Effect of Warm to Hot Rolling on Microstructure,
Texture and Mechanical Properties of an Advanced
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The deformation microstructures and mechanical properties were studied in a medium-Mn
austenitic steel subjected to warm-to-hot rolling. During warm rolling at temperatures of
T < 1073 K the structural changes were controlled by dynamic and static recovery leading to a
pancaked work-hardened microstructure, during hot rolling at 7> 1073 K—by discontinuous
dynamic and post-dynamic recrystallization resulting in equiaxed grains. The grain size
decreased while the dislocation density increased with a decrease in rolling temperature. A
decrease in rolling temperature enhanced the texture development, which consisted of relatively
strong Brass, S and P components. The Brass component exhibited the strongest temperature
dependence. A decrease in rolling temperature resulted in significant strengthening of the steel.
The yield strength increased from 340 to 950 MPa as rolling temperature decreased from
1373 K to 773 K. Both the grain refinement and the work-hardening contributed to the
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I. INTRODUCTION

H1GH-MN structural steels have aroused a great
interest among material scientists and mechanical engi-
neers.!" ! Such special attention has been caused by a
beneficial combination of mechanical properties of these
materials, namely high strength along with high ductil-
ity, owing to so-called twinning-induced plasticity
(TWIP) or transformation-induced plasticity (TRIP)
effects. The latter is associated with e-martensitic trans-
formation. The TWIP effect in austenitic steels can be
expected, when the stacking fault energy (SFE) value lies
between about 20 to 50 mJ/m>, whereas the TRIP effect
occurs at lower SFE values.! An appropriate value of
SFE is commonly achieved by alloying with a high
amount of manganese (18 to 30 pct), and carbon (0.2 to
0.6 pct).*>! Aluminum and silicon are also sometimes
used as alloying supplements for high-Mn austenitic
TWIP steels to adjust SFE, provide desirable solution
strengthening, and suppress delayed fracture.® The
alloying design that involves high manganese percentage
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causes a relatively high cost of the steel production that
is one of the main disadvantages of high-Mn TWIP
steels.

Currently, medium-Mn steels are considered as an
alternative to high-Mn steels.!”! They are relatively cheap
and can offer an improved combination of mechanical
properties under certain conditions.!' 3 It is generally
agreed that both high strength and plasticity in
high-to-medium-Mn steels is governed by the austenitic
phase, which exhibits TWIP or TRIP effects depending
on SFE and austenite stability.”*!*'>] Thus, an increase
in austenite fraction should be favorable for the
mechanical properties of medium-Mn steels. On the
other hand, the austenite should have an appropriate
SFE and should be rather stable against o’-martensitic
transformation, which is much less effective for the
strain hardening than ¢-martensitic transformation. In
the case of medium-Mn steel containing 5 to 10 pct Mn,
enhanced mechanical properties are achieved by inter-
critical annealing in the two phase (austenite-ferrite)
region, when the redistribution of alloying eclements
(mainly carbon) provides an appropriate combination of
austenite fraction and properties.l'® '8 Both the fraction
and stability of austenite increase with an increase in
manganese and carbon content. Almost single phase
austenitic steel can be obtained by alloying with 12 pct
Mn and 0.6 pct C.'”' Such steel, ie., Fe-12 pct
Mn-0.6 pct C, should combine a relatively low price of
medium-Mn two-phase austenitic-ferritic steels and
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improved mechanical properties of high-Mn austenitic
steels. This price-property compromise advances the
Fe-12 pct Mn-0.6 pct C steel as a promising structural
material for various engineering applications. The
Fe-12 pct Mn-0.6 pct C medium-Mn austenitic steel
can be processed by conventional thermo-mechanical
treatment including hot rolling without any intercritical
annealing. In this case, the final microstructure and
mechanical properties of the steel should depend mainly
on the rolling temperature. In contrast to high-Mn
austenitic steels, however, the structure to property
relationships in medium-Mn austenitic steels subjected
to warm-to-hot rolling have not been studied systemat-
ically. Single-phase medium-Mn austenitic steels with
high carbon content above 0.7 pct are not treated in the
range of around 0.5 to 0.6 Tm (melting temperature) to
avoid the cementite precipitation at grain boundaries.!”
On the other hand, the most of research works on
medium-Mn steels with relatively low carbon contents
have been focused on the effect of intercritical annealing
conditions on the properties of multiphase (i.e., austen-
ite-ferrite-martensite) microstructures."’

The aim of the present study is to clarify the effect of
rolling temperature in the range of 773 K to 1373 K on
the developed deformation microstructures and textures
and their effect on the mechanical properties of an
Fe-12 pct Mn-0.6 pct C type steel. Specific attention is
paid for the relationship between the mechanisms of
microstructure and texture evolution during warm-
to-hot rolling.

II. EXPERIMENTAL

The steel, Fe-12.4Mn-0.57C-1.5A1-0.4Si-0.02Cr-0.03P
(all in wt pct), was studied. The steel was produced by
induction melting and, then, hot rolling at 1423 K with
60 pct thickness reduction (from 50 to 20 mm). The
starting material (after hot rolling at 1423 K) was
characterized by a uniform microstructure consisting
of equiaxed grains with an average size of 80 £ 8 um
with a weak fiber texture of (100) along the normal

direction (ND) as shown in Figure 1. The SFE value
was roughly evaluated to be 20 mJ/m>." The steel plates
were subjected to rolling at various temperatures from
773 K to 1373 K to a total rolling reduction of 60 pct
(from 20 to 8 mm) followed by air cooling. After each
rolling pass with about 10 pct reduction, the samples
were re-heated for 4 to 10 minutes to the designated
rolling temperature.

The structural investigations were carried out on the
sample section normal to the transverse direction (TD)
using a Quanta Nova NanoSEM 450 scanning electron
microscope (SEM) equipped with an electron back
scattering diffraction pattern (EBSD) analyzer incorpo-
rating an orientation imaging microscopy (OIM) sys-
tem. The specimens for structural observations were
electro-polished using a 10 pct perchloric acid in acetic
acid at a voltage of 20 V at room temperature. The OIM
micrographs  were  obtained  for areas  of
0.6 mm x 0.6 mm with a step of 1 um. The EBSD
patterns with confidence index below 0.1 were omitted
from the OIM analysis (these data-points are filled in
black in the OIM images). The OIM software (TSL
OIM Analysis 6.2) was used for evaluation of the mean
grain size (D) and kernel average misorientation
(KAM). The grain size was evaluated by a linear
intercept along ND, counting all boundaries with
misorientation of 0 > 15 deg. The twin boundaries were
omitted from the grain size calculations for the recrys-
tallization analysis, whereas the strengthening was
analyzed using the grain size including the twin bound-
aries. KAM was utilized to calculate the dislocation
density, p = 2(KAM)/(b h), where b is the Burgers
vector and h is the distance between the measured points
in OIM.”” The rolling textures were studied using a
Bruker D8 Advance diffractometer with a HI-STAR
area detector and polycapillary focusing optics. The
orientation distribution functions (ODF) were calcu-
lated in MatLab with the MTEX toolbox!*" using the
data from three incomplete pole figures, ie. {111},
{200}, and {220}. Assuming a spread of 15 deg from the
respective ideal orientation, the volume fractions of the
various texture components were calculated. The tensile
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Fig. 1—Initial microstructure («) and corresponding orientation distribution functions at ¢, = 45 deg (b) of a medium-Mn steel after hot rolling
at 1423 K. Colors indicate the crystallographic direction along ND (Color figure online).
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tests were performed along the rolling direction at
ambient temperature under a strain rate of 107> s
using an Instron 5882 on specimens with a gauge length
of 12 mm and a cross-section of 1.5 mm x 3 mm.

III. RESULTS

A. Warm-to-Hot Worked Microstructures

Typical deformation microstructures are shown in
Figure 2. Two deformation temperature domains cor-
responding to warm or hot working conditions can be

distinguished in Figure 2. Warm rolling at temperatures
of 773 K to 973 K results in the elongation of original
grains along the rolling direction. In contrast, hot rolling
at temperatures of 1073 K to 1373 K leads to the
development of equiaxed grains. The remnants of
original grains can be observed in Figure 2(c) as highly
elongated grains. Setting the minimal aspect ratio (the
length of the minor axis divided by the length of the
major axis) for recrystallized grains as 0.25, the recrys-
tallized fraction after rolling at 1073 K comprises 0.85
(Figure 2(c)). An increase in rolling temperature leads to
fully recrystallized microstructure. The grains evolved
by hot-rolling contain numerous annealing twins and

Fig. 2—Typical OIM images of deformation microstructures evolved in a medium-Mn steel subjected to rolling at temperatures of 773 K (a),
973 K (b), 1073 K (¢), 1273 K (d). The colors indicate the direction along ND (Color figure online).
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the mean grain size decreases with a decrease in the
deformation temperature. It can be concluded, there-
fore, that the microstructure evolution in the steel
samples subjected to hot rolling results from discontin-
uous dynamic recrystallization including post-dynamic
recrystallization, involving grain boundary bulging as
the mechanism of grain nucleation. An example of new
grain development by the bulging mechanism is indi-
cated by the white arrow in Figure 2(c). This is
frequently observed mechanism of microstructure evo-
lution in low-to-medium SFE metals and alloys pro-
cessed by large strain hot working.!** 2

The flattened grains in the steel sample, which was
warm rolled at 773 K, frequently contain a number of
closely spaced boundaries appearing as dark bands on
the OIM micrograph (Figure 2(a)). The change in the
crystallographic orientation along the white line in
Figure 2(a) is represented in Figure 3(a) as point-to-or-
igin misorientation. It is clearly seen in Figure 3(a) that
the orientation frequently varies over 60 deg as the
measuring point moves along the line. This change in
orientation by 60 deg and backward testifies to defor-
mation twinning, which operated upon warm rolling.
Deformation twinning is a common deformation
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Fig. 3—Misorientations within the grains evolved during rolling at
773 K (a) and 1273 K (b) along the lines indicated in Figs. 2(a) and
(d), respectively.
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mechanism acting in low SFE fcc-metals and alloys
during cold deformation.**?”! An increase in deforma-
tion temperature increases the SFE value and, therefore,
should suppress deformation twinning.*®**”) The
obtained results indicate that deformation twinning
can occur in the present steel during rolling even at
such a high temperature of 773 K. It should be noted
that the flattened and twinned grains are characterized
by large internal distortions after warm rolling. The
cumulative misorientation within an individual grain,
e.g. the matrix of the grain marked by the white line in
Figure 2(a), attains about 10 deg (Figure 3(a)). This is
indicative of high dislocation densities that evolve in the
steel samples and strengthen them during warm rolling.

The steel samples subjected to hot rolling are also
characterized by high residual stresses. The change in
the orientation along the white line indicated in
Figure 2(d) is represented in Figure 3(b). The lattice
curvature over the grain (point-to-origin) achieves
6 deg, although the misorientation between any neigh-
boring points (point-to-point) does not exceed 1 deg.
The selected grain in Figure 2(d) contains annealing
twins that suggests its discontinuous recrystallization
origin, i.e., nucleation followed by growth in course of
dynamic or post-dynamic recrystallization. The large
internal distortions as shown in Figure 3(b) testify to
rather high dislocation densities evolved in the steel
samples subjected to hot rolling irrespective of discon-
tinuous recrystallization taking place during and/or
after deformation. Thus, the dislocation strengthening
should be taken into account while predicting the
strengthening by warm-to-hot working.

The temperature effect on hardness (Hv), the grain
size (D) and the kernel average misorientation (KAM),
which roughly corresponds to internal distortion, are
shown in Figure 4. The grain sizes shown by open
symbols in Figure 4 were calculated including the twin
boundaries, whereas those indicated by solid symbols
were evaluated without counting the twin boundaries.
Generally, D increases while Hv and KAM decrease
with an increase in the rolling temperature. The change
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Fig. 4—Effect of rolling temperature on hardness (Hv), average
grain size (D) and kernel average misorientation (KAM) in a
medium-Mn steel. The twin boundaries were included (open
symbols) or excluded (solid symbols) from the grain size calculation.
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in the deformation behavior that is associated with a
transition from warm to hot working is reflected by
rather smooth D-T and KAM-T plots as small kinks
around 1000 K in Figure 4, although Hv does not show
any significant inflections at this temperature. The grain
size developed during hot working through dynamic and
post-dynamic recrystallization, depends on grain bound-
ary migration ability and, thus, decreases with a
decrease in deformation temperature.”” In the case of
warm working accompanied by dynamic recovery only,
the grain size, which is measured as a high-angle
boundary spacing in the normal direction, depends on
the rolling reduction and the number of strain induced
grain boundaries developed during deformation. The
decreasing grain size in the range of 773 K to 973 K in
Figure 4 suggests that the number of strain induced
grain boundaries increases with a decrease in deforma-
tion temperature under warm working conditions. It
should be noted that the deformation twinning at
relatively low temperatures also contributes to the grain
size reduction. Slowing down the recrystallization kinet-
ics and the recovery processes with a decrease in the
deformation temperature results in gradually increasing
the internal distortions and related KAM. It is worth
noting that the recrystallization cessation with a
decrease in deformation temperature affects the recovery
of internal distortions that leads to specific jump in the
temperature-KAM dependence (Figure 4).

The different mechanisms of microstructure evolution
during warm and hot rolling lead to characteristic grain
boundary assemblies that develop in either work-hard-
ened or recrystallized microstructures (Figure 5). The
work-hardened microstructures that developed during

warm rolling at temperatures of 773 K to 973 K are
characterized by a sharp peak against misorientations
below 6 deg in Figure 5. Correspondingly, the fraction
of low-angle subboundaries with misorientations of
0 < 15 deg (FLap in Figure 5) may exceed 0.9 in the
warm rolled samples. In contrast, the dynamically and/
or post dynamically recrystallized microstructures in the
samples hot rolled at temperatures above 1073 K
involve large fractions of CSL X3 boundaries (Fg3 in
Figure 5) corresponding to annealing twins. Note here
that Fx3 shown in Figure 5 were obtained by calculation
among high-angle boundaries only, i.e., low-angle sub-
boundaries were not taken into account while evaluating
the fractions of special CSL X3 boundaries. Therefore,
the grain boundary misorientation distribution in the
dynamically and/or post-dynamically recrystallized
microstructures exhibit two sharp peaks corresponding
to low-angle subboundaries (0 < 15 deg) and twin
boundaries (0 > 55 deg), whereas other misorientations
between these two peaks are characterized by near
random distribution. The latter’®! is indicated by the
dashed line in Figure 5.

B. Deformation Textures

The representative sections of orientation distribution
functions (ODF) at ¢, = 45 deg for the samples sub-
jected to warm-to-hot rolling are shown in Figure 6. The
main texture components, which are typical for low SFE
austenite are represented in Figure 7 and defined in
Table 1. The deformation textures are characterized by
the development of a rather strong o-fiber with a
maximum at around Brass component and a somewhat
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Fig. 5—Grain boundary misorientation distributions for a medium-Mn steel subjected to warm-to-hot rolling at indicated temperatures. The

random misorientation distribution®®" is indicated by the dashed line.
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Fig. 6—Orientation distribution functions at ¢, = 45 deg of a medium-Mn steel subjected to rolling at temperatures of 773 K (a), 973 K (b),

1173 K (¢), and 1373 K (d).

Q4

Fig. 7—Typical texture components at ¢, = 45 deg in a low SFE
austenite subjected to plate rolling.

well-built maximum, which looks like Cu component

shifted to ¢; = 90 deg, ¢ = 20 deg, ¢, = 45 deg cor-
responding to {114}(221). The latter gradually

4250—VOLUME 50A, SEPTEMBER 2019

attenuates with decreasing ¢, (Figure 6). The develop-
ment of a-fiber and Brass component has been fre-
quently observed in high-Mn austenitic steels with low
SFE subjected to cold rolling.”?* > On the other hand,
cold rolling has not been accompanied by the texture
development around {114}(221). Moreover, the present
steels processed by warm-to-hot rolling do not exhibit
remarkable 7y-fiber, which has been reported for
high-Mn steels after large strain cold rolling.!**-”
Generally, the texture intensity decreases with an
increase in deformation temperature (Figure 8). The
steel samples exhibit notable Brass, S, P, and Goss
components after warm rolling at 773 K. The Brass and
Goss components demonstrate the most remarkable
reduction; their fractions decrease more than twofold
with an increase in the rolling temperature from 773 K
to 1373 K. The S and P components also weaken with
increasing temperature, although the S component
remains one of the most intensive compared to other
components irrespective of deformation temperature.
As also seen in Figure 8, the fraction of Copper Twin
(CuT) component does not remarkably alter from
random orientation conditions for samples rolled at
different temperatures; it slightly varies around 0.03
irrespective  of deformation twinning during warm

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table I. Definition of Texture Component

Component Miller Indices Euler Angles (Deg) Fiber
Brass (B) {110}(112) 55, 90, 45 a, B
Goss (G) {110}(001) 90, 90, 45 R
Rotated Goss (RtG) {110}(110) 0, 90, 45 o
Copper (Cu) {112}(111) 90, 35, 45 Bt
Copper Twin (CuT) {552}(115) 90, 74, 45 T
E {111}(110) 0/60, 55, 45 7
F {111}(112) 30/90, 55, 45 y
P {110}(122) 20, 90, 45 2
S {123}(634) 59, 37, 63 B
o-Fiber (110) Parallel to ND
y-Fiber (I11) Parallel to ND
1-Fiber (110) Parallel to TD
0.15 on the y-fiber development can be explained in a similar
Brass way. Namely, the texture randomization upon increas-
ing temperature is accompanied by an apparent increase
i in the orientation density along y-fiber (Figure 6).
c S
-% 0.10 P C. Tensile Tests
© Goss The stress—strain curves obtained by tensile tests of
L . the present warm-to-hot rolled steel samples are shown
0] . . . ) .
e in Figure 9; the tensile properties are collected in
3 Table II. A decrease in rolling temperature leads to
g 0.05+ cuT significant strengthening. It is worth noting that the
effect of rolling temperature on the yield strength (g¢ )
] is much more pronounced than that on the ultimate
tensile strength (UTS). The former increases from 360 to
E+F 950 MPa while the latter increases from 1100 to
0.00 r T T T 1300 MPa with a decrease in the rolling temperature

| | |
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Fig. 8—Temperature effect on the volume fractions of texture
components in a medium-Mn steel processed by warm-to-hot rolling.

rolling and formation of annealing twins upon hot
rolling. On the other hand, the fraction of E + F
components increases from almost zero to about 0.05
with an increase in the rolling temperature from warm
to hot working domain.

The difference in the texture development during
warm-to-hot rolling from ordinary cold rolling can be
associated with an increase in SFE as temperature
increases. Indeed, the fractions of texture components
like Brass, S, Goss etc., which are typical for cold rolled
austenite, increase with a decrease in rolling tempera-
ture. Regarding the E + F components, their develop-
ment during cold rolling has been attributed to shear
banding at large strains.® The present warm-to-hot
rolling is not accompanied by shear banding. Corre-
spondingly, the fraction of E + F components should be
negligibly small. An apparent increase in the fraction of
E + F components may be associated with an overall
texture randomization caused by dynamic and post-dy-
namic recrystallization. The effect of rolling temperature

METALLURGICAL AND MATERIALS TRANSACTIONS A

from 1373 K to 773 K (Table II). The strengthening by
warm rolling is accompanied by a decrease in plasticity,
although rather large uniform elongation above 15 pct
remains even after rolling at the lowest applied temper-
ature of 773 K. The strength properties, i.e., the ranges
of 69, and UTS obtained in the present warm to hot
rolled steel samples, are almost the same with those
obtained in other work-hardened high-Mn TWIP steels,
althou%h (g)lasticity of the present steel samples is not so
large.’>1 On the other hand, other multiphase
medium-Mn steels commonly exhibit poorer plasticity."!

It is clearly seen in Figure 9 that all the warm-to-hot
rolled steel samples are characterized by almost the same
strain hardening behavior upon the subsequent tensile
tests at room temperature. A decrease in the rolling
temperature just brings the true stress—strain curve to
higher stress level. This behavior may indicate on the
same strengthening mechanism operating in all steel
samples irrespective of previous rolling conditions.
Another interesting point to be noted in Figure 9 is
the maximal stresses, which are limited by a level of 1200
to 1300 MPa, except the initial sample with a coarse
grained microstructure after hot rolling at 1423 K.
Similar strength limitation has been reported for various
high-Mn TWIP steels processed by cold or hot work-
ing.*>>" Such upper limit of the flow stress was
considered being associated with a maximal strain

VOLUME 50A, SEPTEMBER 2019—4251
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Fig. 9—Engineering stress—elongation (a) and true stress—strain (b) curves for a medium-Mn steel processed by warm-to-hot rolling at indicated

temperatures.

Table II. The Yield Strength (6y,), Ultimate Tensile
Strength (UTS), and Total Elongation (4) of a Medium-Mn
Steel Processed by Rolling at Different Temperatures (7)

T (K) 602 (MPa) UTS (MPa) 5 (Pet)
773 940 1175 17
873 645 930 27
973 595 910 33
1073 545 925 40
1173 450 870 43
1273 400 800 45
1373 340 770 51
1423 320 710 46

hardemn% which could be assisted by deformation
twinning.*” In this case, further straining beyond the
twinning-assisted dislocation storage should inevitably
proceed with a localization of plastic flow leading to
necking and failure. The high tensile flow stresses
recorded for the steel processed by warm rolling at
773 K may result from deformation twinning, which
occurred during warm rolling. Indeed, the grain subdi-
vision by deformation twinning should increase the yield
strength upon the subsequent testing. Uniform defor-
mation twinning during warm working may promote
homogeneous deformation upon subsequent cold defor-
mation, i.e., tensile test, and provide an additional
overall strengthening.

IV. DISCUSSION

A. Mechanisms of Microstructure Evolution

The deformation microstructures including the mean
grain size and dislocation density that evolved through
dynamic recrystallization depend sensitively on the
deformation temperature and strain rate.[*-244042
Assuming almost the same strain rate for all warm-to-hot
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Fig. 10—Effect of rolling temperature on the grain size (circle
symbols) and kernel average misorientation, KAM, (triangle
symbols) in a medium-Mn steel.

rolling treatments, the structural parameters should
solely depend on the rolling temperature. Figure 10
shows the temperature effect on the grain size and kernel
average misorientation in the steel samples subjected to
warm-to-hot rolling. Note that twin boundaries were
omitted while calculating the grain size in Figure 10; and
the kernel average misorientation can be referred to here
as the dislocation density owmg to a direct proportlon
between these two quantities.?™*¥ The dashed lines in
Figure 10indicate some possible relationship between the
deformation conditions and microstructural parameters.
Under conditions of hot working at temperatures above
1073 K, the mean grain size can be expressed by a power
law function of Z (Zener-Hollomon parameter) with an
exponent of approx. — 0.33, which is an average of those
of — 0.27 to — 0.4 reported in other studies on discon-
tinuous dynamic recrystallization (DDRX) in austenite
during hot working.** 7!

METALLURGICAL AND MATERIALS TRANSACTIONS A



On the other hand, the deformation microstructures
evolved during warm deformation are generally associ-
ated with continuous dynamic recrystallization
(CDRX).**?) In this case, the mean grain size can be
also expressed by a power law function of Z with a much
smaller exponent of about — 0.1.15*% The present data
(the range of warm working in Figure 10) display
remarkable deviation from the Dprx ~ Z ' line as
could be expected for CDRX. This discrepancy is caused
by insufficient strain for the development of continuous
dynamic recrystallization, which requires much larger
strain to make a meaningful contribution to the
microstructure evolution.P**3% The present warm
rolling with a total reduction of 60 pct leads only to
flattening of the original grains and the development of
some strain-induced grain boundaries, the number of
which is not enough for the grain refinement as expected
from the regularities of CDRX. Therefore, dynamic
recovery (DRV) can be considered as the main mech-
anism operating in the steel samples during warm
rolling. A decrease in the rolling temperature accelerates
the development of strain-induced grain boundaries in
austenite.”!’ Hence, the grain size that developed during
warm rolling with a fixed total reduction decreases with
a decrease in the rolling temperature. Nevertheless, the
temperature dependence of the grain size evolved by
warm rolling is weaker than that for hot rolling.

A power law relationship between the dislocation
density and the grain size with a grain size exponent of
— 0.6, ie., p~ Dpx%. has been reported for austenitic
stainless steels subjected to large strain warm rolling.[*”
Thus, setting this relationship in the power law func-
tions between Dprx and Z in Figure 10, the following
relationships can be obtained between the dislocation
density and deformation conditions: p ~ Z%? and
p ~ Z°%_for hot and warm working conditions, respec-
tively. It is clearly seen in Figure 10 that the experimen-
tal values of KAM (which is directly related to
dislocation density) match well the derived power law
function in the range of hot working. Similar to the
grain size, the kernel average misorientation in
Figure 10 does not match perfectly the expected depen-
dence of the dislocation density under warm rolling
conditions, although a rough correspondence can be
observed. Anyway, the strong temperature dependence
of dislocation density during hot working gradually
becomes weaker with a decrease in rolling temperature
that is probably associated with a rather hu%e transition
region from hot to warm deformation.***! Assuming
that the discussed relationships are in force for suffi-
ciently large strains, it can be suggested that a power law
function with an exponent of about — 0.6 is generally
hold between the grain size and the dislocation density
in the medium-Mn steel processed by warm-to-hot
rolling irrespective of DRV and DDRX operating under
different deformation conditions.

The different mechanisms of microstructure evolution
during hot and warm rolling lead to different textures
developed. The dynamically and/or post-dynamically
recrystallized microstructures under conditions of hot
rolling are characterized by relatively weak textures,
which involve Brass and S components (Figure 8).
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These components are commonly observed in the cold
rolled austenite with a low SFE.FP?3 It can be
concluded, therefore, that textures in the dynamically
and/or post dynamically recrystallized medium-Mn steel
are governed by work-hardened grains, which had no
chance to recrystallize. An increase in the temperature
accelerates the recrystallization processes and weakens
the textures. In contrast, warm rolling, which is accom-
panied by dynamic recovery, leads to strong textures,
which enhance with a decrease in the rolling tempera-
ture. The deformation textures change from those
affected by discontinuous dynamic and/or post dynamic
recrystallization to textures, which are typical of cold
rolled austenite. The cold rolled textures in austenite
have been characterized by a tube with a skeleton line
from the Copper component over the S component to
the Brass component."?! The peak of textural intensity
moves along the skeleton line from the Copper to Brass
component with a decrease in SFE. Commonly, the
Brass and S components can be expected in the cold
rolled austenite with low SFE like the present steel. It is
known that SFE in austenite increases with tempera-
ture.’®??) Therefore, the relative intensity of the Brass
component increases in the present steel as the
warm-rolling temperature decreases (Figure 8).

B. Strengthening

The grain size effect on the yield strength of the
warm-to-hot rolled steel is shown in Figure 11 as
Hall-Petch-type plot, i.e.

602 = 0o + kD707, (1]

where o is the yield strength of the steel with infinitive
grain size and k, is a parameter of the grain boundary
strengthening.>*>¥ Note here that twin boundaries were
counted for the grain size strengthening. The linear

1000
_ Warmrolled  ,-°" O N
R at 773-973K .-~
& 800 -
¢ 600 - {0,
o | A
‘é’) *"y”.-* Hot rolled
S 400 - e At 10731423 K
& ] " 6,, =230+ 660 D°°
°
[}
&£ 200
0 — 1 T 1 T 1 T 1
00 02 04 06 08 1.0

Grain Size, D?° (um™?)

Fig. 11-—Hall-Petch-type plot for a medium-Mn steel processed by
warm-to-hot rolling.

VOLUME 50A, SEPTEMBER 2019—4253



relationship between the inverse square root of the grain
size and the yield strength is evident for the hot-rolled
samples with ¢y = 230 MPa and k, = 660 MPa pm®>.
The present values of ¢y and k, are somewhat larger
than those of 130 to 200 MPa and 350 to
470 MPa um®, respectively, reported in other studies
on austenitic steels.**>>% Moreover, the yield
strengths for the warm rolled samples are well above
the straight line corresponding to the hot rolled samples
in Figure 11. This strengthening can hardly be explained
by the textural changes. An increase in Taylor factor
with increasing P component is compensated by its
decrease with increasing Goss component in the warm
rolled samples, whereas the change in Brass and S
components do not affect an average Taylor factor of
about 3.1 in fcc-metals.[®” Therefore, the relatively large
yield strength of the present steel samples as compared
to that expected from the grain size strengthening
should be attributed to an additional strengthening,
which should be taken into account to interpret the
structure—property relationship adequately.

The present steel samples subjected to warm or hot
rolling are characterized by high internal distortions as
proved by the kernel average misorientations in
Figure 4. DRV operating during warm working does
not provide complete softening that leads to rather high
dislocation density, whose quantity increases with a
decrease in deformation temperature.”**#! It is inter-
esting to note that hot rolled microstructures that evolve
through discontinuous dynamic and post-dynamic
recrystallization also include relatively high dislocation
densities, which increase with decreasing the deforma-
tion temperature. The relatively high internal stresses
have been considered as a feature of discontinuous
dynamic and post-dynamic recrystallizations.**¢!! The
internal stresses in DDRX microstructures that evolve
during hot working are attributed to the substructural
heterogeneity, which is inherent in the discontinuous
dynamic process of microstructure evolution.?**% The
cyclic character of DDRX implies continuous nucle-
ation and growth of new grains during deformation. The
hot worked microstructures, therefore, always contain
recrystallization nuclei, growing recrystallized grains,
and work-hardened grains. The latter ones should
contain high dislocation density, which depends on the
rate of dynamic recovery. The development of post-dy-
namic recrystallization releases partially the internal
distortions and decreases the dislocation density. How-
ever, post-dynamic recrystallization cannot remove
completely the stored dislocations and related internal
stresses remaining in growing recrystallized grains.

The yield strength of work-hardened steels and alloys
has been expressed by a modified Hall-Petch relation-
ship including a term of substructural (or dislocation)
strengthening.[**-¢4

002 = 09 + kyD*O'5 + oszpO'S. 2]

Here G is the shear modulus and « is a numerical factor
ranging from 0.6 to 1.5 as reported in various experi-
mental studies.?>3337:3%40571 The relationship between
the yield strength, the grain size, and the dislocation
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density for the present warm-to-hot rolled steel samples
is shown in Figure 12. The dislocation strengthening
exhibit almost linear relationship with the grain size
strengthening that complicates precise analysis of the
structure—property relationship. This linear relationship
is governed by the power law functions between the
structural parameters, i.e., the grain size and the
dislocation density, and the Zener—Hollomon parameter
(Figure 10). Similar difficulties have been met in other
researches devoted to the same topic.[**%>*%) Neverthe-
less, the present data in Figure 12 can be well approx-
imated by a plane. The best fit by the least square
method (R? = 0.95) is obtained with ¢, = 65 MPa,
k, = 420 MPa m’>, and o« = 1.2.

The extracted grain boundary strengthening factor
corresponds well with that found in other similar
studies.**3731 On the other hand, the values obtained
for oy and o are somewhat different from expected ones.
These relatively small oy and large o can be associated
with an underestimation of the dislocation density. In
fact, the dislocation density calculated by using KAM
depends significantly on the OIM step size, the correct
value of which deBends, in turn, on the value of
dislocation density.”” The value of underestimation
increases with an increase in the OIM step size (for a
constant dislocation density) and/or an increase in the
real dislocation density (in the case of a constant OIM
step size). In the present study, the same OIM step size
was selected to simplify the comparative analysis. Since
the dislocation density increases with a decrease in
deformation temperature, the difference between the
dislocation density evolved in the warm-to-hot rolled
samples and that calculated from KAM increases with a
decrease in the rolling temperature. Assuming a linear
function between the difference in the calculated and
real dislocation densities irrespective of rolling temper-
atures, e.g., twofold underestimation, a reasonable value
of o = 0.85 is obtained, although the usage of KAM for
dislocation density evaluation should be elaborated in
more detail. Nonetheless, the present analysis suggests
that the strength of the warm-to-hot rolled austenitic
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Fig. 12—Relationship between the yield strength, the grain size, and
the dislocation density in a warm-to-hot rolled medium-Mn steel.
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steel can be related to the grain size and the dislocation
density by using a unique relationship irrespective of the
mechanisms of microstructure evolution in a wide range
of deformation temperatures.

V. CONCLUSIONS

The developed microstructures and their effect on the

yield strength of a medium-Mn austenitic steel subjected
to warm-to-hot rolling with a total reduction of 60 pct
were studied. The main conclusions can be summarized
as follows:

1.

The deformation microstructures after hot rolling at
temperatures of 7> 1073 K consisted of equiaxed
grains that resulted from the development of
discontinuous dynamic and post-dynamic recrystal-
lization leading to grain refinement down to 4 ym
with a decrease in temperature. In contrast, during
warm rolling at temperatures of 7 < 1073 K the
structural changes were controlled by dynamic and
static recovery. The grain boundary spacing along
the normal direction of the warm worked
microstructures also decreased with temperature
because of increasing the number of strain-induced
boundaries and deformation twinning at relatively
low temperature.

Both the warm and hot rolled microstructures
involved large internal distortions, which could be
indicative of high dislocation densities. The dislo-
cation density increased in almost ten times with a
decrease in rolling temperature from 1373 K to
773 K as revealed by means of kernel average
misorientation.

The deformation textures enhanced with a decrease
in rolling temperature; and were characterized by
relatively strong Brass, S and P components.
Among those, the Brass component exhibited the
strongest temperature dependence, whereas the S
component displayed the weakest one. The Brass
and S components were predominant in warm and
hot rolled samples, respectively.

A decrease in rolling temperature resulted in signif-
icant strengthening of the steel. The yield strength
increased from 340 to 940 MPa as rolling temper-
ature decreased from 1373 K to 773 K. The yield
strength could be expressed by a modified
Hall-Petch-type relationship taking into account
an additional dislocation strengthening.
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