cooling rate (VM increases with cooling (quench) rate), etc., no considerable changes
per position for the variation in the highly dislocated M content was considered for the
wedge results [3,4]. The dislocation density of austenite was also estimated before the
phase transformation due to the variation in ε (e) and

.
ε affecting the stress and force during

rolling. The estimated dislocation density values were estimated from 1.0 × 1010 m−2

for under e1 to 1.25 × 1015 m−2 for the last e9 position (using the approach as in previous
work [25]).
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Figure 11. (a–d): An example of the graphical representation using the exploded distribution of the
coarse grain (CG) to fine grain microstructure with a representation using solely the ferrite grain (FG)
size. Enlargement: 2500×. ND and RD represent normal and rolling directions, respectively. (e) An
example of OM with weak banding with M enrichment. Here, M and B also stand for SM and LB.
Enlargement: 500×. (f) Minor deviation of M percentage on finally cooled per notch positions.
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4. Conclusions

The non-standardized wedge rolling test of DP600, based on the above-presented
results, was used in this case study for a single-pass schedule under isothermal conditions
and could also be used for a multi-pass rolling schedule to observe the degree of grain
refinement and grain growth in a post-cooled transformed microstructure by including
the temperature profile. Based on the results, and regardless of the position, the main
transformed microstructure consisted of martensite/self-tempered martensite and ferrite
as a part of polygonal ferrite. No excessive formation of acicular ferrite was observed.

A single pass wedge rolling test at 1100–1070 ◦C was recognized to have similar
asymmetric Gaussian grain size distributions between all per notch positions. A single pass
could provide bi- or multi-modality, as seen in this study, despite it being modest. Partially
the multi-modality originated from having a multi-phase microstructure; phase-related
modality was also due to the unstable recrystallization on the first per notch positions.
Local excessive coarse grains were observed up to mean e = 0.4.

The FEM simulation revealed a discrepancy between the rolled edge and the mid-
width positions studied in this case. This indicated that sample extraction should be
carefully designed to correlate the grain size evolution to the correct local ε. These achieved
true deformations were seemingly highly affected by the chosen material as well as by
the wedge geometry and the used rolling parameters (roll displacement). This indicated
that simply observing the positions of intentionally (mechanically) formed notches before
and after rolling could add uncertainty concerning the target deformations and potentially
increase the measurement error for the grades with a higher solid drag and/or pinning
pressure on HAGB (this was avoided in this study due to the lean chemical composition).
By controlling the rolling speed at a fixed wedge geometry, as in this study, the strain and
strain rate distributions could be, to a certain degree, controlled satisfactorily in a way to
obtain the grain size evolution for different strains per notch position at a rather minor
variation in the strain rates per notch position (by considering the dynamic nature of the
test). This meant that the experimental data obtained from the wedge were potentially
more comparable to more regular and standardized methods for material hot behavior
studies and the investigation obtained from Gleeble tests, etc. Single wedge tests could be
used successfully for quantitative analysis closer to other methods instead of being solely
qualitative, but only by introducing some of the aspects shown in the presented paper.

Based on the conclusion made on DP 600 steel, a rather refined structure (within 5
to 12 µm) was obtained starting from the intense reheating for fine initial PAG control
in all the performed rolling variations along the wedge length. However, the aim was
to observe and determine the optimal strain needed for stable grain size evolution at a
single roughing temperature as a single-step deformation process to produce the finest
possible microstructure instead of introducing additional rolling passes, adding special
heat treatments, thermal cycling, etc., which are basic techniques to provide even finer
grain sizes in all the phase constituents involved [4,35,36]. Based on the overall rolling
parameters and cooling schedule, the optimum deformations per notch positions for the
roughing stage of a 3 mm thick sheet between the temperature interval of 1100–1070 ◦C
and up to 3.45 s−1 strain rate were obtained between e = 0.2 and e = 0.5 as optimum grain
size refining for balanced ductility and strength. The latter is the main target during DP
production. The interval e = 0.2 and e = 0.5 agreed well based on FEM simulations, with the
plastic deformation region of improved deformation stability. The FEM simulation therefore
revealed, and this was considered relevant, that not all per-notch positions were used for
the material study; this was based on the enhanced appearance of strain localization at
higher starting thicknesses, as in this case. The work presented here sets a basic foundation
for the potential further development of wedge geometry using C-Mn-type steels, including
DP steels and others, for basic kinematic and material investigations.
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13. Rusz, S.; Schindler, I.; Suchánek, P.; Turoňová, P.; Kubečka, P.; Heger, M.; Hlisníkovský, M.; Liška, M. Utilization of the hot wedge
test in research of hot formability of free-cutting stainless steels. Acta Metall. Slovaca 2007, 13, 577–582.
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