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HSLA steels with different polygonal ferrite and granular bainite contents resulting from two different cooling
rates were investigated. Micropillar compression tests, electron channeling contrast imaging (ECCI) and electron
backscatter diffraction (EBSD) experiments were performed to reveal microscopic strength differences and their
origin. The obtained results indicate that a higher cooling rate caused a smaller granular bainite substructure size
and a higher dislocation density for both ferrite and bainite. In addition, the critical resolved shear stress (CRSS)
values for both phases were found to be higher for the faster cooling process. This is ascribed to the increased

dislocation density for faster cooling rather than the grain size as will be discussed in the manuscript. Inter-
estingly, the macroscopic yield strength can be closely estimated by the CRSS obtained from micropillar
compression considering the corresponding phase fractions. The achieved results can be used in future as input
variables for crystal plasticity models.

1. Introduction

High-strength low-alloy (HSLA) steels contain a complex micro-
structure. They are frequently used for pipelines or construction due to
their technical and mechanical properties [1-4]. This type of steel
typically consists of various types of body—centered cubic (bcc) struc-
tures (polygonal ferrite, bainite) and residual martensite-austenite as
well as a carbon rich second phase (cementite or carbide precipitates)
[4-7]. Previous studies frequently proved that the combination between
polygonal ferrite and granular bainite eventuates in a good combination
of strength and ductility [8-10]. Granular bainite is defined as a mixture
of irregular ferrite with carbon rich particles distributed between the
irregular ferrite grains [1,11]. Irregular ferrite is also referred to as
bainitic ferrite and consists of ferrite sheaves according to high resolu-
tion transmission electron microscopy (TEM) investigations [12,13].
The sub-grains are separated by low angle boundaries [6,14]. A thin
carbide or austenite film can sometimes occur depending on the chem-
ical composition [6,14]. Steel grades with a low carbon concentration
are typically associated with a bainite phase transformation with the
absence of carbides, retained austenite or martensite between the
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sub—grains [6]. For a better separation of the two phases', in the
following, the term granular bainite refers exclusively to the irregular
ferrite. In order to adapt the mechanical properties to the desired re-
quirements in the most cost-effective way, crystal plasticity models are
becoming increasingly important to investigate the correlation between
microstructure and mechanical properties of the bulk material [15-17].
The critical resolved shear stress (CRSS) of the activated slip systems is
one of the main input variables for crystal plasticity models to simulate
the mechanical bulk behavior. However, the investigated constituents of
a HSLA steel have not been characterized regarding their micro-
mechanical properties. Therefore, this work is dedicated to the charac-
terization of the micromechanical properties of polygonal ferrite and
granular bainite. The resulting findings can serve as input variables for
crystal plasticity models that support the design the new generation of
bainitic steels.

Micropillar compression is a specialized technique allowing for the
CRSS of the individual constituents to be ascertained. For instance, the
constituents of a dual phase (DP) steel, namely polygonal ferrite and
martensite, have been characterized in terms of their CRSS and activated
slip systems by previous investigations [17-19]. Through these

1 We are referring to the constituents “polygonal ferrite” and “granular bainite” as phases and define their phase fraction, even though they are consisting of more

than one phase each.
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experiments, it was shown that all three possible bcc slip systems —
{110}, {112} and {123} — were activated within ferrite grains at the
same CRSS while pillars containing martensite islands were character-
ized by a uniform deformation with a much higher strength level
[17,18,20]. The higher strength and the uniform deformation of
martensite are both related to the hierarchical martensite substructure
consisting of packets, blocks, sub-blocks and laths up to a size of several
nanometers [20,21]. As a result, the experimental findings from pillar
compression tests contributed to the fact that crystal plasticity models
are now able to simulate the macroscopic behavior of DP steels [16,22].
Despite the fact that HSLA steels constitute approximately 12% of the
world steel production [23], a valid micromechanical characterization
of the contributing phases is still missing.

Since the combination between polygonal ferrite and granular
bainite offers a good combination of strength and ductility, several
constructions as e.g. pipelines contain these constituents [4]. It is sup-
posed that granular bainite can only be formed during the continuous
cooling process and is accompanied by the onset of a displacive trans-
formation but the carbon atoms are still able to diffuse [8,14]. TEM
investigations revealed that irregular ferrite grains are subdivided by
laths or equiaxed-large grains depending on the applied cooling rate due
to displacive transformation [8,24,25]. Thus, the reduced effective grain
size impedes dislocation movement by sub-grain and grain boundaries
[9,26,27]. Beside Hall-Petch strengthening, Taylor hardening and pre-
cipitation strengthening are considered as the other mechanisms
contributing to the strength [4,8,26,28,29]. Precipitation strengthening
usually depends on the volume fraction and size distribution of car-
bo-nitrides, since they also act as obstacles to the dislocation movement
and can be explained by the Orowan-Ashby mechanism [30]. Digital
image analyses on TEM images were carried out to ascertain the pre-
cipitate size distribution and volume fraction, where correlative me-
chanical experiments were performed and showed that the
nanoparticles contributed significantly to the mechanical strength
[28,29]. Beside nanoparticles, retained martensite-austenite constitu-
ents have been mentioned to contribute the mechanical strength
behavior [31]. The dislocation density strengthening (Taylor hardening)
is one further important mechanism having a significant impact on the
properties [4,26,28,29]. Depending on the cooling rate and the forma-
tion temperature, different dislocation densities can be produced within
the constituents [26]. A previous study revealed by TEM investigations
that at low cooling rates more dislocation walls are flattened due to
cross-slip of screw dislocations [24]. This promoted a high amount of
recovered and polygonised dislocations as well as the formation of small
sub-grain and grain boundaries. Consequently, the higher dislocation
densities contained within the individual constituents, increases the
resistance to dislocation glide on the activated slip systems.

Due to the large morphological variety and complexity of low-
—carbon HSLA steels [1], it still remains an open task to micro-
mechanically characterize the complex constituents of HSLA steels.
Micropillar compression is a suitable technique to measure the CRSS and
the activated slip system at the meso-scale [18]. Thus, the aim of this
study was to identify the microscopic strength differences and their
origin caused by varying the cooling rate in two HSLA steels. The carbon
rich second phase, retained martensite-austenite particles as well as
carbo-nitrides were not separately tested by micromechanical experi-
ments. In total, two bulk samples with the same chemical composition
but two different cooling rates were characterized. The application of a
different cooling rate resulted in a different macroscopic strength
behavior which could not be explained by traditional microstructural
investigations. Moreover, electron backscatter diffraction (EBSD) and
electron channeling contrast imaging (ECCI) investigations were con-
ducted to achieve detailed information about the grain and sub-grain
size as well as the dislocation density of polygonal and irregular ferrite
grains. It was shown that activation of dislocation slip predominantly
follows Schmid’s law. The CRSS values of both tested constituents were
increased by using a higher cooling rate.

Materials & Design 236 (2023) 112507
2. Experimental procedure
2.1. Microstructural characterization

The two investigated HSLA steel samples that subsequently identi-
fied as S1 and S2 had the same chemical composition as listed in Table 1.
Both samples were industrially produced and continuously cooled by
applying a lower (S1) and higher (S2) cooling rate which differed by a
factor of 30% and were below 50 K/s. Each sample had the dimension of
7 x 5 x 3 mm and was ground and polished by a suspension containing
30 nm alumina particles (OPA). Besides, ECCI was conducted to reveal
additional information on the substructure using a Zeiss Merlin® field
emission microscope engaged with an acceleration voltage of 30 kV.
Moreover, light optical microscopy (LOM) was used to exhibit the
microstructural morphology by etching the OPA polished samples with a
1% Nital solution for 30 s.

2.2. Phase classification

The phase classification of individual grains was done by using
manual point-to-origin measurements to quantify the orientation
gradient within a grain. The applied procedure and EBSD measurement
conditions will be explained in detail within Section 2.2.1. Furthermore,
a classification system to automatically separate granular bainite and
polygonal ferrite grains was developed by using the EBSD-KAM value
and a threshold of 3° [32,33]. This procedure allowed to quickly analyze
the phase fraction and the grain size of each constituent from large EBSD
scans. Here, it has to be noted that the used point-to-origin measure-
ments and the automated classification system used the same EBSD
measurement conditions.

2.2.1. Point-to-origin orientation measurements

It has been shown by point-to-origin measurements that granular
bainite and polygonal ferrite can be separated based on an in-grain
misorientation angle [33,34]. In case it is exceeding 3°, the constituent is
classified as granular bainite. This is related to the displacive phase
transformation of granular bainite [14,33]. Therefore, EBSD measure-
ments were conducted to allocate the constituent to the selected grain
before a pillar was milled by focused ion beam (FIB). All specimens were
cut and EBSD measurements were performed at identical depth on the
bulk samples’ cross section. A step size of 50 nm and an acceleration
voltage of 20 kV was used for EBSD employing a Zeiss Merlin® micro-
scope equipped with an EDAX® Hikari detector. The obtained EBSD
scans were treated by a grain dilation cleanup with a tolerance angle of
5° and a minimum grain size of 3 pixels to reduce the impact of incor-
rectly indexed pixels; there were not more than 5% of the pixels
changed. Based on previous investigations, a grain tolerance angle of 5°
was applied to distinguish between sub- and grain boundaries [32]. The
procedure which has been utilized to all tested grains is exemplarily
illustrated at Grain-1 and Grain-2 in Fig. 1A-C. It has been observed
that the position and direction of the point-to—origin orientation mea-
surement has an impact on the classification result and that more than
one measurement is required for a unique classification [32]. Thus, three
point-to-origin measurements in different directions and positions were
conducted to reduce the impact of strain localizations in small grain
regions (Fig. 1A-B). In the case of Grain-1, all point-to-origin mea-
surements are indicating a misorientation angle below 3°, whereas
Grain-2 contains a misorientation angle above 3° (Fig. 1C). Conse-
quently, Grain-1 and Grain-2 were classified as polygonal ferrite and
granular bainite, respectively. Care was taken that the misorientation

Table 1
Chemical composition of the continuous cooled samples S1 and S2.

[wt.%] C Si Mn Cu Ni Nb+V +Ti Fe

S1 and S2 0.04 0.32 1.45 <0.5 <0.5 <0.15 balance
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Fig. 1. Grain 1 A) and grain 2B) are two representative examples to illustrate the method how polygonal ferrite and granular bainite were distinguished. The
misorientation obtained from the point-to-origin measurement within grain 1 and 2 are shown in C). Grain 1 was identified as polygonal ferrite and grain 2 as

granular bainite according to the point-to-origin measurement.

gradient within each tested grain was not measured over grain bound-
aries since it has been shown that ferrite grains in thermomechanical
processed steels may be subdivided by sub-boundaries [35].

2.2.2. EBSD-KAM classification system

After the grains were defined by selecting a grain tolerance angle of
5°, the developed classification system calculates the KAM values for
each pixel and the user-defined kernel size. Comparable to the point-to-
origin classification procedure, the EBSD-KAM classification also uses a
3° threshold to separate granular bainite and polygonal ferrite. Conse-
quently, once a pixel exceeds an orientation gradient of 3°, the program
assigns the related grain as granular bainite, otherwise it will be clas-
sified as polygonal ferrite. Thus, it is possible to automatically calculate
the phase fraction, the grain size and orientation of each constituent and
to plot a color-coded phase map. More detailed information about the
classification system itself and the validation can be found elsewhere
[32].

2.3. Micromechanical characterization

2.3.1. Pillar fabrication and testing

Micropillar compression tests were performed to characterize the
CRSS of the activated slip system of polygonal ferrite and granular
bainite grains. The retained martensite-austenite particles, as well as the
carbo-nitride precipitates, were not tested by pillar compression ex-
periments, since they were too small to be tested purposefully by this
technique. Thus, to compare the constituent’s CRSS, a constant pillar
diameter of 2 pm was used for all experiments; all tested pillars had an
aspect ratio (height/diameter) of 2 — 4 to prevent buckling instabilities
during the experiment. The following criteria were relevant for using the
selected diameter: (i) The selected diameter had to be smaller than the
average grain size (S1: 4.7 + 0.6 um and S2: 4.2 + 0.6 um) to test the
constituent without a grain boundary inside the pillar volume. (ii) The
tested grain volume should be representative for the tested constituent
and include strength determining features like the granular bainite
substructure [8,27]. (iii) A pillar diameter below approx. 1 um leads to
an increased stochastic variation in yield stress which is related to the
limited number and size of dislocations inside such small confined vol-
umes (“size effect™) [36,37]. The pillar manufacturing was done with a
Zeiss Auriga® dual beam FIB with a Ga™ ion source and a two-step
milling procedure by using a current of 2 nA and finally 600 pA pol-
ishing step. This procedure allowed to achieve the best milling result
considering pillar-shape and milling time. The crystallographic orien-
tation of the single crystalline polygonal ferrite and granular bainite
pillar was obtained by EBSD measurements.

A Bruker Hysitron PI88 system was installed within a Zeiss Gemini
500® field emission scanning electron microscope (SEM) to perform the
in situ compression tests. All pillars were compressed along the trans-
verse direction by a diamond flat punch in a displacement-controlled
mode and with a strain rate of 10 s™1. The in situ and post mortem ob-
servations were done with a secondary electron (SE) and in-Lense®
detector using an acceleration voltage of 5 kV.

2.3.2. Pillar compression data analysis

The load and displacement data were converted to engineering stress
and strain by utilizing a Mathematica® script. The calculation is based
on the initial pillar height and the average pillar diameter (bottom — top
pillar diameter/2). It was possible to identify the first activated slip
system due to the in situ and post mortem analysis and thus to calculate
the CRSS by applying rcrss = m*o2y,; where m represents the Schmid
factor and o2, the engineering stress at an engineering strain of 2%.
Using the 2% engineering strain criterion reduced the impact of dis-
location—dislocation interaction occurring at higher plastic strain [38].
Once the first activated slip system was identified and its CRSS calcu-
lated, the post mortem images were superimposed with the four slip
systems whose Schmid factor was the highest. The Mathematica® script
considered all three slip plane families — {110}, {112} and {123} —and
a pillar taper angle of 3°. To ensure that the measured mechanical
properties belong to a single grain, all pillars were inspected after
deformation by SEM especially concerning continuous glide steps at the
surface.

2.3.3. Bulk mechanical testing

The material supplier performed tensile tests for each HSLA steel at
room temperature along the transverse direction. Rectangular speci-
mens with a cross—section surface of 38.1 x 30 mm? and gauge length of
200 mm were tested.

3. Results
3.1. Characterization of constituents and bulk mechanical properties

First microstructural characterization has been done by LOM as
shown in Fig. 2A-B. S1 and S2 consist of a complex mixture of polygonal
ferrite and granular bainite grains (bright etched) elongated along the
rolling direction with small parts of retained austenite/martensite and
degenerated perlite (dark etched). EBSD measurements were conducted
to assess the grain size of both samples. By fitting the grain size distri-
bution of both samples with a log—normal function, an average grain size
of (4.7 £ 0.6) ym and (4.2 + 0.6) um of S1 and S2 was calculated.
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Fig. 2. The LOM images A) and B) illustrate the microstructure of S1 (lower cooling rate) and S2 (higher cooling rate), respectively. C) The engineering stress and
strain curve of S1 (lower cooling rate) and S2 (higher cooling rate) was received by testing along the transverse direction of the rolled plate (RD: rolling direction).

Macroscopic tensile tests were performed to obtain the yield strength at
2% strain (YSpgy), ultimate tensile strength (UTS) and ultimate elon-
gation of both samples (see Fig. 2C, Table 2). The higher cooling rate of
S2 caused a higher YS and UTS but a smaller ultimate elongation. It is
worth to note here that the YSpoo, from the bulk tensile test was used
within this study to be consistent with the micromechanical analyses.

3.2. Dislocation density analyses of constituent phases

ECCI investigations were conducted to characterize the dislocation
density of individual constituents. As described in Section 2.2, point-to-
origin measurements were used to determine the phase of the selected
grains, which were subsequently analyzed. For this purpose, all dislo-
cations intersecting the image surface were counted and divided by the
analyzed area (1 x 1 umz). A detailed description of the utilized tech-
nique to determine the dislocation density is given by [39]. Fig. 3A-D
shows the EBSD-KAM map of a polygonal ferrite and granular bainite
grain of S1 and S2, respectively. In addition, the green (polygonal ferrite
example) and blue (granular bainite example) rectangles within in the
KAM map denote the region of the ECCI image. A total of twelve ECCI
images of different grains for each phase were analyzed to determine the
average dislocation density. The orange square within the ECCI image
exemplifies the analyzed 1 x 1 um? region and all the dislocation in-
tersections are highlighted by red dots.

The ECCI images showed in general entanglements and elongated
loops which are typical features of a dislocation network within a
deformed material [39]. According to the applied method, a granular
bainite and polygonal ferrite dislocation density of S1 and S2 was
calculated; the achieved results are summarized in Fig. 4. The sample S2
with the higher cooling rate revealed a granular bainite and polygonal
ferrite dislocation density of (7.1 £+ 0.7) x 10 m2 and (2.8 + 0.3) x

Table 2

Summary of the tensile test results and grain size of S1 and S2 measured by
EBSD. The tensile tests were utilized by the material supplier along the trans-
verse direction at room temperature. (YSpay, = yield strength at 2% strain, UTS
= ultimate tensile strength).

Sample YSpoo, UTS Ultimate Grain size ( Cooling
elongation +error) rate
S1 524 593 26% 4.7 + 0.6 ym low
MPa MPa
S2 544 605 23% 4.2 £+ 0.6 um high
MPa MPa

10 m~2, In comparison, S1 with the lower cooling rate utilized a
granular bainite and polygonal ferrite dislocation density of (2.1 + 0.9)
x 10 m~2 and (0.9 & 0.1) x 10" m~2 This implies that the constit-
uents of S2 contain a higher dislocation density compared to S1. Beside
the dislocation density, the grain and substructure size contribute to the
mechanical properties of a bulk material. Thus, further EBSD and ECCI
investigations were conducted to characterize this component.

3.3. Grain and substructure size

In general, the grain size strengthening by Hall-Petch is well known
as an important factor contributing to the mechanical strength of the
bulk material [40,41]. The substructure size is another intrinsic
component that determines the strength of martensite and bainite [42].
Thus, systematic investigations were conducted to determine the grain
size of the granular bainite and polygonal ferrite and to estimate the
granular bainite substructure size. Firstly, the grain size of granular
bainite and polygonal ferrite was determined by the described
EBSD-KAM classification system within Section 2.2.2. Subsequently,
several grains identified as granular bainite were analyzed for sub-
structure size by conducting ECCI investigations. To achieve a first es-
timate about the substructure size, 60 individual measurements on each
sample were conducted on several granular bainite grains. Fig. 5A shows
that the polygonal ferrite grain size is equivalent for S1 (2.3 £+ 0.03) ym
and S2 (2.4 + 0.03) um, while the grain size of granular bainite is
smaller in case of S1 (9.5 &+ 0.56) um compared to S2 (11.2 + 0.95) pm.
In addition, it can be seen that the ECCI investigations revealed a sub-
structure size of (2.9 £+ 0.15) um and (1.9 + 0.10) um in case of S1 and
S2, respectively. Fig. 5B-C further illustrates this with two representa-
tive images of two granular bainite grains taken from S1 and S2. The
grain area of both grains is highlighted by a dashed orange (S1) and blue
(S2) line. The changing contrast between the sub-blocks indicates that
the higher cooling rate led to a smaller substructure size compared to S1.
The result from the ECCI investigations are comparable to the reported
results elsewhere [8,43,44]. Consequently, the application of a higher
cooling rate led to a constant polygonal ferrite size. The granular bainite
grains were coarser whereas the substructure size decreased by utilizing
a higher cooling rate and agrees with the literature.

3.4. Pillar compression tests

Micropillar compression tests were performed to determine the CRSS
of granular bainite and polygonal ferrite which both consist of a bec



R.M. Jentner et al.

Materials & Design 236 (2023) 112507

A) S1: Polygonal ferrite
= %

3 e
I
5um

B) S1: Granular bainite

e,

C) S2: Polygonal ferrite

A

D) S2: Granular bainite

X

0 0.5 1 1.5 2

3 3.5 4 4.5 5

Kernel Avg Misorientation (deg)

Fig. 3. A), B) and C), D) shows the EBSD-KAM map and the ECCI image of a polygonal ferrite and granular bainite grain from S1 (lower cooling rate) and S2 (higher
cooling rate), respectively. The orange square within the ECCI image exemplifies the analyzed 1 x 1 um? region and all the dislocation intersections are highlighted
by a red dot. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

crystal structure. Subsequently, the engineering stress and engineering
strain was calculated using the center diameter and the height of the
pillar. Fig. 6A-D illustrates a representative engineering stress and strain
curve for each constituent of samples S1 and S2. The polygonal ferrite
curves are displayed by bold line whereas the granular bainite is dis-
played by a dashed line. The color is referred to the activated slip system
and shows in all cases a typical intermittent flow which has been
commonly observed in the used pillar size regime [18,36]. The pillar
compression tests revealed that all three slip systems were activated
within the polygonal ferrite grains. Only two of them were activated by
performing pillar compression tests in the granular bainite constituent.
It is also evident from Fig. 6A-D that the granular bainite revealed a
higher engineering stress level in both samples compared to the tested
polygonal ferrite grains. The CRSS was calculated based on the engi-
neering stress at 2% strain og9, and the Schmid factor m of the activated
slip system.

Fig. 7-F shows representative pillars of S1 and S2 and the predicted
slip systems according to the crystallographic orientation. All six ex-
amples illustrate that one slip system was preferentially activated until

an engineering strain of 5-15% was reached. Subsequently, the acti-
vated slip system was identified by superimposing the predicted slip
planes having the four highest Schmid factors with the post mortem pillar
image. The corresponding values regarding the shown activated slip
plane, the related Schmid factor and the calculated CRSS are shown on
each SEM image. It is worth to note that not necessarily the first acti-
vated slip system had the highest Schmid factor. Moreover, the activated
slip system was identified once the predicted glide plane coincided with
the post mortem pillar image. Two examples are added in the supple-
mentary information to illustrate that some uncertainty is present for
identifying the activated slip system. In these cases, the differences in
angles between the glide planes is less than 7°, which leads to an un-
certainty regarding the slip plane identification. It is assumed that this
influenced the CRSS with an error of approx. + 4%.

The average CRSS for S1 and S2 was fitted by a Gaussian distribution
and plotted as a cumulative probability function seen in Fig. 8A-B. In
addition, the 90% and 95% confidence band intervals are displayed for
each constituent. Polygonal ferrite and granular bainite of S1 reached a
CRSS of (153 + 4) MPa and (194 + 6) MPa, respectively (see Fig. 8A).
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Due to the higher dislocation content of S2, polygonal ferrite and
granular bainite had an average CRSS of (183 + 7) MPa and (221 + 7)
MPa. Consequently, the CRSS of both constituents increased by 16%
(polygonal ferrite) and 12% (granular bainite) by applying a higher
cooling rate. Moreover, the cumulative probability function of S1 shows
a clear separation between both constituents whereas the CRSS of
polygonal ferrite and granular bainite of S2 appeared as a smooth
transition as displayed in Fig. 8B. The performed experiments revealed
that the average CRSS of both constituents increased by using a higher
cooling rate. It is noticeable that the difference in average CRSS between
polygonal ferrite and granular bainite of the same sample and even the
difference in average CRSS of polygonal ferrite and granular bainite
between S1 and S2 was almost identical.

Once the CRSS of each constituent and sample was determined, the
results were analyzed regarding the activated slip plane family as shown
in Fig. 8C-F. The pillar compression tests revealed that all three slip
systems — {110}, {112} and {123} - were activated regarding polyg-
onal ferrite at S1 and S2. On the other hand, pillar compression tests
within granular bainite grains did not activate the {112} and {110} slip
system on sample S1 and S2, respectively. One can further conclude that
the cumulative probability function and the average CRSS of the distinct
slip plane families are comparable.

In addition, Fig. 9 compares the activated slip systems of S1 and S2
with the color-coded regions for each slip system according to Schmid’s
law assuming an identical CRSS for all slip systems. The inverse pole
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figure (IPF) illustrates that the majority of the tested pillar follows
Schmid’s law and the crystallographic orientation of the main outliers
are next to the border between two different colored regions. The
breakdown of Schmid’s law and the stress concentration at the pillar top
surface are mainly considered to be responsible for activating slip sys-
tems with a lower Schmid factor [45,46]. This will be discussed in the
section below.

4. Discussion

The first part of the discussion (Section 4.1) addresses the determi-
nation of bulk behavior through pillar compression tests within polyg-
onal ferrite and granular bainite grains. Afterwards, Section 4.2 deals
with the strengthening mechanism which were considered to be
responsible for the higher strength level of the bulk material and the
individual constituents of S1 and S2. Finally, Section 4.3 is dedicated to
the activated slip systems by performing pillar compression tests.

4.1. Micromechanical tests compared to the bulk behavior

Tensile tests on the investigated materials indicated that the higher
cooling rate of S2 resulted in a higher YSpyy, and UTS compared to S1
(see Fig. 2D and Table 2). The performed microcompression tests
revealed that the polygonal ferrite and granular bainite CRSS were
affected by the different cooling rate (see Fig. 8A-B). In order to compare
the micromechanical behavior with the tensile tests of the bulk material,
the phase fractions of granular bainite Cgp and polygonal ferrite Cpr was
determined for S1 and S2 by utilizing the EBSD-KAM classification as
described in Section 2.2.2. Subsequently, the rule of mixture was used to
calculate the CRSS of the bulk material (CRSSp,) by using Equation 1A
and 1B:

CRSSlmlk = CRSSPF*CPF + CRSSGB*CGB and (1A)
CPF + CGB = 1 (1B)

where, CRSSpr and CRSSg represents the CRSS of granular bainite and
polygonal ferrite based on the pillar compression tests. The Taylor factor
M correlates the YS of the polycrystalline bulk material with the
CRSSpyx which is calculated by Eq. (2) [47,48]. Hence, the yield
strength YS.q.. of the bulk material was calculated by using Eq. (2):

YScate. = M*CRSSpyi- 2)

A previous computer simulation considered all three possible bcc slip
systems along the (111) direction and revealed an average Taylor factor
of My, = 2.733 for compression and tension for grains of various ori-
entations [49]. This value was chosen, since the pole figure of the
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Fig. 5. A) The granular bainite and polygonal ferrite grain size was calculated based on EBSD files. ECCI investigations were conducted to reveal the granular bainite
substructure size by 60 manual measurements. The error bars indicating the corresponding average error. B) and C) Two representative examples of the granular
bainite substructure. The area which belongs to the selected grain is indicated by a blue (S1) and orange (S2) dashed line. The grains were defined by a grain
tolerance angle of 5°. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. A) and B) shows a representative example for polygonal ferrite and granular bainite of S1. C) and D) indicates the representative example for polygonal ferrite
and granular bainite of S2. The engineering stress and engineering strain curves obtained from polygonal ferrite grains are shown by bold lines whereas the granular
bainite results are shown by dashed lines. The color indicates the activated slip system: {110} = red, {112} = green, {123} = blue. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

investigated samples showed a random polycrystalline orientation dis-
tribution. Consequently, a macroscopic yield strength YS.q., of 480 MPa
and 572 MPa was calculated for S1 and S2, respectively. To summarize
this, all experimental and calculated results are listed in Table 3.

It is shown that YS 4 and YS,¢; coincide and deviate by only 8% and
5% for S1 and S2, respectively. The deviation between YS 4. and YSzy
may be caused by the fact that single grains were tested by pillar
compression tests allowing for free and unconstrained slip. This can
explain the underestimation of YS9 by the CRSS, but not the over-
estimation. A prior work has studied different ratios between wire
diameter to grain size by tensile experiments [50]. This study ascer-
tained that the yield stress of a micro-sized wire varies if the ratio is
below 10. In addition to the single polygonal ferrite grains, granular
bainite grains with a substructure were also tested (see Fig. 5B and C).
Since the performed ECCI investigations on S1 and S2 determined a
granular bainite substructure size of (2.9 4+ 0.15) ym and (1.9 £+ 0.10) p
m and a pillar diameter of 2 um was used, it is evident that a maximum of
one to three sub—grains can be contained in the pillar volume. Subse-
quently, the variation of the number of sub-grains in the pillar volume
may contribute to the deviation between YS 4. and YS2g.

Since the pillar position can vary slightly inside the individual grains,
an inhomogeneous distribution of dislocations inside the constituents
will also result in a variation of dislocations inside the tested pillar
volume. Thus, the small overestimation of YS 4. compared to YS2y, can
also be related to a dislocation density that is slightly higher in the pillar
volume compared to the average dislocation density based on the ECCI

investigations.

The arrangement and shape of the individual phases relative to each
other also contributes to the overall bulk behavior. It has been shown on
ferritic-martensitic steels that the morphology of the constituents had a
significant impact on the mechanical behavior [51,52]. Both in-
vestigations observed a higher strength and lower ductility at samples
with large and equiaxed martensite particles compared to microstruc-
tures with elongated martensite islands; these results were achieved
from samples with a constant composition and phase fraction. Subse-
quently, the relative distribution of polygonal ferrite and granular
bainite grains to each other may contribute to the differences between
YScaie. and YSzy. This aspect has not been considered within the
EBSD-KAM classification system [32].

4.2. Strengthening mechanisms

It can be assumed that the mechanical strength of a complex
microstructure can be decomposed into a number of intrinsic compo-
nents [4,42]. In general, the following mechanisms are responsible for
determining the mechanical strength: yield strength of pure iron, solid
solution hardening, precipitation hardening, dislocation hardening,
grain and sub-grain size (Hall-Petch) and a possible texture contribu-
tion [4]. The scope of this work was on characterizing the micro-
mechanical behavior and microstructure and substructure size.
Subsequently, the effect of grain and sub-grain size (“smaller is stron-
ger”) and dislocation density on the macroscopic strength are discussed.
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Fig. 7. Slip trace analysis shown on three representative post mortem pillar images for S1 (column 1 A-C) and S2 (column 2 D-F). The activated slip traces of {110},
{112} and {123} of the post mortem images were superimposed with the predicted slip traces as shown in A), B) and C) for S1 and D), E) and F) for S2, respectively.
In addition, the activated slip plane, the corresponding Schmid factor and the CRSS (based on the compressive yield strength at 2% strain) are indicated specified on

each SEM image.

The tensile tests of the bulk material determined a higher YSpz¢; and
UTS at material S2 by using a higher cooling rate compared to material
S1 (see Fig. 2C). In general, granular bainite forms by the onset of a
displacive transformation and the substructure size depends on the
applied cooling rate [8,14]. Previous TEM investigations demonstrated
that the granular bainite substructure changes from a lath/sheaf sub-
structure to equiaxed-large grains by varying the cooling rate from 60
to 5 K/s [24]. This agrees to the achieved results, since the performed
ECCI investigations ascertained a granular bainite substructure size of
(2.9 £ 0.15) ym and (1.9 £ 0.10) pm on the investigated material S1
and S2, respectively. Subsequently, the application of a higher cooling
rate produced a smaller substructure separated by sub-boundaries.

The phase fraction was determined as described in Section 2.2.2 and
revealed that S1 is composed of 74% granular bainite and S2 contained
56% despite the higher cooling rate of S2 (see Table 3). This agrees with
the misorientation angle distribution based on the EBSD measurements
(see Fig. 10). The higher fraction of misorientation angles between 35
and 63° may indicate that more polygonal ferrite grains were formed
despite the higher cooling rate of S2. It was recently shown that the
application of a lower cooling rate leads to the formation of a coarser
substructure [24,53]. Thus, the lower cooling rate causes within the
high-temperature range a flattened dislocation cell structure by pile-up
or tangled dislocations and the polygonization process has more time to
proceed and a coarser substructure may emerge [24]. In addition, the
smaller cooling rate and subsequently higher transformation

temperature reduces the density of sub-boundaries [53,54]. Indeed, the
coarser granular bainite grains of S1 still include a high fraction of strain
gradients which are between 3 and 5°. This results in a higher granular
bainite fraction per area compared to a microstructure which was
treated by a faster continuous cooling process.

The performed pillar compression tests revealed that the application
of a higher cooling rate (in case of sample S2) led to a higher CRSS for
granular bainite and polygonal ferrite (see Fig. 8A and B). A previous
study performed pillar compression tests on a dual-phase steel con-
taining polygonal ferrite and martensite [18]. The same pillar size was
used as in the present study and the results of both investigations
coincide regarding the CRSS of polygonal ferrite. However, to the au-
thors best knowledge, no results have been published on pillar
compression associated with granular bainite.

The ECCI investigations revealed that both constituents of S2 con-
tained a higher dislocation density compared to S1 and resulted in a
higher CRSS (see Fig. 4). It is also interesting to note that the polygonal
ferrite of S2 had a higher dislocation density as well as a higher CRSS
than the granular bainite phase of S1. A previous study revealed a
granular bainite and polygonal ferrite dislocation density of 1.7 x
10'* m~2and 0.37 x 10** m 2 by TEM investigations, respectively [55].
More recently, Huang et al. [8] also measured a granular bainite dislo-
cation density of (5.4 + 0.9) x 10" m™2 Consequently, both afore-
mentioned studies exhibited a slightly higher dislocation density for the
investigated constituents. This could be caused by utilizing a lower
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Fig. 8. The average CRSS of S1 A) and S2 B) was calculated for each constituent (polygonal ferrite and granular bainite) based on the engineering stress 29, and
plotted with the cumulative probability function. C) and D) shows the CRSS of the activated slip planes for polygonal ferrite and granular bainite of S1. E) and F) also
illustrates the CRSS of polygonal ferrite and granular bainite but for S2. A Gaussian function was used to achieve the average CRSS and its error. In addition, the 90%

and 95% confidence band intervals are plotted for cumulative probability curves.

cooling rate. Here it is worth to note, that the measured dislocation
density served as a representative measurement for each constituent and
does not necessarily represent the accurate dislocation density.

The increased strength of S2 can be correlated to the presence of a
higher dislocation density inside the activated pillar volume. Subse-
quently, more dislocations can move on the activated slip system with
the highest Schmid factor [56]. Dislocation glide can be impeded by the
interaction with other mobile or immobile dislocations and results in a
higher CRSS [4]. Moreover, granular bainite grains of S2 contained a
smaller substructure size than S1 (see Fig. 5A). It is obvious that this
contributes to the bulk strengthening as well. A former investigation
determined for a low carbon steel with a fully bainitic structure that the
yield stress is proportional to the inverse lath size defined with low
boundary misorientation (2-7°) [27]. It was concluded that lath
boundaries and dislocation cell boundaries acting as obstacles to the
moving dislocations. This is also consistent with other studies on the
strength increase due to the refinement of the granular bainite sub-
structure size [9,10,28].

One can also recognize that the polygonal ferrite of S1 showing a
lower CRSS compared to the polygonal ferrite grains of S2. Moreover,
the bulk tensile test ascertained that material S1 has a lower YS

compared to S2 (see Fig. 2C). In a recent study [18], pillar compression
tests were performed on two different ferrite-martensite steels. It was
found out that the softer ferrite phase determined the onset of yielding of
the bulk material [18]. This is in agreement with the current results,
since S2 contained a higher YS, and polygonal ferrite dislocation
density. It is assumed that the higher cooling rate of S2 introduced more
dislocations inside the polygonal ferrite during the displacive trans-
formation of the granular bainite phase [24]. Subsequently, the higher
dislocation density served as obstacles and increased the CRSS to move
the activated dislocations [17,28,56].

The precipitation strengthening by the formation of carbo-nitrides
has been identified as a further mechanism contributing to the me-
chanical strength [26,28]. Since the tested material contained Nb and Ti
additions, it is possible that carbo-nitrides were formed during the
production process. Previous TEM investigations showed that their size
varies within the nanometer range [26,28]. Thus, carbo-nitrides pre-
cipitates can be also included within the tested pillar volume. In general,
precipitates nucleate and grow during the cooling process and cross
different slip planes [56]. Once mobile dislocations are moving along
the activated slip plane and precipitates acting as obstacles from sliding
further, they must either cut through or bow out between the particles
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Fig. 9. A) and B) represents the activated slip system during the pillar compression tests within polygonal ferrite and granular bainite grains. C) and D) also indicates
the orientation of the activated slip system for S1 and its constituent’s polygonal ferrite and granular bainite. The color-coded areas within each IPF exhibits the
region where the {110}, {112} and {123} slip system has the highest Schmid factor by assuming the same CRSS for all slip systems.

Table 3

All experimental and calculated results are summarized to compare the mechanical behavior of the bulk material and the individual tested phases. The estimated bulk
yield strength is given with its standard deviation (PF = Polygonal ferrite / GB = Granular bainite).

Source CRSS Pillar compression Tensile test bulk material Literature [49] EBSD Calculated bulk yield strength
Sample Polygonal ferrite Granular bainite YSp2es Taylor factor Phase fraction YScac.
S2 (153 £+ 4) MPa (183 £ 7) MPa 524 MPa 2.733 26% / 74% 480 MPa + 2%
PF / GB
S2 (194 + 6) MPa (221 £ 7) MPa 544 MPa 44% / 56% 572 MPa + 2%
PF / GB

[56,57]. Additional TEM investigations were not conducted to quantify
the precipitates and, thus interfere with the dislocation strengthening
mechanism within the tested pillar volume.

4.3. Activated slip systems

The performed pillar compression tests utilized that all three bcc slip
systems - namely {110}, {112} and {123} - were activated within
polygonal ferrite grains (see Fig. 8C and D). This agrees well to the
observation from a previous study [18] on pillar compression tests of
polygonal ferrite grains in two different DP steels. In contrast, testing
granular bainite grains did not show the activation of all three slip
systems for each sample. The slip systems {112} and {123} were
activated by testing granular bainite grains on S1 whereas only the
{112} and {1 23} slip systems were observed for granular bainite grains
on S2 (see Fig. 8E and F). It should be noted that all slip planes were
identified using SEM images and are therefore limited by the resolution
of a field emission microscope. It was concluded by previous TEM ex-
periments and atomistic simulations that the occurrence of {112} and
{123} slip system is caused by the cross slip of screw dislocations on
{110} planes [45,58,59]. It has been shown that this also results in a
wavy slip pattern due to the cross slip of screw dislocations [58-60].
Since the a wavy-slip is not visible on the microscale and the predicted
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slip traces based on Schmid’s law coincide with the post mortem images,
it was assumed that Schmid’s law can be applied. The cross slip of screw
dislocations on {110} planes could also explain why the CRSS for all
activated slip systems of granular bainite and polygonal ferrite for each
sample was nearly identical. The fact that only two out of three slip
systems were activated at the granular bainite could merely be a sta-
tistical problem as only 15 and 23 pillars were tested for S1 and S2,
respectively.

In addition, it can be concluded that nearly all tested pillars followed
Schmid’s law according to the IPF indicating the regions with the
highest Schmid factor and the experimentally identified slip systems (see
Fig. 9). The second slip system was activated only for a few outliers
when the Schmid factor of the first two was nearly identical. This is
related to the limited number of dislocation sources within the confined
pillar volume [46,61]. Furthermore, the smallest pillar diameter at the
top caused lateral stresses during loading and could further be respon-
sible that not the primary slip system was activated [36].

5. Summary
In the present work, two samples (S1 and S2) were tested with the

same chemical composition but a different cooling rate was applied
during the production process. This led to microstructural changes in the
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Fig. 10. The average misorientation angle distribution of S1 (black data) and
S2 (red data) is shown based on EBSD measurements. It is indicated that S2
contains a higher fraction of grain boundaries with a misorientation angle be-
tween 35 and 63°. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

polygonal ferrite and granular bainite phases. Tensile tests of the bulk
material revealed a high yield and tensile strength by using a higher
cooling rate in case of S2. However, both constituents have not been
characterized regarding their micromechanical properties. Thus, the
aim of this study was to perform micropillar compression tests to
characterize the micromechanical strength of the individual constitu-
ents, since it was not clarified which mechanism caused the different
mechanical strength of the bulk material. Beside pillar compression tests
to quantify the CRSS of the activated slip system, ECCI and EBSD in-
vestigations were conducted to elucidate the strengthening mechanism
by measuring the grain-, sub-grain size and the dislocation density. The
key findings of the present study are summarized by the following
points:

e Pillar compression tests revealed that the CRSS of polygonal ferrite
and granular bainite increased approx. 30 MPa by using a higher
cooling rate for S2. It was shown that even the polygonal ferrite of S2
has a higher CRSS with (194 + 6) MPa than the granular bainite of S1
with (183 + 7) MPa. This agrees well with the measured dislocation
density by ECCI investigations. Since the tested pillar volume con-
tained only one to three sub-grains of the granular bainite sub-
structure, it is reasonable that the three- and fourfold higher
dislocation density within the polygonal ferrite and granular bainite
from sample S2 mainly contributed to the increasing CRSS. Nearly all
compression tests followed Schmid’s law. All three possible slip
systems were confirmed by post mortem images in case of polygonal
ferrite grains. Micropillars placed within granular bainite grains
showed only the activation of two slip systems.

Consequently, both phases were strengthened by increasing the
cooling rate. It is assumed that the smaller granular bainite sub-
structure size (S1 (9.5 & 0.56) um compared to S2 (11.2 + 0.95) um)
contributed beside the higher dislocation density to the increasing
strength of S2.

Based on ECCI investigations, an increasing dislocation density was
measured for polygonal ferrite (S1: (0.9 £+ 0.1) x 10 m~2 and S2:
(2.8 £ 0.3) x 10"°m™?) and granular bainite (S1: (2.1 + 0.9) x
10®m~2 and S2: (7.1 £ 0.7) x 10*m™?) grains as well. It was
concluded that this was caused by the higher cooling rate.
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