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Abstract. Slabs of low carbon bainitic steel have been subjected to various modes of fractional
hot rolling at fixed conditions of the next direct quenching and tempering. To assess influence
of such treatments, microstructures and textures of bainite are determined by EBSD on
representative areas and then analyzed with allowance for the resulting mechanical properties.
The obtained data reveal a specific effect of hot deformation as far as the tempering does not
significantly change crystallographic constitution of the quenched steel. According to the
bainite textures, all considered modes lead to deformed states of parent austenite; at the same
time, dissimilar types of the transformation product have been detected. Specifically, the softer
(granular) bainite appears at higher strains and lower temperatures of the finish rolling stage
because the work hardening of austenite increases the transformation temperature. Conversely,
the lath bainite providing the maximum steel strength corresponds to properly limited strains
of austenite at high enough temperatures.
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Introduction

Low carbon bainitic steels are widely used owing to their high strength and fracture toughness,
combined with good weldability. At the same time, it is rather hard to control the properties of
bainite because volume fractions of its various types depend on the plastic strain of parent
austenite and the cooling rate in quenching. Moreover, the problem aggravates since such steels
normally undergo the tempering that changes their properties relative to the quenched state. These
issues complicate development of industrial technologies in general and become crucial in case
of thick semi-products where both the strain and cooling rate are particularly non-uniform. To
analyze effects of them, various combinations of hot deformation and quenching have been
applied on thermo-mechanical simulators [1-3] and rolling mills [4—6]. The present paper aims
to isolate specific influence of the hot rolling modes at fixed conditions of the direct quenching
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and subsequent tempering. The last two operations and varied rolling parameters are relevant to
industrial treatments of the considered steel.

Higher strain degrees and lower rolling temperatures, which retard both the recovery and
recrystallization of austenite, generally result in increase of the transformation temperature and
hence in softer bainite of granular morphology [1,2,7-9]. Conversely, the stronger lath bainite
appears at lower temperatures if the parent phase undergoes weaker hardening due to less strains
or/and higher rolling temperature [8,9]. However, to make use of this regularity, the quenching
should be sufficiently rapid [1] as is the case in the present work. As to the tempering that
diminishes the dislocation density and results in some redistribution of carbon, corresponding
effects on the crystallographic constitution of bainite [10] are usually insignificant so that EBSD
can reveal microstructures of the quenched state.

Based on EBSD orientation data, several mutually complimentary methods are employed
to characterize the material state. Thus, along with the microstructure, the texture of steel can be
determined. Unlike the XRD method that derives the orientation distribution function (ODF) from
a number of incomplete pole figures, EBSD immediately expresses this function in terms of
measurement results at periodically arranged discrete points. Respective complete pole figures
comply with those obtained by XRD technique [11] and are often more distinct since the
underlying ODF is derived from a greater set (up to 10°) of orientations. At the same time, the
opinion is spread that representativeness of EBSD data is inferior to that of XRD. To get proper
results while avoiding a formal analysis of this issue, we employ a rather large EBSD area
covering several hundreds of prior grains and the scanning step providing in each of them
thousands of measurement points.

In case of bainitic or martensitic steels, which have pronounced orientation relationships
(OR) between the parent and product phases, the transformation texture enables assessment of
the parent austenite state because its rolling and recrystallization textures significantly differ. A
simple way to recognize them [12,13] is to make use of approximate similarity between (111),
and (110). pole figures. Whether reference [14-16] or measured OR are used, parallelism of these
crystal planes is kept with accuracy of about one degree. At the same time, to properly distinguish
between various bainite types by means of coupling statistics for admitted OR variants [17-19],
a specific inter-phase relationship of any steel is needed. Following [20], each OR used in the
present work is fitted to the interfacial misorientations in the final structure. Such an approach
avoids errors caused by non-uniformity of deformation in prior grains and highly facilitates
computations.

Apart from EBSD orientation maps, steel microstructures can be specified by respective
distributions of crystal curvature (orientation gradient) that depends on the dislocation density
and hence local phase constituents [10,21-23]. Among popular curvature measures [24], the grain
average misorientation (GAM) is most convenient in analyzing the transformation products as far
as it treats whole structural elements separated by closed interfaces. To properly draw the latter,
their tolerance angle 6; should correspond to the least inter-variant misorientation of the employed
OR. It is worth noting that such a non-local estimate is relevant to the average density of lattice
dislocations [25] rather than their “geometrically necessary” agglomerations with a net Burgers
vector forming low-angle boundaries. This simplification is wittingly used in the present paper
because the main contribution to strength of lath bainite or martensite is provided by the bulk
dislocation density [26,27].

Materials and Methods

Chemical composition of the considered steel (wt. %: 0.08C, 0.21Si, 0.34Mn, 2.5(Ni+Cu),
0.59(Cr+Mo), 0.034V, 0.004NDb) ensures its mostly bainitic structures by quenching in a wide
range of cooling rates. Three slabs of 300 mm thickness were reheated to 1200 °C and hot rolled
on a reversing mill. Plates subjected to various rolling modes were directly quenched in a
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sprinkler installation at the same final thickness of 18 mm and then tempered for 8.5 hours at
645 °C.

Analyzed sections normal to the transversal direction (TD) were prepared by the usual
metallographic procedures and then subjected to electrolytic polishing in perchloric acid-
ethanol solution at 0 °C. EBSD over areas of 2.25 mm? with a scanning step of 1 um was
implemented on SEM Lyra 3-XMH at an accelerating voltage of 20 kV. Crystal orientations
were determined by Channel 5 software. Based on the obtained data, bainite textures have been
determined by means of MTEX software and then used following [28] to reconstruct textures
of parent austenite. To image morphology of bainite by the band contrast (BC), smaller areas
are rescanned with a step of 0.1 um. The related orientation data are employed to assess crystal
curvature in individual laths and derive OR from inter-lath misorientations [20]. The coupling
statistics for admitted variants of each specific OR is assessed on the section plane according
to length fractions of respective interfaces revealed with angular accuracy of one degree.

Table 1. Hot rolling modes and respective mechanical properties of quenched and tempered steel

Conditions of the last five passes
Rolling | Number of A Average Accumulated YS, UTS, | Reduction in
mode passes Verage thickness thickness 0
temperature, °C ) _ MPa | MPa area, %
! reduction, % reduction, %

A 16 913 16 58 610 690 82

B 18 977 14 53 630 710 80

C 22 953 11 44 670 720 80

Table 1 lists whole numbers of rolling passes for the three applied modes and
characteristics of finish rolling stages as well as resulting mechanical properties of steel (yield
stress, ultimate tensile strength and reduction in area prior to fracture) determined by standard
tests. First, relative thickness reductions at the last five passes are expressed by

0 = (Hi1-Hi)/Hia 1)

ati=N-4, N-3, ..., Nwhere N is the whole number of passes. The table represents average values
of these & and of related temperatures as well as the relative thickness reduction accumulated
during the last passes:

A= (Hn-5-Hn)/Hn-s. (2)

It is meaningful that arrangement of steel properties follows strain degrees rather than
respective temperatures. As expected, less deformed austenite results in stronger bainite.

Note that the specific allowance for the finish rolling stage is motivated by two reasons.
First, owing to higher temperatures of the previous passes gradually diminishing from 1200°C,
the softening of austenite by its recovery or/and recrystallization in inter-pass pauses weakens
influence of related deformations on the final steel properties. That is why the hot rolling mode
is often specified by the least FRT (finish rolling temperature) [5,6]. In this regard, our
consideration of the last five passes refines the analysis. Second, the whole complex mode is
problematic to quantify by few parameters as far as averaging over too wide ranges of
temperature and strain would be hardly relevant physically.

Results

Bainite microstructures and textures by EBSD. Orientation distributions at the considered
rolling modes are conventionally represented in Fig. 1 by colors corresponding to TD with
respect to a standard triangle of the inverse pole figure (IPF). Each of these maps demonstrates
performance of EBSD on a large (2.25 mm?) area that covers about a thousand of prior grains
and presumably provides the representative texture. However, such images cannot properly
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display bainite microstructures because the employed scanning step exceeds their fine scale to
reasonably limit time of the data acquisition. To refine analysis as shown in inserted fragments,
smaller domains have been rescanned with a step of 0.1 um.

@ (b)
Fig. 1. Orientation (IPF) maps of large areas of bainite corresponding to hot rolling modes
A (a), B (b) and C (c). Inserts show microstructures revealed on small areas with a finer
scanning step

Figure 2 provides higher magnification of bainite microstructures by means of BC maps
also derived with the refined scanning step. It is worth noting that such maps are sensitive to
crystal imperfections and hence perfectly substitute metallographic images usually obtained by
the chemical etching. As expected, the most pronounced lath morphology of the transformation
product corresponds to the least deformed austenite (mode C) whereas the strongest work
hardening of the parent phase (mode A) leads to predominance of granular bainite peculiar to
higher transformation temperatures.

(a) (b) (c)
Fig. 2. BC maps of bainite corresponding to hot rolling modes A (a), B (b) and C (c)

Pole figures (110). of bainite close to (111), ones observed in the parent phase deformed
by rolling [12] are shown in Fig. 3 where RD and TD conventionally indicate the rolling and
transverse directions. Owing to the least temperatures and maximum thickness reductions,
mode A results in strong components of the rolling texture which become notably weaker at
modes B and C. At the same time, with respect to B, the latter texture somewhat sharpens. This
effect wants explanations since it takes place at the minimum thickness reductions of austenite
(Table 1) which expectedly lead to the high strength and lath morphology of the product phase.
As will be discussed in the next section, the texture and hardening of austenite may not ideally
correlate as far as they differently depend on deformation conditions.
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(b) (c)
Fig. 3. Pole figures (110). for bainite textures corresponding to hot rolling modes
A (a), B (b) and C (c)

To refine analysis, characteristic ODF sections (p2=45°) are represented in Fig. 4. In all,
they comply with the above-considered arrangement of rolling modes in strength of related
textures except for a red spot at mode B. As considered in the next subsection, such maximums
of probability density, as well those at the upper right corner can appear from either parent cube
component due to recrystallization of austenite or the brass component of its rolling texture. To
exclude this uncertainty, the parent textures reconstructed from those of bainite will be further
analyzed. With the inter-phase OR kept in mind [13], Fig. 4 evidence for predominance of the
"transformed brass component™ [13], though signs of the “transformed copper component” are
also displayed at modes A and, somewhat weaker, at C. It should be remarked as well that at
mode C several features of the transformed brass in the bainite texture differ from those of
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Fig. 4. Bainite ODF sections (p2=45°) corresponding to hot rolling modes
A (a), B (b) and C (c)

To reveal the coupling statistics for admitted variants of whatever OR, the latter should
be properly determined first. Specifically derived following [20] at the considered rolling
modes, resulting OR are represented in Fig. 5(a) by the inter-phase angles between close packed
planes (111), & (110) and directions [110], & [111]. further called CPP and CPD, respectively.
According to the last quoted work, the OR very close to that by Greninger & Troyano [15] at
mode C corresponds to lath bainite whereas other two are relevant to the granular morphology
of this phase.

The least inter-variant angle corresponding to each of the considered OR is about five
degrees; therefore, we will carefully employ 6:=4° to allow for real accuracy of measured
orientations while ignoring smaller inter-lath angles within any single block (variant) of bainite.
The same 0 will be used to draw closed interfaces in determination of GAM. Coupling spectra
for admitted variants of OR are shown in Fig. 5(b-d) with respect to an arbitrarily selected
variant V1 where the dashed lines indicate the average probability of considered pairs. With the
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reference data [17] kept in mind, these bar charts confirm the above-mentioned microstructure
types. Indeed, predominance of couples V4/V1 and Vg/V1 at modes A and B evidences for
granular morphology of bainite, that is, its formation at higher temperatures, whereas the
strongest V2/ V1 at mode C is characteristic of low-temperature lath bainite.

To sum up the above-considered results, the growth of steel strength with the weakened
hardening of parent austenite complies with the transition from the granular to lath morphology
of bainite.
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Fig. 5. (a) Inter-phase deviations of CPP and CPD for various OR corresponding to hot
rolling modes A, B and C; a cross indicates the Greninger-Troyano relationship. Respective
spectra in (b-d) show statistics of variant coupling with allowance for specific OR

The revealed regularity is additionally illustrated in Fig. 6 by appearance of OR variant
coupling where high-angle V2/V1 boundaries expectedly predominate at mode C according to
Fig. 5 and previous BC maps (Fig. 2).

b
R o

(a) (b)
Fig. 6. Inter-variant boundaries revealed by EBSD on bainite sections at hot rolling modes A
(@), B (b) and C (c). Blue, cyan and red correspond to couples V2/V1, Va/V1and, Vs/V1
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GAM spectra of bainite corresponding to applied hot rolling modes are shown in
Fig. 7(a), and the bar chart in Fig. 7(b) represents respective yield stresses and average GAM
values. The two characteristics naturally prove to change in the same order. However, the
former most strongly increases at mode C whereas the latter notably grows at mode B and then
only slightly changes. In more detail, this difference related to the combined influence of
dislocation density and morphology of bainite will be discussed after.
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Fig. 7. (a) Spectra of GAM in bainite at the three hot rolling modes;
(b) bar chart for respective yield stresses and average values of GAM

Reconstructed textures of parent austenite. Figure 8 represents pole figures (111),
corresponding to the reconstructed ODF of parent austenite which satisfactorily comply with
their (110)o counterparts in bainite (Fig. 3) determined by EBSD. Thus, the rolling texture at
mode A is very strong as compared to those of B and C, the latter of the two being somewhat

sharper with respect to B.
(111) F
iis) HS

(b)
Fig. 8. Pole figures (111), for reconstructed textures of parent austenite corresponding to hot
rolling modes A (a), B (b) and C (c)

25 25

The ODF sections for bainite (Fig. 4) are supported by respective sections for the parent
phase shown in Fig. 9. They display the brass components of rolling texture (middle parts of
@ = 90° sides) at all considered modes as well as the copper components (¢1~ 90°, ® ~ 30°) at
modes A and, to less degree, C. Besides, positions of the ODF maximums at (® =~ 0, @1~ 45°)
in Fig. 9(a,b) reveal the cube component indicative of austenite recrystallization [13], which
could partly transform in the maximums at upper corners of Fig. 4(a,b). However, in case of
mode A this component is rather weak with respect to the pronounced brass that apparently was
the main origin of such maximums. As to mode B, the integrated cube probability and hence
the related volume fraction are still relatively small so that even in this case the two discussed
features of bainite are mostly transformed from the rolling (brass) component of parent texture.
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Fig. 9. Reconstructed ODF sections (p2=45°) of parent austenite corresponding to hot rolling
modes A (a), B (b) and C (c)

Discussion

The present results indicate that strength of low carbon bainitic steel at various finish modes of
hot rolling mostly depends on thickness reductions rather than respective temperatures.
Variations of the latter in the considered range do not affect this regularity although somewhat
influence recrystallization of parent austenite and hence its texture. In particular, with respect
to mode B, the texture of bainite observed at mode C proves to be sharper and seemingly
suggests stronger hardening of austenite and, as a result, softer bainite. However, the lath
morphology and higher strength of the transformation product contradict to this assumption. To
discuss such a paradox, we will recollect results of the previous experiments [29] on a thermo-
mechanical simulator where the kinetics of static recrystallization in the parent phase of similar
steel has been recorded at various pre-strains and temperatures. Besides, as shown in the same
work, the usual conditions of fractional hot rolling exclude dynamic recrystallization which
requires an unrealistically high thickness reduction per pass.

According to [29], at an inter-pass time lapse up to 15 s the considered stages of modes
A and B admit only incomplete recrystallization involving a minor austenite fraction, whereas
mode C completely excludes this phenomenon because of insufficient partial strains. Although
Table 1 describes five rolling passes rather than a single thickness reduction employed in the
above-mentioned experiments, the same regularity is supported by the reconstructed ODF
sections of parent austenite. Indeed, the cube component (®=0, @1~45°) appears in Fig. 9 only
at modes A and B, being stronger at the latter owing to higher temperature. However, since the
most part of material avoids recrystallization, the average hardening degrees in both cases
should exceed that of mode C with minimum strains per pass.

Although final mechanical properties expectedly depend on strains accumulated during
finish rolling stages, a question appears of why the textures corresponding to modes B and C
so drastically weaken with respect to mode A (Figs. 3 and 8). This behavior may be ascribed to
whether lower thickness reductions or higher temperatures as well as to their combined
influence. However, to quantify the texture development in hot deformation of the parent phase
is a very hard problem that wants special efforts beyond the scope of this work.

The reconstruction method [28] deserves a special remark as follows. Though it is mostly
used to restore parent austenite structures, the corresponding textures can be also determined as
demonstrated in the present work. Moreover, in the authors’ opinion, this approach is generally
more reliable when assessing states of the parent phase in cases, when the latter is not
recrystallized. Indeed, both non-uniform deformations of prior grains and some inaccuracy of
measured orientations significantly complicate the local structure reconstruction, whereas
related random errors should be averaged out by an overall texture extracted from a
representative EBSD scan.
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Another interesting issue is the correlated growth (Fig. 7b) of average GAM and yield
stress (YS) presumably dependent on dislocation density p according to Taylor (c~p”, [30]).
This finding should be analyzed because the most distinct increases of the two characteristics
take place at dissimilar rolling modes. One can suggest that the growth of bainite <GAM> at
mode B results from the softening of parent austenite at higher temperatures, whereas the
increasing YS at mode C is related to the significant lath refinement, that is, the Hall-Petch
mechanism of hardening. As shown in [26], when the lath thickness diminishes to less than 1
um, the size effect weakens and the yield stress variations can be attributed to those of
dislocation density as well as solid solutions, disperse carbides and carbon atmospheres at
dislocations. However, at very small fractions of carbon, as is the case for our steel, the latter
three factors prove to be less significant whereas Taylor’s equation becomes relevant to the
main component of bainite strength. That is why it would be desirable to facilitate assessment
of dislocation density in refined lath structures by making use of EBSD data as follows.

The elastic rotation field of a single dislocation is inversely proportional to distance [31]
so that randomly distributed (mutually screened) dislocations with characteristic spacing L will
result in the average level of crystal curvature almost linearly dependent on p”=1/L. Therefore,
<GAM?> should be roughly proportional to p*, that is, the dislocation component of yield stress
predominating at thin laths peculiar to lower transformation temperatures. Let alone
convenience of panoramic EBSD method, it will be superior to TEM in representativeness of
thus evaluated p and, unlike XRD, can apply to various structural scales. Of course, the
corresponding estimates of dislocation density should be verified by conventional
techniques [32]. Note that EBSD data are often used to quantify geometrically necessary
dislocations which form low-angle boundaries and other agglomerations of Burgers vector.
This is not the case in the proposed method aimed at the bulk dislocation density of any lath as
awhole. A low tolerance angle (6;< 4°) for boundaries and small thickness of the laths seem to
be proper reasons to ignore their inhomogeneity in the first approximation.

Conclusion

Textures and microstructures of low carbon bainitic steel have been analyzed by EBSD for
various finish modes of industrial hot rolling at the same conditions of direct quenching and
subsequent tempering. Although all these modes strongly decelerate or exclude recrystallization
of parent austenite, the mechanical properties of steel mostly dependent on accumulated strains
significantly vary. The considered data lead to the following findings:

1. To get the lath bainite providing the maximum steel strength, the thickness reduction
accumulated during the finish rolling stage should be properly limited. Thus, for example, such
a reduction by the last five passes of mode C did not exceed 45 %.

2. The overall texture of bainite determined on an appropriately large EBSD scan enables
accurate reconstruction of the parent texture and hence assessment of austenite state prior to the
steel quenching.

3. Observed at the applied hot rolling modes of low carbon steel, a correlation between its yield
stresses and average levels of crystal curvature apparently suggests a simple way to assess the
bulk dislocation density of lath bainite in terms of EBSD data.
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