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Abstract

The aim of the present work was to achieve a distinct phase identification and gquantification system
beside characterizing the micromechanical properties of polygonal ferrite and granular bainite grains
contained in a HSLA steel. The two investigated HSLA steel samples were industrially manufactured
by a continuous cooling process utilizing a cooling rate below 50 K/s; the cooling rate between both
samples differed by approx. 30%.

The first approach for phase identification and quantification was to test grid-nanoindentation coupled
with K-means clustering analyses. However, K-means was not able to differentiate polygonal ferrite
and granular bainite due to their similar mechanical properties, the impact on the measured hardness
located close to grain boundaries and the granular bainite substructure size. Subsequently, an
EBSD-KAM based approach was tested and validated by nanoindentation and ECCI investigations on
selected grains. A 3° threshold was used to differentiate between both constituents which means that all
grains containing data points above 3° were classified as granular bainite, otherwise the grain is counted
as polygonal ferrite. The correlative ECCI and nanoindentation tests confirmed the classification results
by using a grain tolerance angle of 5°. Moreover, it is shown that the microstructure can be subdivided
into two main groups and four sub clusters. The two main groups contained polygonal ferrite and
granular bainite grains, whereas the four sub categories showed an increasing nanohardness and
different orientation gradients or substructure sizes. Consequently, EBSD-KAM based phase
classification system was able to identify and quantify the two constituents after verifying the system

with correlative measurements.

The constituents of two samples with the same chemical composition produced by the different cooling
rates were micromechanically characterized by performing micropillar compression tests. Further ECCI
and EBSD measurements were conducted to clarify the strengthening mechanism. It is shown that a
higher cooling rate led to an increased CRSS of both constituents due to a higher dislocation density.
This inhibited annihilation and cross-slip of dislocations and remained more obstacles for mobile or
immobile dislocations inside the constituents. Moreover, the higher cooling rate did not influence the
polygonal ferrite grain size but generated a smaller granular bainite substructure size. Since only one to
three granular bainite sub-grains were included inside the pillar volume, the dislocation density
significantly caused the different strength. Finally, the impact of different cooling rates on the

microscopic strength was determined and the contributing strengthening mechanism were identified.



Zusammenfassung

Im Rahmen der vorliegenden Dissertation wurde der Einfluss von zwei unterschiedlichen Abkuhlraten
untersucht, die zur Herstellung eines hochfesten niedriglegierten (HSLA) Stahls dienten. Hierbei lag
der Fokus auf der Gefligecharakterisierung, -quantifizierung und der Ermittlung der
mikromechanischen Eigenschaften von polygonalem Ferrit und granularem Bainit. Die Abkuhlrate
wéhrend dem kontinuierlichem Abkuhlprozess in der industriellen Fertigung variierte um 30% und war

in beiden Fallen unterhalb von 50 K/s.

In einem ersten Ansatz zur Phasencharakterisierung und -quantifizierung wurden (ber einen definierten
Probenbereich rasterformig Nanoindentationsversuche durchgefiihrt. Im Anschluss dienten die Harte
und das reduzierte Elastizitatsmodul als EingangsgroRen fur die Datenanalyse mittels K-means. Die
Korrelation der Daten mit Rickstreuelektronenbeugung (EBSD) Messungen ergab, dass K-means nicht
in der Lage war, polygonalen Ferrit und granularen Bainit zu trennen. Zurlickzufuhren ist dies auf
ahnliche mechanische Eigenschaften der beiden Phasen, sowie den Einfluss von Korngrenzen und
unterschiedliche SubstrukturgroBen des granularen Bainits auf die Harte und das reduzierte
Elastizitastsmodul. Daraufhin wurde ein auf EBSD Messungen basierender Ansatz getestet, der auf
Grundlage der kristallographischen Missorientierung einzelner Pixel zueinander die Korner den beiden
Phasen zuordnet. Zur Validierung der erzielten Phasencharakterisierung dienten korrelative
Untersuchungen mittels Elektronenbeugungskontrast Abbildungen und Nanoindentationsversuchen.
Zur Separierung der beiden Phasen diente ein Orientierungsschwellwert von 3°. Demnach klassifizierte
das automatische System Korner mit Pixelwerten gréRer 3° als granularen Bainit. Beinhaltete das
Korninnere keine Werte, die den definierten Grenzwert iberschritten, erkannte das System diese Korner
als polygonalen Ferrit. Die korrelativen Untersuchungen bestétigten die Phasencharakterisierung unter
Anwendung eines Korntoleranzwinkels von 5°. Dariiber hinaus ergaben die Untersuchungen, dass das
Geflige in zwei Hauptgruppen und vier Untergruppen unterteilt werden kann. Die beiden Hauptgruppen
gliederten sich in die beiden Phasenbestandteile polygonaler Ferrit und granularer Bainit auf. Die daraus
resultierenden vier Unterkategorien wiesen eine zunehmende Nanohérte sowie unterschiedliche
Orientierungsgradienten und SubstrukturgroBen auf. Somit konnte anhand der Korrelativen
Untersuchungen gezeigt werden, dass die Separierung von polygonalem Ferrit und granularem Bainit

unter Anwendung des Phasenklassifizierungssystems maglich ist.

Ein weiterer Bestandteil der Arbeit war die Bestimmung der mikromechanischen Eigenschaften unter
Einflussnahme wvon zwei unterschiedlichen Abkihlgeschwindigkeiten. Zur Ermittlung der
mikromechanischen Eigenschaften von polygonalem Ferrit und granularem Bainit dienten
Mikrodruckversuche. Der Einfluss von festigkeitssteigernden Mechanismen hinsichtlich der einzelnen
Gefiigebestandteile wurde mit weiteren ECCI und EBSD Messungen charakterisiert und diskutiert. Es

zeigt sich, dass eine hdhere Abkuhlungsrate aufgrund einer hoheren Versetzungsdichte zu einer



erhohten kritischen Schubspannung beider Phasenbestandteile flihrte. Die héhere Versetzungsdichte
erzielte folglich eine héhere Anzahl an Hindernissen fur das gleiten von aktivierten Versetzungen
wéhrend der Verformung. Des Weiteren zeigten die Untersuchungen, dass die héhere Abkinhlrate
keinen Einfluss auf die KorngréRe der polygonalen Ferritkdrner hatte, aber eine kleinere Substruktur
des granularen Bainits erzeugte. Aufgrund der Tatsache, dass nur ein bis drei Subkorner des granularen
Bainits in dem getesteten Pillarvolumen enthalten waren, trug die Versetzungsdichte hauptséchlich zur
Steigerung der kritischen Schubspannung bei. Es ist festzuhalten, dass die durchgefiihrten
Untersuchungen den Einfluss der Abkuihlrate auf die mikroskopische Festigkeit bestimmten sowie die

festigkeitssteigernden Mechanismen identifizierten.

Vi
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1 Introduction

1.1 Motivation and Objectives

The progressing climate change promotes the awareness to push the expansion of renewable energy
infrastructure [2]. In this context, successive weight reduction and improvement of the mechanical-
technological properties of the materials used play an essential role. As a significant proportion of the
steel produced worldwide consists of microalloyed or high-strength low-alloy (HSLA) steels, it is of
particular importance to press ahead with further development. HSLA steels consist of different types
of body centered cubic (BCC) structures deriving their mechanical-technological properties from the
addition of microalloying elements (Niobium, Titanium and/or Vanadium), an accelerated cooling
process and a low carbon content [3,4]. Through the accelerated cooling and the low-carbon level, a
bainitic microstructure can be produced with the absence of interplate cementite precipitates resulting
in an excellent combination between toughness, strength and weldability [5-8]. However, a detailed
understanding how the thermomechanical manufacturing process affects the micromechanical
properties of each constituent is mandatory to adjust the macroscopic behavior on the increasing

requirements.

The thermomechanical processing has been continuously enhanced to manufacture low-carbon HSLA
steels with versatile application possibilities [9]. As a result, bainitic microstructures are increasingly
included in these products to achieve the desired mechanical-technological requirements; however, such
bainitic microstructures are counted among the most complicated features produced in steels [5]. In
general, bainite is a two-phase structure that transforms from the austenite phase within a temperature
range between the pearlite and martensite reaction. Thus, a wide variety of different morphologies and
phases between pearlite and martensite, with sizes in the range of a few nano- or micrometers can be
observed. Subsequently, previous studies dedicated their work to the phase separation and
guantification [5,10-14]. For instance, light optical microscopy (LOM) as well as scanning electron
microscopy (SEM) [5,15-17], electron backscatter diffraction (EBSD) [18-21] or even transmission
electron microscopy (TEM) [3,12,22] investigations were used to investigate the produced bainite
morphologies. Thus, different occurrences of incomplete transformations were observed beside the
well-known upper and lower bainite [5,23,24]. Through the addition of microalloying elements and the
application of an accelerated cooling process after rolling, granular bainite and its differentiation from
polygonal ferrite became more popular [3,23]. Polygonal ferrite is characterized by equiaxed grains
with a low dislocation density. Granular bainite is composed of irregular ferrite (also sometimes referred
as bainitic ferrite) beside carbon rich particles which are distributed between the irregular ferrite grains
[5,23]. According to TEM investigations [12,25,26], irregular ferrite grains consist of ferrite sheaves
which are subdivided by low angle grain boundaries (LAGB). However, both components appear

almost identical under the LOM and SEM which impedes the phase separation and quantification [18].



1 Introduction

Despite of the growing amount of using a direct cooling process after rolling to produce these complex
microstructures in an energy-efficient way, a detailed understanding of the micromechanical properties
of the individual phase is still missing. Therefore, it is imperative to improve phase separation and
guantification techniques on industrially manufactured products as well as to link this to
micromechanical characterization. This allows the strength-increasing mechanisms to be identified and

assigned to the structural components.

Through technological progress, focused ion beam (FIB) microscopy facilitated the fabrication of nano-
and microscale specimens to determine the mechanical properties of each constituent. The microscopic
properties of the individual constituents determining the bulk behavior and will be affected by varying
the chemical composition or the thermomechanical production process [27]. Micropillar compression
tests are well established to describe the microscopic behavior to analyze the constituents strengthening
mechanisms [28-31]. For instance, the constituents of dual phase (DP) steels, polygonal ferrite and
martensite, were frequently characterized by performing pillar compression tests [32—35]. The critical
resolved shear stress (CRSS) and the activated slip systems are two important values which can be
obtained by micromechanical characterization. Knowledge of the mechanical properties of the
individual phases helps to tailor bulk properties. Despite the wide range of applications of HSLA steels,
polygonal ferrite and granular bainite have not been characterized with respect to the effect of cooling
rate on their mechanical properties. Hence, FIB machined micropillar compression tests were performed
on a HSLA steel which was continuously cooled by two different cooling rates during the industrial

production process.

The present work performed detailed investigations to achieve a better understanding regarding
polygonal ferrite and granular bainite phase identification and the impact on their mechanical properties
by varying the cooling rate. Thus, the following questions were thoroughly answered for an enhanced

understanding at the microscale:

e Candatadriven approaches like K-Means clustering differentiate polygonal ferrite and granular
bainite based on their mechanical properties obtained by nanoindentation without prior
microstructure characterization? (Q1)

e Is it possible to automate the phase identification and quantification by an automated
EBSD-KAM based classification system? (Q2)

o How affects the application of a different cooling rate the polygonal ferrite and granular bainite

stress-strain behavior? (Q3)

1.2 Work procedure

In order to achieve a distinct and quantitative identification of polygonal ferrite and granular bainite,
two different approaches were tested. The first approach was to perform grid-nanoindentation

experiments to measure the nanohardness and reduced Young’s modulus. Subsequently, an

-2



1 Introduction

unsupervised classification algorithm was tested whether polygonal ferrite can be separated from
granular bainite by using the aforementioned parameters as input variables. Beside the HSLA steel, a
DP steel sample was additionally studied as a reference sample. In order to further investigate the
influence of grain boundaries on the clustering result, another sample of the HSLA steel was heat treated
to consist only of polygonal ferrite grains. Several polygonal ferrite grain pairs were tested across the
grain boundary and the nanoindentation data also clustered by the K-means algorithm. Since previous
investigations [3,21,36,37] reported that polygonal ferrite and granular bainite contains a different
orientation gradient inside the grain interior, a kernel average misorientation (KAM) threshold was
defined within an automated EBSD phase separation and quantification system. The obtained results
were validated by complemented electron channeling contrast imaging (ECCI) and nanoindentation
investigations. Additionally, these investigations contained also time-of-flight secondary ion mass
spectroscopy (ToF-SIMS) to test whether both phases are characterized by a different carbon
concentration. Subsequently, micropillar compression tests were conducted on two HSLA samples
which were industrial continuously cooled by using two different cooling rates. Beside the pillar
compression tests, EBSD and ECCI investigations were carried out to obtain additional information
regarding the phase fraction, dislocation density, substructure and grain size.

1.3 Structure of the thesis

The present thesis is outlined as follows: Chapter 2 gives a literature overview and background
information about HSLA steels and micromechanical properties of BCC metals.

Chapter 3 contains all detailed information about the utilized sample preparation and experiments.

Chapter 4 focused on the phase separation by using grid-nanoindentation and K-means clustering to
separate the constituents of the DP and HSLA steel. This work has been published by R.M. Jentner, K.
Srivastava, S. Scholl, F.J. Gallardo-Basile, J.P. Best, C. Kirchlechner, G. Dehm, Unsupervised
clustering of nanoindentation data for microstructural reconstruction: Challenges in phase
discrimination, Materialia (Oxf). 28 (2023) 101750. https://doi.org/10.1016/j.mtla.2023.101750.

Chapter 5 is addressed to the automated polygonal ferrite and granular bainite separation by using an
EBSD-KAM based threshold which was validated by complemented ECCI and nanoindentation
experiments. The obtained results have been published by R.M. Jentner, S.-P. Tsai, A. Welle, K.
Srivastava, S. Scholl, J.P. Best, C. Kirchlechner, G. Dehm, Automated Classification of Granular
Bainite and Polygonal Ferrite by Electron Backscatter Diffraction Verified through Local Structural
and Mechanical Analyses, SSRN Electron. J. (2023). https://dx.doi.org/10.2139/ssrn.4324505.

Chapter 6 presents the impact of varying the cooling rate on the micromechanical behavior as well as
the phase fraction, dislocation density and grain and substructure size. Chapter 7 is submitted to R.M.
Jentner, S. Scholl, K. Srivastava, J.P. Best, C. Kirchlechner, G. Dehm, Local Strength of Bainitic and
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1 Introduction

Ferritic HSLA Steel Constituents Understood Using Correlative Electron Microscopy and Micro-
compression Testing, SSRN Electronic Journal. (2023). https://doi.org/10.2139/ssrn.4408322.

Lastly, Chapter 7 summarizes the achieved results and gives and gives an outlook on possible further

investigations.
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2 Literature review and fundamental background

2.1 HSLA steels

HSLA steel grades belong to the group of conventional steels and combine a high tensile strength and
high total elongation as shown in Figure 1 [38]. Beiser [39] published first the distinct toughness
increase by small additions of niobium (Nb) to a plain carbon steel. Due to the increase in welded joints
and the growing demands on the mechanical-technological properties of steel structures, the carbon
concentration was continuously decreased to avoid carbon or austenite precipitates and microalloying
elements were added to accomplish the toughness requirements [9,40]. Thus, HSLA steels typically
contain a carbon concentration less than 0.25 wt.% and additions of microalloying elements like NDb,
Vanadium (V) and/or Titanium (Ti) below 0.1 wt.% as well as in total < 0.15 wt.% [40,41].
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Figure 1: A comparison between currently used steel grades as a function of tensile strength vs. total elongation [38]. Mild:
mild steel; BH: bake hardenable; CP: complex phase; DP: dual phase; FB: Ferritic bainitic; HF: hot formed and quenched;
HSLA: high-strength low-alloy; IF: interstitial free; MS: martensitic; TRIP: transformation induced plasticity; TWIP: twinning
induced plasticity; AHSS: advanced high strength steels.

Through controlled rolling and a subsequent continuous cooling process, novel microstructures with a
variety of complex morphologies, such as bainite, are generated [12,42]. Figure 2 schematically
illustrates the production route for a controlled rolling process until the final product [4]. After the slabs
have been austenitized at about 1100 - 1200 °C, the deformation process begins. Carbonitrides
precipitates which are nucleated during continuous casting or strain induced precipitates inhibit the
austenite grain growth at higher temperatures by the solute drag effect [43,44]. The first hot deformation
steps are accompanied by a balanced process between work hardening and softening due to the recovery
and recrystallization mechanism [9]. Subsequently, a refined equiaxed austenite structure will be
formed which is also characterized by an increased amount of strain [43]. The final deformation step
may take place before the ferrite/austenite transformation temperature is reached and, the
recrystallization process cannot take place [4]. This will result in a deformed austenite structure with
elongated grains along the rolling direction. It is now possible to cool the refined austenite

microstructure or to proceed the deformation during ferrite formation, with the result that the final ferrite
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grain size is further reduced [4]. Since the subsequent cooling process predominantly determines the
austenite transformation product, the analysis of the mechanical properties of the individual constituents
is of crucial importance [13].

However, the frequently used continuous cooling process leads to the formation of bainite morphologies
with a wide variety which impedes a reliable phase separation and, thus the micromechanical

characterization as well [5,13,24,45].
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Figure 2: Schematic illustration of the possible thermomechanical production routes. The austenitized material will be
mechanically deformed (e.g. rolled) and subsequently accelerated cooled down to a predefined temperature. Redrawn from [4].

2.1.1 HSLA steel microstructure

Industrially applied cooling rates during the continuous cooling process vary in a range where
reconstructive and displacive phase transformation products can occur. Hence, constituents like
polygonal ferrite, degenerated pearlite, bainite and residual martensite-austenite can be generated
depending on the thermomechanical processing [5,7,46]. Specially, several complex bainite
morphologies can be observed originating from the continuous cooling process. For instance, using a
medium cooling rate of 5 to 60 K/s [7,45] has led to the formation of a microstructure that contains
granular bainite beside polygonal ferrite. Both phases are difficult to by light optical microscopy (LOM)

investigations, since both are polygonal shaped and similar in size [18,45].

During the 1950s, it was found that granular bainite consists of coarse irregular ferrite plates and islands
of retained austenite and martensite after continuously cooling [12,25]. The carbon-rich retained

austenite islands are partially transformed to martensite at room temperature and thus were classified
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as martensite-austenite (MA) constituents representing the carbon rich second phase [19]. TEM
investigations revealed that the coarse irregular ferrite grains are actually composed of ferrite sheaves,
which can be separated by thin austenite or carbide films depending on the carbon concentration [23,37].
Since these steel grades typically contain a low-carbon concentration, the displacive bainite formation
is predominantly associated by the absence of carbides, retained austenite or martensite layers between

the ferrite substructure [45].

Figure 3 schematically illustrates the mixture of granular bainite and polygonal ferrite grains. High
angle grain boundaries (HAGB) displayed as bold black lines in Figure 3 separate both constituents
from each other whereas the irregular ferrite sub-grains are divided by LAGB [5,13]. The polygonal
ferrite grains nucleate beside the parent austenite grain boundaries whereas the carbon-rich second
phase precipitates between irregular and polygonal ferrite grains [27]. However, the parent austenite
grain boundaries cannot be identified without using TEM investigations [7,45].

Since irregular ferrite sub-grains are actually sheaves in the tridimensional direction, their formation is
classified as a displacive phase transformation [15,16,23,47]. The substructure formation is associated
by the formation of shear stresses during continuous cooling and the subsequent relaxation of
geometrical necessary dislocations (GNDs) leads to the formation of LAGB [48,49]. Carbon atoms are
still able to defuse during the displacive transformation in contrast to a martensite transformation [4]
and, thus the carbon rich second phase can precipitate. For instance, atom probe tomography
measurements at a HSLA steel with a carbon concentration of 0.1 wt.% revealed that the irregular ferrite
contained a carbon concentration of 50 to 750 ppm [22]. Consequently, carbon concentration is an
important factor that significantly determines the microstructure morphology [13,27].

Granular bainite

N
e N

| Carbon-rich second phase

and ‘

Irregular ferrite
(Bainitic ferrite)

Polygonal ferrite

Figure 3: Schematically illustration of the complex microstructure containing granular bainite and polygonal ferrite (green)
grains. Granular bainite is composed of bainitic ferrite (orange) plus a carbon rich second phase (black). High angle and low
angle grain boundaries are displayed as black bold and dashed lines, respectively. The image was redrawn based on [5].

The applied cooling rate during the thermomechanical processing particularly determines the irregular
ferrite substructure size. A previous investigation addressed the effects of different cooling rates on the

size of the substructure and used high-resolution TEM studies for analysis [7]. It is shown by decreasing
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the cooling rate from 60 to 5 K/s that the sheaf substructure disappeared and more equiaxed sub-grains
were formed. The responsible mechanism for a varying substructure morphology has been described as
follows [7]: after the last deformation step below the non-recrystallization temperature, the produced
dislocations will pile-up and form a dislocation cell structure. These dislocation cell walls will be
flattened by cross-slip of screw dislocations and climb of edge dislocations while the continuous cooling
process passes through the high temperature range. Thus, the polygonization process is mainly
responsible for the recovery process within the high temperature stage [50]. Subsequently, several
featureless polygonal ferrite grains are formed and the undercooling of the residual austenite initiates
the displacive bainite transformation. The irregular ferrite sub-grains start to nucleate at the prior
austenite grain boundaries and, thus a certain coherent relationship between the parent and child phase
exists [14]. Thus, the size of the substructure and the dislocation density depends significantly on the
cooling rate and the associated time in the upper temperature range. However, TEM investigations on
a deformed duplex stainless steel have shown that polygonal ferrite grains can be also subdivided by
grain boundaries with a misorientation angle below 10° [50]. Thus, this further impedes the phase
separation between bainitic ferrite and polygonal ferrite. An overview of the different characterization
and classification attempts is given in the following section.

2.1.2 Microstructural characterization and identification

The first experiments were performed to characterize the different HSLA steel morphologies by using
LOM and SEM investigations. Subsequently, EBSD and high resolution TEM experiments were
performed for phase characterization regarding their orientation changes or substructure sizes. Each
technique has their own benefits or limitations and, thus an overview of previous research results is
provided. Initially, LOM investigations and a 2% Nital and LePera solution were used to differentiate
between irregular ferrite from polygonal ferrite [14,46]. Both reported that after applying the 2% Nital
solution, irregular ferrite grains exhibited a surface relief due to the displacive phase transformation,
compared to polygonal ferrite grains. In addition, the LePera color etching solution colored the carbon
rich second phase as white objects under the LOM. However, correlative SEM, EBSD and/or TEM
investigations were later used more frequently to study the different morphologies than LOM because

they offer a higher resolution.

For instance, Zajac et al. [5] used different cooling rates to simulate different bainite morphologies
which were subsequently classified and quantified by SEM and associated EBSD analyses. In total, five
different bainite morphologies were observed depending on the used cooling rate: granular bainite,
degenerate upper bainite, upper bainite, degenerate lower bainite and lower bainite by increasing the
cooling rate. Moreover, the precipitation of the carbon rich second phase was mainly influenced by the
chemical composition. The associated EBSD measurements showed that granular bainite, upper and
lower bainite are characterized by a different misorientation angle distribution. Upper and lower bainite

showed a pronounced peak below 20° and above 50°, respectively, whereas granular bainite is
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characterized by a broad misorientation angle distribution around 45°. In addition, the authors noted
that the mechanical properties of the different bainite morphologies will be influenced by the amount
of sub-boundaries [5].

Similar to the previous investigation, Mdller et al. [51] gradually increased the cooling rate to generate
samples containing a pearlite at the lowest cooling rate until full martensitic transformation. Textural
information from SEM images were determined and implemented into a machine learning algorithm to
distinguish the different constituents. The different morphologies were characterized with an accuracy
of 91.80%. However, the large variety of different morphologies and their similarity to each other will

be the main critical point to implement this technique for an industrial producer.

Beside morphological information based on SEM or LOM images, EBSD has been used to differentiate
constituents according to their different orientation gradients. Phases formed by a displacive
transformation are accompanied by the formation of GNDs and contain a higher orientation gradient
[52,53]. Hence, constituents with a higher GND density result in pixels with a lower confidence
index (Cl) and image quality (I1Q) [54,55]. For instance, it was shown that ferrite and martensite can be
separated by using a multi-peak model of their 1Q values [56]. It was required to assume that each phase
has their own individual 1Q distribution and the 1Q peak decreases with lower transformation
temperatures. Subsequently, Ryde [57] proposed the band contrast of the Kikuchi bands to differentiate
bainite and ferrite. In this regard, Zaefferer et al. [52] stated that the influence of sample preparation,
contamination and grain orientation will not allow an unambiguous phase differentiation. By comparing
pixel- and grain-based EBSD parameters, it was concluded that only the pixel-based KAM gives a

unique phase separation between bainite and ferrite [52].

EBSD measurements were also performed to study the crystallographic properties of bainite [21]. These
investigations measured a higher orientation gradient inside bainite grains compared to ferrite due to
plastic relaxation during the displacive phase transformation. The orientation gradient was measured by
performing point-to-origin measurements inside individual grains. Subsequently, a threshold of 3° per
10 um measurement distance was suggested to separate bainite and ferrite. Later on, further
investigations confirmed this and postulated similar thresholds [3,36,37]. Most recently, the
EBSD-KAM value was correlated with point-to-origin measurements to separate and quantify granular
bainite and polygonal ferrite [18]. After determining the optimal kernel size for the investigated
material, it was shown that the KAM classification system is consistent with the previously presented
point-to-origin technique. This study [18] further concluded that tested grains exhibit an orientation
gradient larger than 3° due to the defined kernel size which has to be comparable to the substructure
size. Consequently, the threshold for the orientation gradient to separate the both phases was adjusted

to be only 3° independent of the measurement distance.
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Grid-nanoindentation tests were also conducted to achieve a unique phase separation and quantification
system. Nanoindentation experiments on a ferrite-martensite DP steel showed the distinct nanohardness
differences between both constituents [58-61]. In addition to DP steels, this technique has also been
applied to HSLA steels, consisting of bainite and ferrite [62,63]. Both studies measured a distinct
nanohardness due to the carbide or martensite-retained austenite precipitates between the bainitic ferrite
subunits. Since this technique requires also the assumption that each constituent owns its individual
distribution, analyzing microstructures with similar mechanical properties may limit this method. In
recent years, machine learning algorithms have become increasingly relevant in big data analyses.
Kumar et al. [64] used a deconvolution technique in conjunction with grid nanoindentation to enhance
the phase separation of a thermal barrier coating. It is shown that the algorithm was able to deconvolute
the different phases, including the smaller precipitates. All three detected phases had a unique hardness
distribution which facilitates the phase identification and may blur the impact of grain or phase
boundaries. An influenced hardness next to phase or grain boundaries was observed due to a higher
GND density [65,66], impeded dislocation movement [67—69] or heterogeneous solute distribution [70].
Additional information related to phase characterization by using machine learning algorithms can be
found elsewhere [71-73].

TEM experiments have been also applied to specially characterize the granular bainite substructure
morphology [3,7,12,37,45,47]. Due to the limited sample volume and the extensive workload for

sample preparation and analyses, a unique phase gquantification has not been possible so far.

2.1.3  Strengthening mechanisms

The beneficial macroscopic HSLA steel properties arise from the combination of individual
strengthening mechanisms [41]. Beside the yield strength of pure iron, four strengthening mechanism
are considered to determine the toughness of HSLA steels: solid solution hardening, precipitation
hardening, dislocation hardening, grain refinement (Hall-Petch) [9,41].

The purpose of solid solution strengthening is to inhibit the motion of mobile dislocations by pinning
them to groups or individual solute atoms [74-76]. For instance, carbon and nitrogen atoms can be
stored within the octahedron interstice of the ferritic crystal structure whereas larger atoms such as
copper, silicon or manganese will substitute iron atoms of the BCC structure [4,77]. The generated
strain field around the solute atoms leads to the interaction with dislocations and impedes their motion
[78]. This was demonstrated, for example, by varying the silicon content of a high silicon steel, which

resulted in a significant hardness increase of the ferritc matrix [79].

Precipitation hardening can be achieved by the formation of small dispersed coherent (soft) or
incoherent (hard) obstacles to the activated dislocations [9,80]. It has been observed that additions of
Nb, V and/or Ti form hard carbides, nitrides or carbonitrides within the HSLA steel matrix and

predominantly caused dislocation bowing between the particles [9,77]. Previous investigations revealed
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that precipitates in the nanometer range enhanced the strength of the bulk material depending on their
volume fraction and nano-size [9,41,81,82]. In addition, the presence of precipitates retards grain
growth in high temperature treatments and the recrystallization process of austenite during hot rolling
[82]. Subsequently, the higher fraction of grain boundaries act as ferrite nucleation sites ensuring a finer
ferrite structure after austenite has transformed to ferrite.

Dislocation strengthening arises from the interaction of mobile dislocation with other mobile or
immobile dislocations existing in the deformed crystal [9]. The preexisting dislocations act as obstacles
to moving dislocations on the activated slip planes and, thus increase the CRSS to move the dislocation
through the crystal [66,81,83]. Preexisting dislocation are also described as forest dislocations. They
can be generated by a deformation process or displacive phase transformation. For instance, a displacive
transformation during the continuous cooling process leads to the formation of GNDs to accommodate
the shape change from the parent to child phase [4]. On the other hand, a higher dislocation density will
be also generated through the plastic deformation during rolling whereas dislocation recovery is
inhibited [4,7]. Taylor [84] first revealed that the strength increases by the square root of the dislocation
density. It has been found by correlating the yield stress with the dislocation density and lath thickness
of a fully bainitic microstructure that dislocation strengthening mainly contributed to the yield stress if
the lath thickness is below 1 pm [85].

The last well-known strengthening mechanism “smaller is stronger” is attributed to the work of Hall
and Petch [86,87]. This strengthening mechanism is related to an increasing strength by reducing the
effective grain size [4]. During plastic deformation, activated dislocations move towards the grain
boundary on the activated slip plane. Grain boundaries acting as obstacles to the activated dislocations
and, thus dislocations will pile-up at the interface [77]. Once further dislocations arrive at the grain
boundary barrier, the interaction between the dislocations introduces a localized stress in the adjacent
grain, which will activate a new dislocation source as soon as a critical stress was reached [4,77]. Thus,
the deformation process is propagated from grain to grain and increases the required load to deform the
bulk material [4]. Empirical investigations on a bainitic steel showed a relationship between the yield
stress and the inverse lath size defined by a misorientation angle of 2 — 7° [88]. An increasing strength
by reducing the bainitic substructure size was also observed by other investigations and highlights the

importance to control the substructure size during thermomechanical processing [19,81,89].

A thorough understanding of the contributing strengthening mechanism is required to optimize the
microstructure regarding the desired properties. However, the individual strengthening mechanism does
not necessarily interact linearly and, thus the quantification of the contributing factors is challenging
[9,81].
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2.2 Micromechanical properties of BCC metals

2.2.1 The critical resolved shear stress and Schmid factor

The plastic deformation is associated with the motion of dislocations on activated slip planes.
Dislocations are line defects and can be divided into edge, screw and mixed dislocations [90]. An edge
dislocation is characterized by the Burgers vector which is normal to the dislocation line whereas the
Burgers vector of screw dislocation is parallel to the dislocation line [83]. Most often, the Burgers vector
varies between an angle of > 0° and <90° and is thus characterized as a mixed dislocation [83,90].
While an external load is applied on a sample, the onset of plastic deformation is characterized by
reaching the yield stress [91]. Subsequently, dislocations move forward if a force component acts
parallel to the glide plane along the slip direction, the so-called shear stress [91]. The glide of
dislocations is limited to certain surfaces which contain the dislocation line and Burgers vector [83].
These crystallographic planes are called glide planes and a consecutive motion of several dislocations

on the same glide planes results in visible slip steps at the sample [83,92].

In general, slip preferentially occurs on close packed crystallographic planes and directions with the
highest linear density of atoms due to the lower stress which is required to activate the atom layer [92].
Subsequently, all possible combinations of slip planes and slip directions for a certain crystallographic
structure are called slip systems. The BCC structure compromises three close packed slip planes and
one close packed direction. In total, 48 slip systems are possible by using all possible combinations
[83,90]. The individual slip planes, slip directions and the resulting slip systems for a BCC crystal

structure are listed in Table 1.

Table 1: Summary of all possible slip planes and directions within the BCC crystal structure.

Slip planes  Slip direction Number of slip systems

{110} 6x2=12
{112} (111) 12x1=12
{123} 24 x1=24

Since most of the dislocations are activated on the slip plane where the highest stress is resolved, the
resolved shear stress determines the plastic deformation process [91]. Schmid et al. [93] first correlated

the resolved shear stress by Equation (1)
Trss = cos(A) cos(k) xa =m=xa (1)

where x describes the angle between tensile direction and slip plane normal and 4 is the angle between
tensile direction and slip direction as shown in Figure 4 [91]. Each slip system has its own characteristic

Schmid factor m depending on the relative orientation of the slip plane to the force direction.
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Consequently, an applied force will cause dislocation motion on a slip plane where the resolved shear
stress is above a critical value [83,91]. This CRSS is identical for all equivalent slip systems and depends
on the tested material. Moreover, it has been shown that the CRSS is influenced by test temperature,
strain rate, dislocation density and sample size [28,94,95].

Slip planes

Figure 4: Schematic illustration of a deformed cylindrical sample to describe Schmid’s law. The figure is redrawn from [91].

2.2.2 Controlled plasticity through dislocation motion

Slip in BCC crystal structures occurs along the close packed (111) direction along the shortest lattice
vector “/2 (111) and also represents the Burgers vector of perfect slip dislocations [92,96]. The {110}
slip planes contain the most widely spaced atoms compared to the {112} and {123} slip planes and,
hence it is expected that the {110} slip plane will be preferentially activated during plastic deformation
[90]. A three-dimensional view as well as the stacking sequence 4BABAB... of the (110) plane along
the [110] direction is schematically shown in Figure 5A and B, respectively. The atoms lying on the
(110) plane are indicated as grey spheres and are displaced relative to the white spheres in the

out-of-plane direction by a/ Nox where a represents the lattice constant [90].
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B) (110) Plane

(110) Plane

Figure 5: a) The hard sphere 3D-model illustrates the (110) plane within the BCC crystal structure. b) shows the stacking
sequence ABABAB... of the (110) plane along the [110] direction. Redrawn from [90].

Previous TEM experiments [97-99] and computer simulations [100-102] revealed that screw
dislocations primarily dominate the mechanical properties of BCC metals. Since all three slip planes
contain the (111) slip direction and even some specific slip planes crossing along the same (111)
direction, itis possible for screw dislocations to cross slip between different {110} planes and to activate
slip on {112} and {123} planes as well [83]. This is related to the non-planar core structure of screw
dislocations at higher temperatures and a three-fold symmetry along the (111) direction in a BCC
crystal structure [83,90]. Subsequently, the core of a screw dislocation spreads into the planes of the
(111) zone axis to reduce the elastic energy [103]. The non-planer core structure of a straight screw
dislocation does not allow to move forward at finite temperatures, since it has to overcome a high energy
barrier which is known as the Peierls potential [104-106]. Through the resolved shear stress and the
thermal activation, screw dislocations partly bow over the Peierls barrier as shown in Figure 6 which is
associated by the generation of two kink-pairs [105,106]. Once both kink-pairs exceed a critical size,
the dislocation can expand into the next Peierls valley without requiring an external force [104]. The
formed kink-pairs will move in the opposite direction under the action of an applied stress and, thus

bring the dislocation into the adjacent Peierls valley [91].

Peierls potential

Lattice periodicity

Figure 6: Illustration of the kink-pair formation mechanism by dislocation glide from one Peierls valley over the Peierls
potential to the adjacent energy minimum, redrawn according to [104].
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Consequently, the continuously increasing stress on a BCC metals leads to plastic deformation once the
density and velocity of activated dislocations is proportional to the applied strain rate [83]. The BCC
mechanical properties are directly correlated to the Peierls potential which depends on the periodic
crystal lattice and the force-distance relationship between the single atoms of the slip plane [83]. Due
to the significant influence of temperature on the kink-pair formation and the related mobility of screw
dislocations, the BCC flow stress can be altered by varying the test temperature and strain rate
[107,108].

2.2.3  Pillar compression tests

Pillar compression tests are an efficient method to quantify the mechanical properties at small length
scales. Uchic et al. [109] started using pillar compression tests to investigate dislocation storage,
multiplication, motion, pinning and nucleation during plastic deformation. Here, a FIB was used to
manufacture small pillars in the range from 0.5 to 40 um which were subsequently uniaxial compressed
by a flat-punch tip. In general, the advantage of micro-pillar compression tests compared to
nanoindentation is the opportunity to avoid the impact of complex stress conditions within the tested
volume [31]. Previous investigations have proven that below an indentation depth of approx. 1 um, the
inhomogeneous stress conditions caused an increasing hardness by further decreasing the indentation
depth [110-112]. This effect is also known as the indentation size effect (ISE).

Various processing techniques exist to separate micro-pillars from the bulk material with a round or
rectangular cross-sectional area. Depending on the scientific question, in-house availability and time
constraints, micro-sized sampled are frequently produced by chemical etching or FIB milling [113].
Since this work used positive charged gallium (Ga*) ions as a FIB to mill round micro-pillars inside
select grains, this chapter is related to the processing route of the present work. Figure 7A and B
schematically shows the common annular milling procedure where the Ga* ions hitting perpendicular
the polished sample surface and circles around the defined cylindrical form. This technique deflects the
beam during micro-pillar processing and removes only the surrounded material [113]. Here it is
advantageous that it is a fast technique to produce several micro-pillars within a short milling time
which depends on the material. However, the produced pillar contains a different top and bottom
diameter and, thus a taper angle between 2 —5°. Moreover, Ga™ ions can infiltrate the micro-sample
during the milling process and significantly influence the mechanical properties; specially by reducing
the sample size [114]. Assuming a linear taper angle between the top and the bottom, the engineering
stress value at the middle and bottom of a micro-pillar can diverge approx. 26% and 42% to the top
diameter, respectively [29]. Furthermore, a pillar diameter/height ration is recommended to prevent

bending during the compression test.
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Figure 7: A) Schematic illustration of the micro-pillar preparation within a polycrystalline sample by using a focused Ga™* ion
beam which hits perpendicular the polished surface. B) The FIB circles around the round pillar shape to generate a
free-standing sample.

Before the compression experiment can be initiated, the indenter needs to be located and aligned close
over the micro-pillar surface. In total, two different approaches are known to achieve this [113]. The
first approach uses the depth of field information of the SEM image; however, it is not recommended
since it can change several micrometers by varying the accelerating voltage, aperture or current of the
SEM. The second approach uses the secondary electron (SE) or InLense detector by shadowing the
pillar top surface with the indenter. This allows an indenter and sample alignment with a distance below
100 nm. A precise alignment is essential to prevent unpredictable stress states inside the pillar volume
and, thus a misinterpretation of the load and depth curve [31]. Based on the measured load and
displacement, the engineering stress and strain curve is calculated by using the original height and
diameter of the micro-pillar. Friction between the indenter and pillar top surface causes a multi-axial

stress state as well as higher shear stresses at the upper sample area [115].

Nowadays, it is well known that micromechanical test results show a distinct increased yield strength
linked with a significant variability between several samples of the same size [31,109,116]. A further
detail of micromechanical experiments are displacement bursts or load drops during loading by a load
or displacement-controlled experiment [31,116]. All these characteristic features were related to the
limited number of dislocations within micro-sized samples [29,109,117,118]. Indeed, tensile tests
revealed that dislocation-free copper whiskers reached strength values close to the theoretical strength
due to a lower probability for including defects inside confined dimensions [119]. Through increasing
the pillar diameter, it has been shown that the engineering stress decreases [109,118]. This phenomenon
is attributed to the limited interaction of dislocations as well as geometrical constrictions of dislocation
source size for smaller samples [119]. When loading small samples, dislocations will emerge and only
new dislocation nucleation allows progressive plastic deformation [116]. However, samples containing
a high dislocation density are characterized by a short distance between dislocations and their
interactions results in an increasing work hardening [29,116]. In general, BCC metals show a weaker
sample size dependence compared to face centered cubic metals which is attributed to the low mobility

of screw dislocations or their pile-up behavior next to dislocation sources [120,121].
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3 Experimental procedure

The following experimental procedure is based on previous publications®=,

3.1 Material and microstructural characterization

The present thesis investigated the effect of two different cooling rates which were used to fabricate a
HSLA line pipe steel. These two samples are subsequently identified as S1 and S2 (S2 is also referred
as M2 in Section 4) and had the same chemical composition as listed in Table 2. The cooling rate of
was below 50 K/s for both samples, with the cooling rate of S1 being was about 30% lower than that of
S2. S1 and S2 are composed of 26% / 74% and 44% / 56% polygonal ferrite and granular bainite
(irregular ferrite plus a carbon rich second phase), respectively. The phase fraction of S1 and S2 was
determined by EBSD measurements and is explained in detail in another study [122]. In addition, a DP
steel sample was used as a reference for the nanoindentation and K-means clustering investigations;
this sample is referred to as M1 and its chemical composition is listed in Table 2. M1 contained 92% of
ferrite and 8% of martensite according to the LOM investigations. A third sample, from here-on be
referred to as S3 (made from material S2), was heat-treated at 1150 °C for a first cycle of 72 hours and

in a second cycle of 750 °C for 5 hours to produce large polygonal ferrite grains.

Table 2: Chemical composition of the dual phase steel (M1) and the HSLA steel (S1, S2/M2).

Wt%] ¢ si Mn Cu Ni Nb+V+Ti  Fe
Sample

M1 005 017 165 <05 <05 <015 Balance

Sland S2/M2 0.04 0.32 145 <05 <05 <0.15 Balance

L R.M. Jentner, K. Srivastava, S. Scholl, F.J. Gallardo-Basile, J.P. Best, C. Kirchlechner, G. Dehm, Unsupervised clustering
of nanoindentation data for microstructural reconstruction: Challenges in phase discrimination, Materialia (Oxf). 28 (2023)
101750. https://doi.org/10.1016/j.mtla.2023.101750.

2R.M. Jentner, S.-P. Tsai, A. Welle, K. Srivastava, S. Scholl, J.P. Best, C. Kirchlechner, G. Dehm, Automated Classification
of Granular Bainite and Polygonal Ferrite by Electron Backscatter Diffraction Verified through Local Structural and
Mechanical Analyses, SSRN Electron. J. (2023). https://doi.org/10.2139/ssrn.4324505.

3 R.M. Jentner, S. Scholl, K. Srivastava, J.P. Best, C. Kirchlechner, G. Dehm, Local Strength of Bainitic and Ferritic HSLA
Steel Constituents Understood Using Correlative Electron Microscopy and Micro-compression Testing, SSRN Electronic
Journal. (2023). https://doi.org/10.2139/ssrn.4408322.

-17-


https://doi.org/10.1016/j.mtla.2023.101750
https://doi.org/10.2139/ssrn.4324505
https://doi.org/10.2139/ssrn.4408322

3 Experimental procedure

Each material was cut into pieces of 7 x5 x 3 mm, ground with SiC paper up to 2000 grit and
mechanically polished by a suspension containing 30 nm alumina particles (OPA). The microstructure
was revealed by using a 1% nital solution and light optical microscopy (LOM). A Zeiss Auriga®
dual-beam FIB with a Ga* ion source was used to mark selected areas for correlative investigations.
Besides, electron channeling contrast imaging (ECCI) was conducted to reveal additional information
on the HSLA steel substructure using a Zeiss Merlin® field emission microscope engaged with an

acceleration voltage of 30 kV.

3.2 Nanoindentation

Materials were tested using a commercial nanoindentation system (Hysitron Tribolndenter 950). All
nanoindentations tests were performed with a Bruker® diamond Berkovich indenter geometry with a
tip radius of 200 nm. The tip area function was calibrated against a fused silica reference before testing
each sample. Experiments were performed in load control, and the Oliver and Pharr method was applied

to obtain the hardness H and indentation modulus E, [123].

Grid-nanoindentation experiments on M1 and M2 were performed with a maximum load of 3 mN and
a loading/hold/unloading time of 10/5/10s, respectively. This caused a lasting penetration depth of
115 —198 nm at the complex HSLA steel. Several matrices were tested on each sample with a total of
approximately 1,700 indents and spacing between indents of 5 um in both x- and y-directions. This
results in a total tested area of 300x135 umz2. The heat-treated sample S3 was tested at a maximum load
of 0.75 mN which caused a maximum indentation depth of 70 — 100 nm. The load was reduced to stay
within the depth range for which the indenter tip was calibrated. Each grain pair was tested with
nanoindentation lines oriented perpendicular to the HAGB with 5 rows and 30 — 40 indents in total. The

spacing between indents was 3 um, and 4 um between rows.

Additionally, individual grains of S1 were tested by utilizing nanoindentation with the same parameters
as mentioned above. Here, only a maximum force of 4.5 mN was applied to capture the impact of

different granular bainite substructure sizes.

3.3 K-means clustering of nanoindentation results

K-means is a nonhierarchical algorithm used to partition the data points into a user-defined number of
clusters [124-126]. The iterative technique randomly defines the cluster centroids along the input
variables and assigns the added data point to its nearest cluster centroid. After adding the next
observation, the program assigns it again to the closest cluster centroid and recalculates the new cluster
centroid. This also implies that the chosen number of clusters affects the clustering output [127]. The
elbow method was first utilized to determine the optimal number of clusters for K-means clustering of
the obtained datasets. The mechanical property parameters (H and E;) obtained from nanoindentation

were processed to remove implausible data points before being used as input for clustering. The number
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of clusters k was varied between 1 to 10 and for each value the sum squared error (SSE) was calculated
using the Euclidean distance as metric. As the results of K-means can depend on the initial values of
the centroid, the best of five hundred different initializations was chosen. The SSE represents the sum
of the average Euclidian distance of the individual datapoints from the corresponding cluster centroid.
Therefore, the elbow method indicates the optimal number of clusters Kepima by a significant slope
change measured by two different linear fits. After the inflection point, the SSE shows no significant
change as the next cluster is comparable to the previous one. Following the application of the elbow

method to both datasets, K-means clustering can be applied, as has been previously described [128,129].

3.4 Electron backscatter diffraction (EBSD) measurements

All EBSD measurements were performed along the sample transverse direction with a Zeiss Auriga
dual-beam SEM. To quantify the phase fraction, two representative 80 x 80 um2 scan areas were
considered at identical depth on the bulk samples’ cross section. The measurements were conducted
with an EDAX® Hikari detector; a step size of 50 nm and an acceleration voltage of 20 kV was chosen.
The EDAX® software TSL OIM Analysis 8 and the Matlab® toolbox MTEX were utilized to analyze
the exported .ang-files obtained from the EBSD measurement [130]. A grain dilation cleanup with a
tolerance angle of 5° and a minimum grain size of 3 pixel was performed on all EBSD scans to reduce

the impact of incorrectly indexed pixels; there were not more than 5% of the pixels changed.

3.4.1 Automated EBSD phase identification and quantification

The basis for the automated phase identification system is provided by the obtained EBSD data. The
MTEX program calculates the KAM for the defined kernel size for each pixel and classifies each grain
as granular bainite once the KAM is above 3°. Finally, MTEX creates a colormap of the used EBSD
file and directly calculates the phase fraction. Investigations conducted to reveal a reliable automated

phase classification included the following parameters:

e Grain tolerance angle defines the threshold until which angle neighboring pixels are grouped
together to the same grain;

o Kernel size is calculated by the following equitation: (n-th nearest neighbor) x (step size) and
takes all n neighbors into account;

o KAM angle defines the threshold until which neighbors are considered with a misorientation

angle smaller than the selected KAM angle [130].

An orientation gradient of 3° was used as threshold to distinguish granular bainite and polygonal ferrite
grains, based on Ref. [18]. Consequently, the developed program classifies grains as granular bainite
once the calculated KAM of a pixel exceeds a misorientation of 3°, otherwise it will be classified as
polygonal ferrite. Both constituents contain low angle grain boundaries (LAGBs) to accommodate the
shape change during the controlled hot deformation process (polygonal ferrite) and the onset of

displacive transformation (granular bainite) [18,50]. Thus, the KAM angle was set to 4.9° to reduce the
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impact of low angle grain boundaries on the constituent classification. The impact of the grain tolerance
angle and the kernel size was characterized by varying them in the range of 5° and 10° to distinguish
sub and grain boundaries as well as using different kernel sizes ranging from 100 — 600 nm.

3.4.2 Point-to-origin measurements of misorientation

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. In case it is exceeding 3°, the constituent is
classified as granular bainite. This is related to the displacive phase transformation of granular bainite
[18,23]. Therefore, EBSD measurements were conducted to allocate the constituent to the selected grain
before a pillar was milled by focused ion beam (FIB). The procedure which has been utilized to all
tested grains is exemplarily illustrated at Grain-1 and Grain-2 in Figure 8A-C. It has been observed that
the position and direction of the point-to-origin orientation measurement has an impact on the
classification result and that more than one measurement is required for a unique classification [122].
Thus, three point-to-origin measurements in different directions and positions were conducted to reduce
the impact of strain localizations in small grain regions (Figure 8A-B). In the case of Grain-1, all
point-to-origin measurements are indicating a misorientation angle below 3°, whereas Grain-2 contains
a misorientation angle above 3° (Figure 8C). Consequently, Grain-1 and Grain-2 were classified as
polygonal ferrite and granular bainite, respectively. Care was taken that the misorientation gradient
within each tested grain was not measured over sub-grain boundaries since it has been shown that ferrite

grains in thermomechanical processed steels may be subdivided by sub-boundaries [50].
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Figure 8: Grain 1 A) and grain 2 B) 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.

3.5 Time of flight secondary ion mass spectroscopy (ToF-SIMS)
ToF-SIMS was performed on a TOF.SIMS5 instrument (ION-TOF GmbH, Minster, Germany)

equipped with a Bi cluster primary ion source and a reflectron type time-of-flight analyzer. UHV base
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pressure during analysis was 1x10-2° mbar. Mass scale calibration was based on low molecular weight
hydrocarbon signals. Before imaging the samples were cleaned in-vacuo by applying a 500 eV Cs beam
up to a dose density of 6x10%® ions/cm? under SIMS monitoring. For imaging the burst alignment mode
was applied proving an un-bunched Bis*, 25 keV, primary ion beam. In total 300 scans, cycle time 50
us, with 512 x 512 pixel were recorded on a 100 x 100 um? field of view showing easily the FIB
markings on the sample for guidance. Due to the long recording time of 64 minutes thermal drifts in the
spectrometer can cause shifts. These shifts, in the range of up to approx. 10 pixels were compensated
by post-processing the data. Therefore, the strong O" images recorded were binned into pairs of two and
referenced to the previous scans (ION-TOF SurfaceLab version 7.2.129059).

3.6 Pillar compression

3.6.1 Sample preparation and testing

Pillar 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 experiments, 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 um 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) pm and S2: (4.2 = 0.6) pm) 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 [3,88]. (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 volumes (“size effect”) [31,131].
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 2nA and finally 600 pA. This procedure allowed to
achieve the best milling result considering pillar-shape and milling time. The crystallographic
orientation of the single crystalline polygonal ferrite and granular bainite pillar was obtained by EBSD

measurements.

A Bruker Hysitron P188 system was installed within a Zeiss Gemini 500® field emission SEM to
perform the in situ compression tests. All pillars were compressed along the transverse direction by a
diamond flat punch in a displacement-controlled mode and with a strain rate of 10 s™*. The in situ and
post mortem observations were done with a SE and in-Lense® detector using an acceleration voltage of
5kV.
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3.6.2 Pillar compression data analysis

The load and displacement data was 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 tcgrss = m * 09,; Where
m represents the Schmid factor and a0, the engineering stress at an engineering strain of 2%. Using the
2% engineering strain criterion reduced the impact of dislocation-dislocation interaction occurring at
higher plastic strain [132]. Once the first activated slip system was identified and its CRSS calculated,
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°.

3.7 Bulk mechanical testing

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

length of 200 mm were tested.
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4 Unsupervised clustering of nanoindentation data for
microstructural  reconstruction: Challenges in phase
discrimination?

4.1 Introduction

Due to the progress and increasingly frequent use of machine learning algorithms in materials science,
high-throughput methods for microstructural characterization, along with big data acquisition, are ever
more relevant. For instance, nanoindentation is a commonly used technique to obtain the mechanical
properties with micron-scale spatial resolution [123,133]. Grid nanoindentation extends this technique
to high spatial resolution, to determine the mechanical properties of microstructural features over two-
dimensions allowing for evaluation of corresponding phase fractions, as evidenced for a wide range of
materials systems [134-136], where reliable hardness and indentation modulus values of individual
phases can be determined. In such tests it is shown that the hardness parameter separates more clearly
for each constituent phase compared to the elastic modulus, due to the larger interaction volume of the

elastic zones compared to the plastic zones underneath the indents [136].

Grid nanoindentation analyzed through fitting the resulting distributions with a statistical function (e.g.
Gaussian or Lorentzian) to reveal quantitative information have been performed to deconvolute the data
[135,137,138]. However, the main drawback of this approach is the need to assume a certain distribution
to fit the data, while eliminating a direct correlation of each classified indent with its spatial position
and tested microstructure [64]. As such, K-means clustering has been successfully applied as a
deconvolution technique to spatially link the obtained clustering result with the microstructural
constituents, as recently demonstrated for a thermal barrier coating [64]. A similar approach has been
utilized for ferrite-pearlite banded cold rolled high strength steels which were systematically annealed
[139]. In this study, through microstructure correlation, clustering was able to separate the different
phases and transition zones at the first annealing steps. However, with progressive annealing and the
associated development of a complex recrystallized and recovered microstructure, a comparison
between the clustering result and the microstructure was reported to become less clear, likely impacted
by grain boundaries and various substructures which may develop during heat treatment. In both studies,

the number of underlying clusters representing the microstructural constituents was decided manually.

1 R.M. Jentner, K. Srivastava, S. Scholl, F.J. Gallardo-Basile, J.P. Best, C. Kirchlechner, G. Dehm, Unsupervised clustering
of nanoindentation data for microstructural reconstruction: Challenges in phase discrimination, Materialia (Oxf). 28 (2023)
101750. https://doi.org/10.1016/j.mtla.2023.101750.
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4 Unsupervised clustering of nanoindentation data

A more frequently used methodology to determine the number of clusters in the data is the empirical
elbow method [73,127,140,141]. In applying the elbow method on nanoindentation results obtained on
a carbon fiber reinforced polymer, it has been shown that the optimal number of clusters could be
determined by a clear inflection point [141]. However, a common feature of all represented studies is
that clustering revealed a strong correlation to the actual microstructure only when the constituent

phases have significant differences in strength level.

Since dual phase (DP) [66,142,143] and high-strength low-alloy (HSLA) [6,9,144] steels are used in
numerous applications, such characterization and classification methods are of key interest to advance
their development, e.g. by identifying single phase properties for advanced microstructural modelling.
A DP steel contains a softer (ferrite) and harder (martensite) phase and nanoindentation tests reveal a
clear bimodal hardness distribution representative of their individual mechanical properties [58—61].
However, it has been observed through the use of grid nanoindentation experiments that multiple
indents within the same grain can yield a wide hardness distribution [60,61]. The observed continuous
hardness increase from the grain interior to the grain boundary is coupled to a higher density of
geometrically necessary dislocations [65,66] and hindered dislocation movement close to the grain
boundary [67-69], or heterogeneous solute distributions [70]. HSLA steels have been also tested by
nanoindentation to characterize the mechanical behavior of each constituent [62,63]. Both studies
revealed different strength levels for selected indents placed in the center of a ferrite or bainite grain.
The investigated bainite phase was subdivided by lath ferrite and cementite or martensite/retained
austenite constituents which could be responsible for the clear difference in strength. However, certain
HSLA steels are produced and designed to contain bainite types where the carbon rich second phase
(cementite or martensite/retained austenite constituents) is eliminated or reduced in the bainitic ferrite
matrix to improve the mechanical properties [3,13]. Therefore, it remains a significant challenge to
distinguish between polygonal ferrite and granular bainite, as the morphology of both phases appear
similar in light optical microscopy and the bainitic substructure is only separated by low angle grain
boundaries whose nature varies depending on the applied cooling rate [7,18]. Due to the onset of a
displacive transformation during the continuous cooling process, the granular bainite has a higher
dislocation density compared to the polygonal ferrite, and it has been found that if the crystal
misorientation within the selected grain exceeds 3° the grain will count as granular bainite [18]. As
such, differentiation between polygonal ferrite and granular bainite has only been reasonably achieved
using electron back scatter diffraction (EBSD) [3,18,21,37], although significant challenges exist in
applying this technique over a large microstructural area. Unsupervised clustering of large
nanoindentation data sets has enormous potential for high-throughput microstructural analysis;

however, the physical limitations of such processes are not well understood.

Consequently, the present work used grid nanoindentation for phase separation on a DP and HSLA steel

to point out the challenges of this technique when the phase constituents have similar mechanical
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properties. Once the results were achieved by nanoindentation, the elbow method and K-means
clustering were used to separate and quantify the constituents. Subsequently, each cluster was compared
to EBSD measurements to identify if a clear microstructure correlation including the corresponding
phase fractions was accomplished. In addition, it will be discussed how the strength of the individual
phases, the impact of grain boundaries, and the substructure can affect the final clustering result. To
achieve this, the HSLA steel was additionally heat-treated to produce large polygonal ferrite grains, so

that the role of high angle grain boundaries (HAGBS) on the clustering can be determined.

4.2 Results

4.2.1 Nanoindentation tests and determination of the optimal cluster number

A representative area of both microstructures is illustrated by the LOM images in Figure 9A,B. Figure
9A shows that M1 consists of polygonal ferrite (bright etched grains) and martensite islands (dark
etched grains). M2 is composed of polygonal ferrite and granular bainite which cannot easily be
distinguished according to the LOM image (Figure 9B). The grains are in both cases elongated along
the rolling direction. Figure 9C shows distinctive load and depth curves for M1 and M2 and its
constituents. The curves of both samples show a typical experimental scatter which can be related to
surface roughness or electronical drift [59]. From grid nanoindentation on both samples, the obtained
hardness and indentation modulus values for M1 and M2 are compared as histograms in Figure 9C,D.
Since material M1 consists of polygonal ferrite and martensite with distinct mechanical properties, in
Figure 9C M1 shows a bimodal distribution with a dominant peak at (2.0 = 0.4) GPa and a second
shallow peak at (4.5 0.9) GPa. In contrast, M2 shows a peak at (3.1 0.4) GPa from fitting the
hardness distribution with a Gaussian function. It can be concluded that the results of the components
of M1 [59,145,146] and M2 [62,147] are consistent with previous investigations. The hardness
distribution of material M2 also indicates that the hardness of both phases is almost identical, impeding
separation of the Gaussian distribution of each constituent. The indentation modulus reveals for M1 and
M2 a peak at (177 £ 28) GPa and (204 + 23) GPa, respectively, when using a Gaussian distribution to
describe the indentation modulus values (Figure 9D). This is consistent with previous investigations
where a similar indentation modulus was determined for different body-centered cubic constituents
[61,62]. A maximum indentation depth of (193 = 32) nm was reached in case of M1, and (189 £ 9) nm
in the case of M2. Further, it has been shown that for reasonable analysis of single grains the ratio
between maximum indentation depth and grain size should be <0.1 to prevent an interaction of the
elastic zone with the material underneath [136]. As M1 and M2 have an average grain size of
(3.0 £0.3) umand (4.2 £ 0.6) um, respectively, this criterion is fulfilled and statistically representative

nanoindentation data can be determined for the individual phases.
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Figure 9: The LOM image shows a representative area of the A) M1 and B) M2 microstructure. C) The load and depth curve

for each constituent is shown in C). The distribution shows the hardness D) and indentation modulus E) results for M1 and
M2 from nanoindentation testing.

As is typical the elbow method was next applied to determine the inflection point as a good indicator
of optimal number of clusters for each sample from both data sets. The calculated SSE values of both
M1 and M2 were normalized and the results are shown in Figure 10. A clear inflection-point at
Koptimal = 3 IS indicated by the two linear fitted curves in the case of material M1. From this result,
K-means clustering can be applied on M1 to identify three clusters. However, for M2 the inflection
point is not as clear as for M1, rendering it necessary to vary k and compare the clustering result for M2
with the microstructure to verify the optimal cluster number. Finally, the average and standard deviation

for hardness and indentation modulus values of M1 are summarized in Table 3. The calculated values
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of M2 are listed in Table 7 in the appendix. To obtain the average and standard deviation of both
parameters, the values were separated according to its corresponding k-parameter and the distribution
fitted by a Gaussian function. The calculated average hardness of all three clusters in the case of material
M1 represents well the hardness distribution shown in Figure 9D. Thus, cluster 3 can be allocated to
the dominant peak at (2.0 £ 0.5) GPa and thus to the softer ferrite phase. Furthermore, the shallow
distribution for M1 is divided into two clusters, where cluster 1 captures the average hardness of the
martensite phase and cluster 2 represents a transition between ferrite and martensite. This was shown

to correlate directly to microstructural observations of indents locations in the DP steel (Figure 11).
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Figure 10: Determination of the optimal number of clusters by the elbow method for M1 and M2.

Table 3: Summary of the average hardness and indentation modulus, and their standard deviation, for M1 at optimal cluster
number k = 3.

Material k Cluster H (GPa) Er (GPa) Datapoints

1 40+0.6 187 + 15 127
M1 3 2 2.2+0.3 197 +12 651
3 20+0.2 172+ 9 841

Spatially-represented results for the two input parameters, H and E;, are shown in Figure 11A,B as well
as the clustering result in Figure 11C for k = 3. The calculated cluster heatmap was directly compared
to the obtained microstructural information within the image quality (1Q) map from the EBSD
measurement, and consistently showed that the clustering algorithm is able to accurately classify indents
located within the martensite islands (cluster ID = 1, Figure 11D). A clear identification and separation
of the soft ferrite phase was also achieved (cluster ID = 3, Figure 11G). On the other hand, the

correlative method here identified that cluster 2 contains not only indents located in ferrite grains close
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to the ferrite-martensite interface but also indents placed on grain boundaries or triple junctions between
ferrite grains (Figure 11E,F).
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Figure 11: Hardness A) and indentation modulus B) heatmap of M1 as well as the K-means clustering result C). The 1Q images
in Figure D) — G) illustrate a representative indent (marked by color-coded arrow) for each cluster. The pixels of the heatmap
are spatially distributed by 5x5 pmz2.

As the elbow method did not show a clear inflection point for M2, and the calculated clusters strongly
overlap, the clustering result of k = 2, 3 and 4 were compared with the microstructure to check the
correlation. Due the displacive transformation during formation of bainite, the misorientation gradually
increases within the granular bainite grain. Therefore, point to origin measurements on the EBSD scans
were applied to distinguish the granular bainite from the polygonal ferrite phase according to a
misorientation threshold of 3° [18]. It has been shown that deformed steels can contain polygonal ferrite
grains which are subdivided by sub-grain boundaries [50]. Therefore, the 3° criterion was used to
distinguish between both phases, without measuring across sub-grain boundaries with a misorientation
angle between 3 —5°. This means a grain will be classified as granular bainite if the point to origin
measurement exceeds 3° within the grain area otherwise it counts as polygonal ferrite. The EBSD 1Q
image in Figure 12A shows a representative example of grain A (grain boundary outlined in black) and
grain B (grain boundary outlined in red) with misorientation profile vector displayed by the blue arrow.
Consequently, grain A and grain B were classified as granular bainite and polygonal ferrite,
respectively, based on the point-to-origin misorientation shown in Figure 12B. It is also necessary to
note that the hardness values of grain A (H = 3.0 GPa) and grain B (H = 2.8 GPa) is also similar despite
the misorientation differences. Another possible influencing variable for the comparable hardness of
the two grains could be the proximity of the indent to a HAGB and thus leading to a constrained
dislocation movement. The increasing hardness in the vicinity of a HAGB has already been observed
in previous investigations [148,149]. Only the indentation modulus shows a difference of 206 GPa to
183 GPa for the selected granular bainite polygonal ferrite grain. Subsequently, a number of other grains

where the indent was located in the grain interior were classified as shown in Figure 12 and compared
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4 Unsupervised clustering of nanoindentation

with the clustering result of k = 2, 3 and 4. An average granular bainite and polygonal ferrite hardness
and indentation modulus of (3.2+0.2) GPa and (3.0 £0.1) GPa as well as (181 + 10) GPa and
(201 = 7) GPa was calculated based on the classified grains, respectively. This correlation revealed a
significant number of incorrectly indexed grains for both phases. Hence, K-means clustering was not
able to adequately classify the nanoindentation results on material M2 to separate both constituents to
its individual cluster as for the case of M1. Therefore, the role of HAGBs and the impact of similar
mechanical properties between the tested constituents on the clustering result was further investigated
on the heat-treated sample S3.
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Figure 12: The 1Q image shows two representative grains of the granular bainite (grain boundary outlined in black) and
polygonal ferrite (grain boundary outlined in red) A). ldentification was performed by measuring the point to origin
misorientation (blue vector) in each grain which is shown in B). The 3° threshold to separate both phases is displayed as the
dashed horizontal line

4.2.2  Testing grain pairs on a heat-treated ferritic steel

Heat treatment was used to obtain polygonal ferrite grains with a diameter of 50-100 um, allowing the
selection of four grain pairs divided by a HAGB and to perform several nanoindentation tests over each
grain boundary. EBSD and nanoindentation measurements were also carried out over four FIB-marked
polygonal ferrite grain pairs (GP-1 to GP-4) separated by a HAGB. The results of hardness versus
indentation length of GP-1 to GP-4 and the KAM map of the corresponding grain boundary region with
the inverse pole figure (IPF) for each grain are given in Figure 13A-D. The KAM map of all four tested
grains pairs shows that the KAM value is homogeneously distributed and varies between 0 — 1°; HAGB
and LAGB are displayed as black and blue lines, respectively. Misorientations are accumulated only in
few regions and form LAGBs that do not lead to a change in the hardness value. The grain boundary
position was set as zero in all four grain pairs and thus, the x-axis represents the distance between the
indent and grain boundary. An increase of hardness is observed in the vicinity of the grain boundary for
three grain pairs GP-1, GP-3 and GP-4. The hardness-affected zone reaches a length of up to 20 pum.

Only GP-2 exhibits a constant hardness level over the tested length. Moreover, the average hardness of
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4 Unsupervised clustering of nanoindentation data

each grain was calculated to compare it with the corresponding IPF, neglecting the 20 um affected zone
adjacent to the HAGB. It follows that the average hardness level of each grain depends on the
crystallographic loading axes. In addition, the closer the crystallographic orientations are to each other,
the smaller the differences in hardness across the HAGB. How this affects the clustering is discussed

in the Discussion section.
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Figure 13: The hardness over the distance from the grain boundary, the average hardness of each grain neglecting the 20 pm
zone next to the grain boundary and the KAM map with the IPF of the corresponding grain is shown for GP-1 A), GP-2 B),
GP-3 C) and GP-4 D). The position of the HAGB was set as zero in all cases. Grain boundaries (>5°) are displayed as black
lines and sub grain boundaries (2-5°) as blue lines.

The elbow method was then applied on the data sets obtained for the heat-treated sample S3. As for M1
and M2, H and E, were used as input parameters and the SSE results were normalized (Figure 14). The
histogram in Figure 14 highlights that an average H and E, of (2.7 £ 0.5) GPa and (193 + 34) GPa were
determined, respectively, by applying a Gaussian function to describe both distributions. Similar to the

result for M2, the elbow curve of S3 shows a continuous progression without a clear inflection point.

-30-



4 Unsupervised clustering of nanoindentation

To investigate how K-means clustering deals with the different hardness levels between the grains and
the possibility of separating outliers from the average grain hardness, the number of clusters was

increased.
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Figure 14: Result of the elbow analysis for heat-treated sample S3 consisting of GP-1 to GP-4. The subfigure additionally
shows the distribution of the input variables H and E:.

As such, analyzing the clustering result was concentrated on k =2 and k = 3 to reveal how K-means
separated the outliers and different hardness levels from each other. Figure 15 gives two representative
examples for the hardness; grain pair GP-1 (Figure 15A,B) and GP-2 (Figure 15C,D), after applying
K-means on the whole dataset of the heat-treated sample; each color represents one cluster. Thus, it is
an advantage to simulate a grid nanoindentation test and to compare the clustering result between the
grain pairs by applying K-means on the whole dataset. The grain boundary position was again set to
zero as in Figure 13. In the case of grain pair GP-1 (Figure 15A), K-means was able to separate the
average hardness level from the outliers next to the HAGB. With k = 2 in the case of GP-2 with a higher
average hardness level (Figure 15C), almost all data points were arranged into the same cluster as for
the outliers in GP-1. By further increasing to k = 3, the clustering shows in the case of grain pair GP-1
(Figure 15B) a refined result. K-means was not only able to separate the outliers next to the HAGB
from the average hardness level, but could also split the different hardness levels of grain 1 and grain 2
into two clusters. In comparison, K-means distinguishes in the case of GP-2 k = 3 the constant hardness
values over the tested length into two parts (Figure 15D). Since all datapoints were clustered together,
the assignments allow for comparison of the cluster 1D between GP-1 and GP-2. It shows that K-means
could separate the grains from the outliers in case of GP-1 but assigned most of the datapoints of GP-2
to the same cluster 1D as the outliers of GP-1 in case of k =2 and k = 3. Consequently, the optimal

number of clusters is not equal for all tested grain pairs and needs to be validated separately.
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Figure 15: Hardness values over the distance from the grain boundary position for GP-1 A) and B) and GP-2 C) and D)
illustrate the K-means clustering result by using k = 2 and k = 3. Each color represents one cluster. The shown examples are
extracted after K-means was applied to whole dataset from the heat-treated sample.

4.3 Discussion

Nanoindentation tests were performed on material M1, containing martensite and polygonal ferrite, and
material M2 with granular bainite and polygonal ferrite microstructural constituents. The hardness
distribution of both selected materials in Figure 9D shows that the ferrite of M2 has a higher hardness
compared to the ferrite of M1. It has been shown that an increasing density of geometrically necessary
dislocations (GNDs) leads to an increase of hardness [111]. It might be reasonable that due to the
different production route of both materials, that the GND density within the polygonal ferrite of
material M2 is higher and thus offers more obstacles for dislocation glide; however, this was not within
the scope of this study. On the other hand, previous investigations showed that the carbon concentration
does not affect the ferrite hardness since the ferrite constituent has in both investigated materials the
same carbon solubility [150]. The experiments revealed for M1 a bimodal hardness distribution whereas
the elbow method indicates Kopiimai = 3 as the optimal number of clusters. It was shown that K-means
was able to accurately assign the k =1 and k = 3 clusters to those indents located within a ferrite or
martensite grain, respectively. Indents located within ferrite grains but next to a martensite island were
separated into the second cluster. This result can be rationalized by higher near-interface carbon
concentrations [70], and a higher local density of geometrically necessary dislocations [32,35,65,66].
However, K-means assigned not only the indents near a martensite island into the second cluster, but
also indents on ferrite-ferrite grain boundaries or on ferrite grain triple junction. Both Soer et al. [148]
and Britton et al. [149] performed nanoindentation tests over a HAGB and detected an increasing
hardness in the vicinity of the grain boundary. Both concluded that a HAGB acts as an obstacle to the
activated dislocations during the indentation testing where they pile-up until the applied force is high
enough to initiate dislocation nucleation within the neighboring grain. Moreover, small topography
differences at the grain boundary were observed under the SEM. The impact of mechanical polishing

on the surface topography has been observed [151] and may affect the contact area of the indenter in
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the vicinity of a grain boundary used for evaluating the nanoindentation measurements. Subsequently,
M1 contains a martensite phase fraction of 8% according to K-means clustering and agrees with the
LOM images. This agrees well with material supplier’s result, which was determined by LOM

investigations.

In comparison to the M1 dual phase steel with the distinct hardness levels of each phase, K-means
clustering did not reveal an accurate microstructural separation of the polygonal ferrite and granular
bainite phases. It is rationalized that K-means clustering is not able to separate polygonal ferrite and
granular bainite (M2) into two clusters as: (i) the similar mechanical properties of both phases; (ii) the
impact of the HAGBs during nanoindentation testing, in combination with the substructure variety in
the bainite phase, leads to a broad spread of hardness values. Indeed, from our EBSD investigations we
also observed granular bainite grains with a hardness level within the polygonal ferrite range. A
variation in substructure size is well known and can result from different cooling rates [7]. Since, it has
been found that the bainitic sub-microstructure size is strength-determining [89], electron channeling
contrast imaging (ECCI) investigations were performed on grains identified as granular bainite to reveal
the substructure of M2. ECCI is able to resolve the sub-microstructure details due to a high angular
resolution of 0.28 — 0.57°[152]. More detailed information on the method used can be found elsewhere
[152]. Two representative granular bainite grains are provided in Figure 16, where the grain boundary
of grain C and grain D is outlined in yellow and red, respectively. Depending on the crystallographic
direction, the blocks of the substructure appear with differing contrast. The misorientation between the
different blocks is also related to the accumulated misorientation profile (Figure 12) which was used to
distinguish between polygonal ferrite and granular bainite. A changing block size is observed between,
and even within, grains C and D. An average contact radius of (21 = 1) nm of the nanoindentation tip
within the selected granular bainite grains was reached and leads to an average radius of the plastic zone
of (213 = 3) nm [67]. This indicates that depending on the location of the indent within a grain, the
hardness values can be further influenced by the different substructure sizes; the nanoindentation
method is particularly sensitive to spatial heterogeneity within grains of the microstructural

components.

Figure 16: Backscatter electron image of the two-representative granular bainite grains C and D (the grain boundary (>5°) is
outlined in yellow and red, respectively) illustrates the variation of the substructure between different grains and within the
same grain.
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Furthermore, the selected granular bainite and polygonal ferrite grains have a hardness difference of
only 6% compared to M1 with at least 10% between cluster 1 and cluster 2. This indicates that the
guantifying input parameter (e.g. hardness) has to have a minimum difference of 10% between both
phases, to obtain a reliable K-means classification. However, this threshold may depend on the standard
deviation and the number of data points of each cluster. Table 7 in the appendix indicates that K-means
will subdivide data points with similar hardness values according to the indentation modulus. However,
this parameter did not reveal a good correlation between the clustering result and the EBSD
classification. It was found that residual stresses can increase the error of estimating the true contact
area of the indenter since constituents under a higher compressive stress state often exhibit a stronger
indentation pile-up [153,154]. Consequently, the hardness and indentation modulus can both be
affected, with modulus values varying up to 10% [153]. Vlassak et al. [155] measured that the obtained
indentation modulus of an elastically anisotropic material such as Cu varied between 10 —25%
depending on the crystallographic orientation. This effect should be similar for Fe and subsequently,
could cause a larger scatter for each constituent. Furthermore, plastic deformation may cause a pile-up
or sink-in behavior of the tested material and thus, increases the contact area of the indenter [156].
McElhaney et al. [157] presented a technique to consider the sink-in and pile-up effect on the contact
area by using SEM images and measurements of the contact stiffness. Our data (Table 7) shows an
unexpected separation of phases due to differences in the measured indentation modulus, which should
be comparable for both constituents. Atomic force microscopy investigations on selected granular
bainite and polygonal ferrite grains revealed that granular bainite is characterized by a 10% higher pile-
up behavior. The differences in pile-up behavior can for instance be caused by residual stresses or strain
hardening, which is known to differ for the constituents of our microstructure [23]. Subsequently, the
systematic formation of a larger indentation pile-up and / or sink-in for granular bainite grains caused a
systematic error. However, the pile-up behavior may vary depending on the substructure formation
within each granular bainite grain as mentioned above (see Figure 16). Thus, the pile-up and sink-in

behavior was not additionally corrected for both constituents.

The indentation size effect (ISE) was also considered as an influencing factor on phase separation by
nanoindentation. Several investigations pointed out that a decreasing indentation depth leads to a higher
nanohardness [110-112]. These studies showed that a constant hardness can be achieved as the lasting
penetration depth is approx. above 1 pm. Due to the small grain size of M1 and M2, it was necessary
to use a maximum load of 3 mN leading to a lasting penetration depth of 115 — 198 nm and 90 — 213 nm,
respectively. Subsequently, it has to be assumed that the real nanohardness of each constituent was
overestimated due to the small penetration depth. Since the distribution for each phase is even smaller

than the total range of the lasting penetration depth, the relative error caused by the ISE was neglected.

A further important aspect for analysis of materials containing two phases with similar mechanical

properties is the dataset size and the spatial resolution. In this study, a representative area of each
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material was tested. The dataset size utilized in the case of M1 was large enough to separate both phases.
But for samples with similar mechanical properties of the individual phases, such as M2, it could be
necessary to significantly increase the indent number per grain and the tested area. In addressing this,
phase mapping using high-speed nanoindentation could allow for mechanical property characterization
over much larger areas with higher spatial resolution [72]. However, to perform high-speed
nanoindentation with high spatial resolution, the load must be reduced to avoid the interaction of the
elastic-plastic zone of the adjacent indents [158]. Therefore, the impact on shallow indents will increase
with the material’s complexity, e.g. different substructure sizes and grain boundaries. Thus, it will

remain a challenging task to use nanoindentation results as input variables for K-means clustering.

In order to investigate the impact of HAGBSs between two ferrite grain pairs on the nanoindentation and
K-means clustering result, we extended the investigation to the heat-treated sample S3. The goal of this
part was to investigate the impact of a HAGB between two identical phases on the nanoindentation tests
and how this can affect the K-means clustering result. As shown in Figure 13, single ferrite grains own
a different hardness level depending on the crystallographic plane perpendicular to the loading
direction. Another noticeable feature is the fact that the HAGB did not led to an increase in hardness
for all grain pairs tested (GP-2); this may be due to surface topology for grain pairs with equivalent
crystallographic orientations caused by the OPA polishing step (grain pairs with a similar orientation
will show a smaller difference in height across the grain boundary) [151]. In contrast, GP-1 shows that
the affected area may extend over several micrometers. This might be caused by a combination of
differences in height between the two grains with differing orientations, a disabled dislocation
movement in the immediate vicinity of the grain boundary introduced by nanoindentation measurement
itself, or a shallow grain boundary underneath the tested surface which acts again as a barrier to the
activated dislocations [148,149,151]. The indentation modulus varied up to 13% depending on the
crystallographic loading axes of the tested grain pairs and could be related to the elastic anisotropy
[155]. The elbow method did also not indicate the optimal number of clusters for sample S3. In
comparison to previous investigations where the optimal number of clusters were user-defined or the
constituents possessed distinct hardness levels, the grains of S3 own similar mechanical properties as
the polygonal ferrite and granular bainite of material M2 [64,139,141]. It is indicated by the clustering
result in Figure 15 that in optimal number of clusters k is not identical for all grain pairs. This is caused
by the fact that the hardness and indentation modulus level of individual grains and outliers overlap and
K-means cannot distinguish between them. It might be possible that the constituents of material M2
contain also different hardness and indentation modulus levels depending on the crystallographic
orientation which will contribute to a broader distribution of both parameters and thus, causing a larger
overlap between the different constituents. The higher chance to test the vicinity of a grain boundary
and the reduced datapoints for each phase will further contribute to the challenging goal revealing a

reliable phase quantification.
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Thus, the investigations showed that the elbow method was able to indicate the right optimal number
of clusters and K-means to separate them from outliers depending on the strength level of the individual
constituents. Once the individual phases possessed similar mechanical properties, both methods will be
constrained due to the influence of grain boundaries, substructure and hardness values depending on
the presenting crystallographic plane.

4.4 Conclusion

The present study utilized hardness and indentation modulus values, derived from nanoindentation of
dual phase (M1) and bainitic steels (M2), as input parameters for the elbow method to determine the
optimal cluster number and K means classification of both data sets. The elbow method could clearly
determine the optimal number of clusters in the case of the ferrite-martensite dual phase steel.
Correlating the microstructure with the clustering result revealed that the ferrite and martensite were
separated into clusters together with indents located at a ferrite-martensite or on a ferrite-ferrite
boundary. However, K means could not clearly separate the granular bainite from the polygonal ferrite.
Selected grains were classified as granular bainite and polygonal ferrite by the introduced 3° EBSD
threshold. Based on the classified grains, both constituents had a different hardness level of 6%
compared to M1 with a minimum hardness difference of 10% between cluster 1 and cluster 2. This
indicates that the K means input variables have to differ by at least 10% for the current microstructure
to achieve a reliable classification; depending on the hardness and indentation modulus distribution
width of each constituent. Furthermore, a sample from the bainitic material was heat treated to
investigate the impact on the optimal number of cluster determination with the elbow method and on
the clustering result with K means. The further investigations on the heat-treated sample showed
different hardness level depending on the crystallographic plane perpendicular to the loading direction.
Moreover, not all tested grain pairs showed increased hardness values next to the HAGB. Only grain
pairs whose crystallographic orientation with respect to the loading direction was almost identical did
not show a pronounced increase in hardness. Since the elbow method did not reveal an inflection point
to indicate the optimal number of clusters, we focused on the analysis of two and three clusters. The
clustering result revealed that due to the different hardness levels of the ferrite grains and the outliers,
the optimal number of clusters is not identical for all tested grain pairs. Therefore, if the constituents
have comparable mechanical properties, (i) the influence on the measured hardness in the vicinity of
grain boundaries, (ii) the similar mechanical properties of both phases and (iii) the inhomogeneous
substructure of granular bainite and resulting mechanical properties between different and even within
large grains are the main constraining factors in applying K means clustering for microstructure

classification based on nanoindentation input data.
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5 Automated classification of granular bainite and polygonal
ferrite by electron backscatter diffraction verified through local
structural and mechanical analyses?

5.1 Introduction

High-strength low-alloy (HSLA) steels are widely used in several applications, e.g. constructions or
pipelines thanks to their mechanical and technical properties (e.g. weldability) [5-8]. This type of steel
is commonly composed of a complex mixture of polygonal ferrite, degenerated pearlite, bainite, and
residual martensite-austenite constituents. The volume fraction, distribution, and morphologies of these
individual phases greatly influence the overall mechanical properties [9,13,45,159]. It is supposed that
granular bainite can only form during continuous cooling which is compared to an isothermal
heat-treatment widely used in the industrial production process [23]. Granular bainite is defined as a
composition of irregular ferrite having irregular grain boundaries and a carbon rich second phase which
is distributed between the irregular ferrite grains and commonly composed of degenerated pearlite or
martensite/retained austenite [5]. This is caused by the increasing carbon concentration within the
austenite during the continuous cooling process which stabilized the austenite and lead to the formation
of carbon rich austenite [3]. Moreover, the formation of polygonal and irregular ferrite leads to a
decreasing austenite phase fraction and thus, the carbon concentration further increases within the
untransformed austenite and forms various carbon rich second phase constituents [3,160]. However, it
has been found that the transformation range of the individual constituents partly overlap during the

continuous cooling process which aggravates the phase classification [161-163].

2 R.M. Jentner, S.-P. Tsai, A. Welle, K. Srivastava, S. Scholl, J.P. Best, C. Kirchlechner, G. Dehm, Automated Classification
of Granular Bainite and Polygonal Ferrite by Electron Backscatter Diffraction Verified through Local Structural and
Mechanical Analyses, SSRN Electron. J. (2023). https://doi.org/10.2139/ssrn.4324505.
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Itis a challenging task to characterize irregular ferrite and polygonal ferrite, since both are characterized
by a granular morphology and e.g. light optical microscopy (LOM) does not have a sufficient resolution
to reveal the differences [18,23]. It turned out by transmission electron microscopy (TEM)
investigations that irregular ferrite is subdivided by small ferrite sheaves or equiaxed grains depending
on the applied cooling rate [7,23,37]. In addition, one further characterizing feature is the absence of
carbides between irregular ferrite substructure that further impedes the differentiation between irregular
a polygonal ferrite [23]. However, TEM investigations do not allow statistical phase analysis due to the
limited investigated volumes. As a result, scanning electron microscopy (SEM) has been used to obtain
reference images and texture parameters from isothermally produced samples. The images and texture
data were implemented into a support vector machine [51]. The ideal structures were well characterized
by this approach, but it remains challenging to capture the whole variety of the individual constituents
[7,27,162].

In comparison, electron backscatter diffraction (EBSD) has been used as a powerful tool to identify
phases and perform orientation analyses. EBSD shows no difficulty in differentiating austenite from
ferrite, but it remains a challenge in distinguishing lath bainite from martensite or granular bainite from
polygonal ferrite since these phases only exhibit little tetragonality from the body-centered cubic (BCC)
phase. As a result, studies show that these phases demonstrate similar microstructural morphologies
and misorientation distributions [7,18,56]. Despite the difficulties, previous studies reported that
granular bainite grains exhibit a higher misorientation within the grain compared to polygonal ferrite
[18,21,37]. This is caused by the onset of a displacive transformation which governs the granular bainite
formation and it can only be accommodated plastically by geometrically necessary dislocations. This
indeed offers an opportunity for phase identification between granular bainite/polygonal ferrite. In fact,
researchers have proposed different methodologies, broadly applying either grain- or pixel-based
parameters [56,57,164]. Zaefferer et al. [52] compared in details the pattern quality, grain reference
orientation deviation and kernel average misorientation (KAM) to characterize the bainitic and ferritic
phases, and concluded that only the pixel-based KAM value gives a reliable separation of the bainitic

and ferritic phase [52].

Based on Keehan et al.’s study, an orientation gradient of 3 — 6° per 10 pum was first defined by point-
to-origin measurements to distinguish between granular bainite and polygonal ferrite [21]. Later, Chen
et al. [18] correlated the orientation gradient within the individual grain and the KAM to achieve a
reliable phase classification of granular bainite and polygonal ferrite. Moreover, the impact of a
different step size and kernel size (kernel size = step size * n-th nearest neighbor) was studied and it
was found that the kernel size has to be comparable to the substructure size and in that case further
refinement of the step size does not play an import role to reveal the optimal classification of both
constituents. In terms of the misorientation threshold, it was further suggested that a grain with an

orientation gradient larger than 3° counts as granular bainite and is thus independent of the measured
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length; this was related to the fact that the correct kernel size covers several bainite subunits and can
exceed 3°. Within this study [18], a grain tolerance angle of 10° was used to define the grain boundary.
However, it has been shown that polygonal ferrite grains of a deformed material can be also subdivided
by boundaries with a misorientation smaller than 10° [50]. Zhu et al. [88] determined that the effective
grain size correlates well with the inverse lath size of bainite by using a boundary misorientation angle
of 2 —7°. This additionally indicates that the application of a smaller grain boundary tolerance angle
may better represent the mechanical strength level of the individual constituent. However, a phase
separation and quantification based on the KAM-threshold has not been automated and validated by

correlative investigations.

Besides using EBSD-based parameters to characterize the selected HSLA steel, nanoindentation and
chemical analysis have been employed to assist in differentiation of the constituents. Specifically,
nanoindentation tests were utilized to separate bainitic ferrite containing carbon rich precipitates
between the substructure and ferrite according to the measured hardness [63]. A phase classification by
using nanoindentation remains challenging for both lath bainite and martensite as well as granular
bainite and polygonal ferrite due to the comparable mechanical properties [165]. Electron probe
microanalysis has been used to differentiate ferrite and martensite according to their carbon
concentration [166,167]. However, the carbon concentration caused by the electron beam required
extensive experimental effort to minimize carbon contamination and achieve reliable carbon
differentiation. Subsequently, the present study considers Time-of-Flight Secondary lon Mass
Spectrometry (ToF-SIMS) analysis as a possible tool to test whether different carbon concentrations
between the constituents can be resolved as ToF-SIMS has a sufficient high lateral resolution (approx.
0.1 um) to resolve individual grains and phases. In addition, the detection limit for light elements is
with 6 ppm also high enough, since atom probe tomography experiments showed that irregular ferrite
grains contain a carbon concentration of 50 to 750 ppm [22,168,169]. However, ToF-SIMS has not yet

been used to distinguish granular bainite from polygonal ferrite.

To the author’s best knowledge, it has not been tried to develop an automated phase differentiation and
quantification of granular bainite and polygonal ferrite by using EBSD-based KAM mapping. An
additional feature of this work is the subsequent correlative electron channeling contrast imaging
(ECCI) investigations and point-to-origin measurements of the orientation gradient within the grain
interior to validate and adjust the characterization tool. Figure 17 schematically illustrates the
classification process from the EBSD measurement until the automated phase identification and the
conducted analysis to validate the achieved results. The classification system was tested on a rolled

HSLA steel containing granular bainite and polygonal ferrite.
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Figure 17: Schematic illustration of the classification process. After performing the EBSD measurement, the grains were
defined by a grain tolerance angle of 5° and 10°. Both constituents, polygonal ferrite and globular bainite were separated by
using a KAM threshold of 3°. ECCI and point-to-origin measurements were conducted to validate the achieved results.

5.2 Results and Discussion

5.2.1 Preliminary microstructural characterization

The investigated microstructure is illustrated by a LOM image in Figure 18A and the inverse pole figure
(IPF) in Figure 18B. The polygonal and irregular ferrite grains in Figure 18A are white etched whereas
the dark etched carbon rich second phase was identified as degenerated pearlite and martensite/retained
austenite islands. The microstructural features of degenerated pearlite and martensite/retained austenite
were not separately considered within this study due to their size and comparable consistency to
irregular ferrite within the EBSD dataset (see Section 5.2.5). Consequently, the phase classification and
quantification by EBSD will only distinguish between polygonal ferrite and granular bainite including

the carbon rich second phase.

The IPF image within Figure 18B gives a more detailed information regarding the microstructural
complexity. The grain boundaries defined by a tolerance angle of 5° are displayed as black lines. The
grains are elongated along the rolling direction and fine structured. Two representative 80 x 80 um?
scan areas were used to calculate the grain size and misorientation angle distribution, shown in Figure
18C and D. The grain size distribution (Figure 18C) was fitted by using a log-normal function and
revealed an average grain size of (4.2 £ 0.6) um. It was not possible to separate both constituents by

LOM, since the resolution is too low to resolve the sub-sheaves of the irregular ferrite grains.

A further indication that the investigated material consists of polygonal ferrite and granular bainite is
given by the misorientation angle distribution shown in Figure 18D. The characteristic misorientation
angle distribution of a granular bainite microstructure is described by a minor peak < 20° and a broad
distribution around 45° [5]. Since this is in accordance with our observation, it was concluded that the
investigated material contains granular bainite. The small peak at 30° is related to mis-indexed pixels
(pseudosymmetry) and can have different origins which are explained in detail elsewhere [57]. Hence,
the morphology, grain size and misorientation angle distribution did not allow to distinguish between

granular bainite and polygonal ferrite grains and further EBSD analysis were conducted.
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Figure 18: A) Representative LOM image of the investigated microstructure. Both 80 x 80 um? scan areas were taken along
the transverse direction and is illustrated by the IPF image B). C) and D) show the grain size distribution, fitted by using a
log-normal function, and the average misorientation angle distribution of both scan areas.

Point-to-origin measurements have been suggested as a further suitable characterization technique to
separate both constituents according to the orientation gradient [3,18,21,37]. Chen et al. [18] utilized
those measurements to measure the orientation gradient inside the grains and differentiated both
constituents according to a misorientation threshold of 3°. Consequently, point-to-origin measurements
were also performed to characterize 22 selected grains. With respect to the 3° threshold, nine grains
(PF-1 — PF-9) were classified as polygonal ferrite (see Figure 19A) and 13 grains (GB-1 — GB-13) as
granular bainite as the misorientation was below or above the selected 3° threshold, respectively (see
Figure 19B). The point-to-origin measurement procedure is shown in Figure 19A-B by two
representative grains (PF-5 and GB-2). The formation history of each constituent is responsible for the
different orientation gradient inside the grains. Polygonal ferrite grains start to nucleate at the prior
austenite grain boundaries and the reconstructive transformation does not typically include large strain
gradients inside the grain interior [4,23]. Granular bainite nucleates also at the prior austenite grain
boundaries and forms a substructure due to the displacive transformation. This has been proven by TEM

investigations [15,16,23]. The continuous cooling process leads to the formation of shear stresses which
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are relaxed by geometrically necessary dislocations (GNDs) and the associated formation of sub-grain
boundaries [48,49]. Accordingly, the 22 selected grains can be manually categorized by using the
point-to-origin measurement method. Subsequently, further nanoindentation tests were utilized to
validate these results. In comparison to the distinct classification according to the misorientation, the
load and depth curves in Figure 19C illustrate that the nanoindentation tests did not allow a clear phase
separation due to the continuous transition of the load and depth curve. Only grain GB-2 shows a higher
hardness compared to the other tested grains. Subsequently, an average nanohardness of polygonal
ferrite and granular bainite, and reduced Young’s modulus were measured according to the
classification by the orientation gradient; the results are summarized in Table 4. A previous
investigation revealed that the bainitic yield stress is proportional to the inverse lath size of sub-
boundaries defined by a boundary misorientation of 2 —7° [88]. Therefore, a different bainitic
substructure could explain different hardness levels but not the similar mechanical response of the
polygonal ferrite grains. Further investigations were conducted to clarify this phenomenon and will be
presented in Section 5.2.4.
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Figure 19: Based on the measured misorientation inside 22 selected grains were nine grains (PF-1 to PF-9) classified as
polygonal ferrite A) and thirteen grains classified as granular bainite B). A) and B) additionally contain two representative
examples (PF-5 and GB-2) to illustrate the point-to-origin measurement (colored arrow). The 3° threshold to separate both
phases is marked as a gray dashed line. The nanoindentation load and depth curves of the 22 tested grains C) did not allow a
classification between both constituents; only grain GB-2 showed a distinct separation.
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Table 4: Summary of the calculated average hardness and reduced Young’s modulus obtained by nanoindentation. The grains
were classified as polygonal ferrite and granular bainite according to the EBSD misorientation measurements.

Phase Avg.H Stand.dev. Avg. E, Stand.dev. # indents
Polygonal ferrite 2.6 0.1 192 9 9
Granular bainite 2.7 0.1 198 15 13

The chemical composition, specifically the carbon content of the steel, was also considered for
achieving a separation of both constituents. Since granular bainite is formed by a displacive
transformation which hinders carbon diffusion, attempts were made to measure the differences in
carbon concentration between polygonal ferrite and granular bainite by ToF-SIMS. Due to air contact
of the samples, their topmost layer contains many different air-borne hydrocarbon contaminations.
Therefore, the samples were sputter cleaned in vacuo directly before imaging using a low energy Cs*
beam. Organic contaminations were removed easily, as observed by the rapidly dropping hydrocarbon
signals and increasing signals of iron oxo clusters, but erosion of the material underneath was kept
below approx. 1 nm due to the low sputter ion energy and dose. Furthermore, cesium atoms implanted
in the sample surface increase the ionization yield of negative secondary ions used for subsequent
imaging. Figure 20A shows the lateral distribution of the carbon concentration measured on a
representative scan area based secondary ions (C', CH, C2, CoH", Cs37, C4) superimposed with the grain
boundary structure (grain tolerance angle 5°) which were obtained from the EBSD measurement. Single
hydrogen containing species can arise due to adsorption of hydrogen from the residual atmosphere in
the spectrometer’s recipient. The logarithmic intensity scale of the carbon concentration additionally
highlights smaller values and indicates a homogeneous carbon distribution overall the grain areas. Only
a few small spots with a higher carbon concentration were detected and assigned to artefacts on the
sample surface or to the lasting imprint of a diamond Berkovich indenter. Moreover, two representative
grains (PF-5 and GB-8) were marked and characterized by EBSD point-to-origin measurements; the
approximate position of the point-to-origin measurement is indicated by the blue arrow within each
grain. One can recognize that PF-5 and GB-8 were identified according to the maximum misorientation
as polygonal ferrite and granular bainite, respectively (shown in Figure 20B). It has been proven that
ToF-SIMS is capable to reach a mass and lateral resolution of 6 ppm and 100 nm for light elements,
respectively [168,169]. As a result, ToF-SIMS had originally been thought to be able to resolve the
investigated microstructure and different carbon concentrations between the constituents. However,
previous studies pointed out that at lower cooling rates the carbon atoms are still able to diffuse away
from the ferrite-austenite interface, which leads to a larger carbon gradient within the residual austenite
[12]. Hence, the reduced carbon saturation impedes the formation of carbon precipitates between the

sub-blocks and only small quantities of retained austenite/martensite or degenerated pearlite are formed
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depending on the degree of carbon enrichment [3,12]. Thus, it was not possible to identify individual
grains according to their carbon concentration as the representative SIMS measurement shows.

These experiments further illustrate the difficulty to reveal a reliable phase classification of such
microstructures with similar properties using either chemical or mechanical approaches. Since, point-
to-origin measurements showed a clear separation of the selected grains, the KAM and the 3° threshold
were used to create an automated classification workflow. These results in terms of phase separation
and quantification on the tested material, as well as the corresponding validation studies, are presented

below.
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Figure 20: A) shows a representative ToF-SIMS scan area and the lateral intensity distribution of summed signals of C-, CH-,
Cz, CzH", Cs, and C4. In addition, the superimposed grain boundary structure (grain tolerance angle 5°) was obtained from
the EBSD measurement and illustrated by black bold lines. B) The representative polygonal ferrite (PF-5) and granular bainite
(GB-8) grain were characterized by measuring the orientation gradient with point-to-origin measurements.

5.2.2 Automated phase classification and quantification

The developed Matlab® code uses the MTEX toolbox [130] to define first the grain boundaries
according to the selected grain tolerance angle and afterwards calculate the KAM of each pixel. The
program classifies grains as granular bainite if one pixel exceeds a misorientation of 3°; otherwise it is
categorized as polygonal ferrite. Subsequently, the classification algorithm color-codes the classified
grains according to their determined phase and calculates the measured granular bainite and polygonal
fraction. Figure 21A displays the automatically calculated results (from two 80 x 80 umz2 scanned areas)
by varying the kernel sizes (100 — 600 nm) and additionally compares the differences between the grain
tolerance angle of 5° and 10°. The granular bainite fraction continuously increases with increasing the
kernel size and shows a transition point at 330 nm and 350 nm by using a grain tolerance angel of 5°
and 10°, respectively. The transition point was identified by using a linear equation to fit the datapoints
with the best R-squared factor (R2=10.99 in all eight cases). Chen et al. [18] manually identified a
constant kernel size range of 300 — 600 nm as the optimal kernel size to determine a reliable granular
bainite fraction, which fits well to our detected transition points. It is assumed that the optimal kernel

size will capture the information from several sub-units if it is in the range of a single sub-unit and
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allows an appropriate phase classification. A kernel size being too large will cover the whole area of
small ferrite grains and cause an incorrect classification [18]. This is related to a higher dislocation
density near the ferrite boundaries which originates from strain accommodation of the bainitic
displacive transformation [23]. The detection of a transition point could be related to a different
substructure size between the investigated material and the literature results. Subsequently, the
transition point was also identified as an indicator to determine the optimal kernel size and defined a
kernel size of 350 nm to compare the achieved classification results. Subsequently, a granular bainite
fraction of 58% and 66% was determined by applying a grain tolerance angle of 5° and 10°,
respectively. A representative classification result (granular bainite = orange and polygonal ferrite =
blue) and KAM map is shown for both grain tolerance criteria within Figure 21B-C (5°) and Figure
21D-E (10°). The grain boundaries are highlighted as black bold lines and the sub boundaries (2 to 5°)
are displayed as blue lines. It is evident that the 10° criterion leads to a coarser grain structure in
comparison to the 5° criterion. The KAM maps illustrate for both tested grain tolerance angle that grains
with sub boundaries contain localized misorientations next to the sub grain boundaries and in general a
higher, non-uniform misorientation distribution over the residual grain area. Those grains were mainly
classified as granular bainite by applying the 5° and 10° criteria. However, applying both grain tolerance
angle lead to differences of the granular bainite fraction 8%. In order to clarify the reason which leads
to the different classification result, correlative ECCI investigations were conducted.
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Figure 21: A) Granular bainite fraction vs. kernel size by using a grain tolerance angle of 5° (blue data) and 10° (red data),
respectively. A transition point at 350 nm and 330 nm was determined by fitting a linear equation to achieve the best R-squared
factor. B) and C) show a representative classification result and KAM map for the 5° criteria and D) and E) represents the
result of the 10° criteria. Grain boundaries are highlighted as black bold lines and sub boundaries as blue lines. Granular bainite
is colored orange and polygonal ferrite blue.

5.2.3 Correlative ECCI investigations

Correlative point-to-origin measurements were conducted to determine the orientation gradient within
grains which were differently classified by using the automated Matlab® code and a grain tolerance
angle of 5° and 10°. In contrast to Chen et al. [18], the point-to-origin measurements were not performed
over sub-grain boundaries to classify both constituents. The reason is that thermomechanical treated
steels may contain ferrite grains which are subdivided by sub-grain boundaries [50,170]. A
representative result (grain PF-7) of the point-to-origin measurements and its KAM map as well as
ECCI image is shown in Figure 22. In this example, the application of a grain tolerance angle of 5° and
10° led to a different classification of polygonal ferrite and granular bainite, respectively. This is related
to the different grain shape as a result of the different grain tolerance angle and is illustrated by the
KAM map (Figure 22A-B); the small grain boundary part which changes from a sub-boundary (at 10°)
to a grain boundary (at 5°) is indicated by the violet arrow in Figure 22B. The three point-to-origin
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measurements were carried out within the selected grain as shown by the black, red and green arrow in
Figure 22A, and reveals an orientation gradient below 3° for all three measurements (Figure 22D).
Additionally, the ECCI image (Figure 22C) shows that PF-7 has a nearly homogeneous contrast overall
the grain area (red dashed line according to a 5° grain tolerance angle) and does not contain any
substructure. Therefore, the additional investigations indicate that the selected grain belongs to the
polygonal ferrite phase and thus, the application of a grain tolerance angle of 5° reveals a refined and
more accurate phase fraction compared to the 10° criterion. This is in accordance with a previous study
which sustained that the determined grain tolerance angle of 5° leads to a phase classification which
correlates with the mechanical properties [88]. Finally, the investigated HSLA steel consists of 56%
granular bainite and 44% of polygonal ferrite according to the automated phase classification system
by using a grain tolerance angle of 5°. Previous investigations [3,18,37] have been dealing with similar
compositions and revealed comparable phase fractions; however, one should note that the phase fraction

also strongly depends on the applied cooling rate, the production parameters and chemical composition.

The performed nanoindentation tests (Figure 19C) did not allow a clear separation of both constituents
according to the average mechanical properties. This could be related to the impact of the substructure
within the granular bainite grains [7,148,149]. Consequently, further ECCI investigations on different
polygonal ferrite and granular bainite grains were conducted to reveal the influencing aspects which

caused the overlapping mechanical properties, which is presented below.
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Figure 22: Representative result of the additional point-to-origin measurements. The KAM map illustrates the different grain
shape by using a grain tolerance angle of 10° A) and 5° B) which led to a classification as granular bainite (orange) and
polygonal ferrite (blue). The violet arrow in B) highlights the small grain boundary part which changes from a sub-boundary
(at 10°) to a grain boundary (at 5°); grain boundaries are highlighted as black and sub-boundaries as blues lines. The ECCI
image of the representative grain is shown in C) and reveals no substructure inside (the red dashed line shows the grain
boundary according to a 5° grain tolerance angle). All three point-to-origin measurements D) (as indicated by the black, red
and green arrow in A)) classified the selected grain as polygonal ferrite due to an orientation gradient < 3°.

5.2.4 Mechanical properties of four different grain categories

By comparing the substructures in the ECCI images with the classification map, four grain categories
can be classified. This is illustrated by four examples shown in Figure 23. The grain boundaries (5°) are
displayed as red dashed lines within the ECCI images and the green triangle indicates the approximate

position of a nanoindent which was made after imaging. The first category represents grains which were
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classified as polygonal ferrite by both grain tolerance angle criteria and does not show any evidence of
substructures in the ECCI image (Figure 23A-C). From nanoindentation, a hardness value of 2.4 GPa
was determined for this polygonal ferrite grain.

The algorithm, however, assigns different classification results in the second group (Figure 23D-F).
Indeed, grain PF-1 contains also an internal strain like the second category and leads to a discontinuous
ECCI contrast from the top to the bottom region of the grain. By further tilting of the sample, it is
confirmed that the contrast continuously changed and no substructure could be identified. In terms of
hardness, PF-1 has a value of 2.6 GPa and is comparable to granular bainite grains with a coarse
substructure (third category). Consequently, the second category comprises polygonal ferrite grains
which contain a large internal strain which may result in a higher hardness approaching granular bainite.
Therefore, the internal strain inside polygonal ferrite leads to a classification failure of 8% by using a
grain tolerance angle of 10° (see Figure 21A). The internal strain in such cases can affect the whole
grain area but can be also concentrated within a small part of the grain. A possible reason that leads to
the strain gradient inside some polygonal ferrite grains could be the onset of a displacive granular bainite
transformation or an inhomogeneous deformation during the rolling process [7,23,50].

In contrast to the second category, a subset of ECCI images exhibited grains with a coarser substructure
and a smaller internal distortion as shown in Figure 23G-1. Such grains were identified as granular
bainite by both grain tolerance angles and represents the third category due to a hardness of 2.7 GPa.
Comparable to the third category, the fourth category contains grains which are identified as granular
bainite for grain tolerance angles of both 5° and 10° (Figure 23J-L). This category is characterized by
a fine substructure separated by sub-boundaries. Additionally, those grains show in the ECCI image
(Figure 23J) an inhomogeneous contrast due to a large internal distortion. In contrast to Figure 23G-I,

the granular bainite grain GB-2 with the finer substructure reached a hardness of 3.2 GPa.

In general, it has been shown that the displacive transformation subdivides the prior austenite grain into
packets which are separated into blocks and again into small bainite laths [23,171]. The lower cooling,
which has to be used to form granular bainite instead of upper or lower bainite, forms a substructure
with a misorientation distribution of 2 to 15° [48]. Due to the high angular resolution of the backscatter
detector (0.28 — 0.57°), it is possible to resolve the granular bainite substructure [152]. As the ECCI
images in Figure 23G and J show, the granular bainite substructure size is not equal between the two
representative grains and leads to a lower hardness in the case of a coarser substructure. It has been
found that the effective lath size is proportional to the mechanical properties of the granular bainite
grain [88]. Consequently, the smaller substructure of the fourth category leads to higher hardness values
compared to the third category. A changing substructure size partly be caused due to a different prior
austenite grain size, whereas smaller austenite grains causing a smaller substructure [172]. In addition,

the substructure size also changes during the continuous cooling process; the higher the transformation
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temperature, the coarser the substructure size. In contrast to the nanoindentation tests, the automated
classification system was able to identify both categories as granular bainite (with the 5° and 10° grain
tolerance angle).

Hence, the same average hardness summarized in Table 4 were achieved due to the different categories
of each constituent with minor differences in terms of mechanical properties. Thus, it is crucial to
consider the different grain categories to achieve an average hardness of each constituent, since the
determined categories are not strictly separated. This means that the mechanical properties of the
individual categories overlap due to a continuous transition of the granular bainite substructure and
orientation gradient within polygonal ferrite grains. Therefore, it is challenging to characterize both
constituents by using nanoindentation tests only. Consequently, the correlative investigation between
EBSD and ECCI revealed that the application of a grain tolerance angle of 5° is able to more accurately
separate grains and achieved the best coincidence.
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Figure 23: Four representative grains of each category are illustrated by their ECCI image (A, D, G, J). The red dashed line
within the ECCI images represent the grain boundary (5°). Those grains were classified by using the automated phase
classification system and a grain tolerance angle of 10° (B, E, H, K) and 5° (C, F, I, L). The used grain tolerance angle is given
within the EBSD classification result; grain- and sub-boundaries are displayed as black and blue lines, respectively. The green
triangle within all images illustrate the approximate indent position.
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5.2.5 Influencing aspects

It has been observed that the point-to-origin measurement can reveal a misleading identification within
grains of the second category. Figure 24A illustrates the position/direction of two point-to-origin
measurements within PF-1 (second category) and exhibits a misorientation below 3° according to the
first measurement (PF-1 Line 1 in Figure 24C). The second measurement (PF-1 Line 2) contradicts to
the first result and reveals an orientation gradient above 3°. According to the ECCI investigations, PF-
1 was classified as polygonal ferrite since a substructure was not revealed by continuously tilting of the
sample (see Figure 23D). In comparison to the second category, granular bainite grains of the third and
fourth categories showed a misorientation above 3° irrespective of the measurement direction/position
as displayed by the three measurements in Figure 24B-C. Therefore, the orientation gradient within
polygonal ferrite grains aggravates the phase classification and highlights the difficulties to distinguish
polygonal ferrite from granular bainite according to point-to-origin measurements. Thus, the automated
KAM classification system offers an improved phase classification, since it was shown that an
orientation gradient within polygonal ferrite grains can affect the phase differentiation by
point-to-origin. Hence, several point-to-origin measurements would be required to reduce this impact

if they were to be performed.
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Figure 24: ECCI image of PF-1 A) and GB-2 B) where the arrows indicate the position and direction of the point-to-origin
measurement (blue, orange and magenta). The grain boundary (grain tolerance angle 5°) is indicated as red dashed line and
the sub-boundary in A) as yellow dotted line. The results of the point-to-origin measurement is shown in C).

As already described, granular bainite consists of irregular ferrite and a carbon rich second phase as
degenerated pearlite or martensite retained austenite [5]. The LOM images in Figure 18A revealed that
the studied material contained both constituents which were not separately classified by the automated
classification system. The carbon rich second phase has not been separately considered, since these
particles are located next to grain boundaries and possess a comparable image quality to pixels within

granular bainite grains [173]. Thus, grains connected with parts of the carbon rich second phase may be
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classified as granular bainite and tend to increase the granular bainite fraction. This is related to the

lattice distortion of the carbon rich constituents and can cause a KAM value above 3° [174].

Another aspect that should not be neglected which influences the automated classification is the strain
accumulation towards sub-boundaries. It has been frequently observed that deformed materials exhibit
a strain localization and consequently higher KAM values in the vicinity of sub-boundaries [175-177].
Wright et al. [178] demonstrated that this has not only be attributed to the pile-up of dislocations but
also to a loss of diffraction pattern precision, since the diffraction volume contains the lattice
information of both grains when the electron beam is placed near or on the boundary. Therefore, care
has to be taken when a strain localization is measured near grain boundaries by EBSD but the ECCI
analysis does not resolve a substructure within the residual grain. So far, this aspect has not been
considered for the automated classification system and further investigations are needed.

5.3 Conclusions

In this study, different techniques were used to qualify and quantify the phase fractions of granular
bainite and polygonal ferrite in an HSLA steel and determine their benefits and limitations. More
specifically, we adopted all structural (EBSD-KAM), mechanical (nanoindentation) and chemical
investigations (ToF-SIMS) approaches correlatively on the same investigated regions. The Matlab®
toolbox MTEX has been utilized to develop an automated classification system using a KAM threshold
of 3° to separate both constituents. For the first time, the revealed results were validated by electron
channeling contrast imaging (ECCI) studies and compared with the performed nanoindentation tests. It
has been shown that the automated classification system is able to achieve a reliable classification and
agrees with the ECCI investigations. An optimal kernel size of 350 nm and a grain tolerance angle of
5° was determined to achieve the best phase separation. By correlative EBSD and ECCI investigations,
the microstructures can be subdivided into two main and four sub categories, which themselves
correlate well with nanoindentation responses. The first category is purely polygonal ferrite grains with
a homogeneous channeling contrast over the entire grain area, and the nanohardness is about 2.4 GPa.
The second category is more ambiguous; although regarded as polygonal ferrite grains (based on
in-depth observation using ECCI), an existing internal strain (gradient) and a similar hardness level as
granular bainite grains of the third category lead to a mis-classification as bainitic phases. This is further
compounded by the inability of ToF-SIMS to resolve the minute chemical differences between phases.
The third and fourth categories feature granular bainite grains yet with different substructure sizes, and
the detected hardness were 2.7 GPa and 3.2 GPa, respectively. Due to the continuous transition between
all four grain categories and the orientation gradient within polygonal ferrite grains of the second
category, the phase classification by nanoindentation was impeded. The differences between the four
categories are correlated to substructure size and the effective grain size determining the mechanical
properties and agrees well with previous investigations. Finally, a phase fraction of 56% granular bainite

and 44% polygonal ferrite was calculated according to the automated phase classification system. While
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this is a big step forward in discriminating similar phases in steels, complex multiphase steels still need
further research on automated phase classification to allow reliable phase discrimination beyond

experts’ evaluation of LOM and SEM images.
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6 Local strength of bainitic and ferritic HSLA steel constituents
understood using correlative electron microscopy and
microcompression testing®

6.1 Introduction

High-strength low-alloy (HSLA) steels contain a complex microstructure. They are frequently used for
pipelines or construction due to their technical and mechanical properties [5,6,8,9]. This type of steel
typically consists of various types of body-centered cubic (BCC) structures (polygonal ferrite, bainite)
and residual martensite-austenite as well as a carbon rich second phase (cementite or carbide
precipitates) [9,13,45,159]. Previous studies frequently proved that the combination between polygonal
ferrite and granular bainite eventuates in a good combination of strength and ductility [3,19,89].
Granular bainite is defined as a mixture of irregular ferrite with carbon rich particles distributed between
the irregular ferrite grains [5,51]. Irregular ferrite is also referred to as bainitic ferrite and consists of
ferrite sheaves according to high resolution transmission electron microscopy (TEM) investigations
[12,25]. The sub-grains are separated by low angle boundaries [23,45]. A thin carbide or austenite film
can sometimes occur depending on the chemical composition [23,45]. 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 sub-grains [45]. 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 requirements 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 [66,179,180]. 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.

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 [32,34,66]. Through these 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 characterized by a uniform deformation with a much higher strength

level [32,66,181]. The higher strength and the uniform deformation of martensite are both related to the

3 R.M. Jentner, S. Scholl, K. Srivastava, J.P. Best, C. Kirchlechner, G. Dehm, Local Strength of Bainitic and
Ferritic HSLA Steel Constituents Understood Using Correlative Electron Microscopy and Micro-compression
Testing, SSRN Electronic Journal. (2023). https://doi.org/10.2139/ssrn.4408322.

4 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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6 Local strength of bainite and ferrite

hierarchical martensite substructure consisting of packets, blocks, sub-blocks and laths up to a size of
several nanometers [181,182]. 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 [180,183]. Despite the fact that HSLA steels constitute approximately 12% of the world
steel production [40], 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 [9]. It is
supposed that granular bainite can only be formed during the continuous cooling process and is
accompanied by the onset of a displacive transformation but the carbon atoms are still able to diffuse
[3,23]. 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 [3,7,37].
Thus, the reduced effective grain size impedes dislocation movement by sub-grain and grain boundaries
[41,88,89]. Beside Hall-Petch strengthening, Taylor hardening and precipitation strengthening are
considered as the other mechanisms contributing to the strength [3,9,41,81,184]. Precipitation
strengthening usually depends on the volume fraction and size distribution of carbo-nitrides, since they
also act as obstacles to the dislocation movement and can be explained by the Orowan-Ashby
mechanism [80]. Digital image analyses on TEM images were carried out to ascertain the precipitate
size distribution and volume fraction, where correlative mechanical experiments were performed and
showed that the nanoparticles contributed significantly to the mechanical strength [81,184]. Beside
nanoparticles, retained martensite-austenite constituents have been mentioned to contribute the
mechanical strength behavior [185]. The dislocation density strengthening (Taylor hardening) is one
further important mechanism having a significant impact on the properties [9,41,81,184]. Depending
on the cooling rate and the formation temperature, different dislocation densities can be produced within
the constituents [41]. A previous study revealed by TEM investigations that at low cooling rates more
dislocation walls are flattened due to cross-slip of screw dislocations [7]. 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 [5], it still remains
an open task to micromechanically 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
[32]. 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 micromechanically

experiments. In total, two bulk samples with the same chemical composition but two different cooling
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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 conducted 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.

6.2 Results

6.2.1 Characterization of constituents and bulk mechanical properties

First microstructural characterization has been done by LOM as shown in Figure 25A-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 distribution of both samples with a log-normal function, an average grain size of
(4.7£0.6) um and (4.2 £0.6) um of S1 and S2 was calculated. Macroscopic tensile tests were
performed to obtain the yield strength at 2% strain (YSp,o,), ultimate tensile strength (UTS) and ultimate
elongation of both samples (see Figure 25C, Table 5). The higher cooling rate of S2 caused a higher YS

and UTS but a smaller ultimate elongation.
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Figure 25: 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).
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Table 5: 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 transverse direction at room temperature. (YSp,q, = yield strength at 2% strain, UTS = ultimate
tensile strength)

Ultimate Grain size Cooling
Sample  YSpas UTS elongation (xerror) rate
S1 524 MPa 593 MPa 26% 4.7+0.6 um low

S2 544 MPa 605 MPa 23% 4.2+0.6 pm high

6.2.2 Dislocation density analyses of constituent phases

ECCI investigations were conducted to characterize the dislocation density of individual constituents.
As described in Section 3.4.2, point-to-origin measurements were used to determine the phase of the
selected grains, which were subsequently analyzed. For this purpose, all dislocations intersecting the
image surface were counted and divided by the analyzed area (1 x 1 um?2). Figure 26A-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 um2 region and all the dislocation intersections are
highlighted by red dots.
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Figure 26: 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.

The ECCI images showed in general entanglements and elongated loops which are typical features of

a dislocation network within a deformed material [186]. 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 Figure 27. The sample S2 with the higher cooling rate revealed a granular bainite and

polygonal ferrite dislocation density of (7.1 £ 0.7) x 10** m2and (2.8 + 0.3) x 10'* m. In comparison,

S1 with the lower cooling cate utilized a granular bainite and polygonal ferrite dislocation density of
(2.1£0.9) x 10 m2and (0.9 £ 0.1) x 10** m2. This implies that the constituents of S2 contain a higher
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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.

8,00x10%° T T

Il sample S1
Il Sample S2

6,40x10"° 4

4,80x10%% o

3,20x10™ A

Avg. Dislocation density (1/m?)
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Polygonal ferrite Granular bainite

Figure 27: The average dislocation density is shown for S1 and S2 and each constituent. The average value and its
corresponding average error was obtained by measuring 12 independent positions with an area of 1 x 1 um2.

6.2.3 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 [86,87]. The substructure size is another intrinsic
component that determines the strength of martensite and bainite [4]. 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 3.4.1. Subsequently,
several grains identified as granular bainite were analyzed for substructure size by conducting ECCI
investigations. To achieve a first estimate about the substructure size, 60 individual measurements on
each sample were conducted on several granular bainite grains. Figure 28A shows that the polygonal
ferrite grain size is equivalent for S1 (2.3 £ 0.03) um 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) um. In addition,
it can be seen that the ECCI investigations revealed a substructure size of (2.9 £ 0.15) um and
(1.9 £0.10) um in case of S1 and S2, respectively. Figure 28B-C further illustrates this with two
representative 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 [3,187,188]. Consequently,

the application of a higher cooling rate led to a constant polygonal ferrite size. The granular bainite
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grains were coarser whereas the substructure size decreased by utilizing a higher cooling rate and agrees
with the literature.

14 T T B) S1: granular bainite lower cooling rate C) S2: granular bainite higher cooling rate
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Figure 28: 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°.

6.2.4 Pillar compression tests

Micropillar compression tests were performed to determine the CRSS of granular bainite and polygonal
ferrite. Subsequently, the engineering stress and engineering strain was calculated using the center
diameter and the height of the pillar. Figure 29A-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 displayed 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 [31,32]. 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 Figure 29A-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 engineering stress at 2% strain o, and

the Schmid factor m of the activated slip system.
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Figure 29: 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.

Figure 30A-F shows representative pillars of S1 and S2 and the predicted slip systems according to the
crystallographic orientation. All six examples illustrate that one slip system was preferentially activated
until an engineering strain of 5— 15% was reached. Subsequently, the activated 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 activated slip system had the highest Schmid factor.
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Figure 30: 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 average CRSS for S1 and S2 was fitted by a Gaussian distribution and plotted as a cumulative
probability function seen in Figure 31A-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 Figure 31A). Due to the higher dislocation content
of S2, polygonal ferrite and granular bainite had an average CRSS of (183 + 7) MPaand (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 Figure 31B. The performed experiments revealed

that the average CRSS of both constituents increased by using a higher cooling rate. It is noticeable that
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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 Figure 31C-F. The pillar compression tests revealed that all
three slip systems — {110}, {112} and {123} — were activated regarding polygonal 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.
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Figure 31: The average CRSS of S1 A) and S2 B) was calculated for each constituent (polygonal ferrite and granular bainite)
based on the engineering stress a4, 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.
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In addition, Figure 32 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 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 systems with a lower Schmid factor [102,189]. This will

be discussed in the section below.
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Figure 32: 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.

6.3 Discussion

The first part of the discussion (Section 6.3.1) addresses the determination of bulk behavior through
pillar compression tests within polygonal ferrite and granular bainite grains. Afterwards, Section 6.3.2
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 6.3.3 is dedicated

to the activated slip systems by performing pillar compression tests.

6.3.1 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
YSp,q, and UTS compared to S1 (see Figure 25D and Table 5). The performed microcompression tests
revealed that the polygonal ferrite and granular bainite CRSS were affected by the different cooling rate
(see Figure 31A-B). In order to compare the micromechanical behavior with the tensile tests of the bulk

material, the phase fractions of granular bainite Ceg and polygonal ferrite Cpr was determined for S1
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and S2 by utilizing the EBSD-KAM classification as described in Section 3.4.1. Subsequently, the rule
of mixture was used to calculate the CRSS of the bulk material (CRSSy.;) by using Equation 2:

CRSSbulk = CRSSPF * CPF + CRSSGB * CGB and CPF + CGB =1 (1)

where, CRSSpr and CRSSgg represents the CRSS of granular bainite and polygonal ferrite based on the
pillar compression tests. The Taylor factor M correlates the Y'S of the polycrystalline bulk material with
the CRSSguik Which is calculated by Equation 3 [190,191]. Hence, the yield strength Y Scac. of the bulk

material was calculated by using Equation 4:
YScaic. = M * CRSSpy - (2)

A previous computer simulation considered all three possible BCC slip systems along the (111)
direction and revealed an average Taylor factor of Mayg. = 2.733 for compression and tension for grains
of various orientations [192]. Consequently, a macroscopic yield strength YScac. of 480 MPa and
572 MPawas calculated for S1 and S2, respectively. To summarize this, all experimental and calculated
results are listed in Table 6.

Table 6: All experimental and calculated results are summarized to compare to 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)

. : Calculated
. . Literature -
Source CRSS Pillar compression bzfli]mgtgﬁgl [192] EBSD bulk yield
strength
. - Taylor Phase
Sample  Polygonal ferrite Granular bainite YSpase factor fraction Y Scalc.
0, 0
S1 (153 £ 4) MPa (183 £ 7) MPa 524 MPa 2?3?//(75%/0 480 MPa = 2%
2.133 44% | 56%
S2 (194 + 6) MPa (221 + 7) MPa 544 MPa PF" /B ° 572 MPa+2%

It is shown that Y Scac. and Y Szg coincide and deviate by only 8% and 5% for S1 and S2, respectively.
The deviation between YScac. and Y Sz, 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 YSy by the CRSS (see S1 in Table 6), but not the overestimation (see S2 in Table 6). A prior work
has studied different ratios between wire diameter to grain size by tensile experiments [193]. This study
ascertained 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 Figure
28B and C). Since the performed ECCI investigations on S1 and S2 determined a granular bainite
substructure size of (2.9 £ 0.15) pm and (1.9 £ 0.10) um and a pillar diameter of 2 pm was used, it is
evident that a maximum of one to three sub-grains can be contained in the pillar volume. Subsequently,
the variation of the number of sub-grains in the pillar volume may contribute to the deviation between
Y Scaie. and Y Sao.
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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 Y Scac. compared to Y Say 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 [35,143]. Both investigations observed a higher
strength and lower ductility at samples with large and equiaxed martensite particles compared to
microstructures with elongated martensite islands; these results were achieved from samples with a
constant composition and phase fraction. Subsequently, the relative distribution of polygonal ferrite and
granular bainite grains to each other may contribute to the differences between Y Scaic. and Y Sa. This
aspect has not been considered within the EBSD-KAM classification system [122].

6.3.2 Strengthening mechanisms

It can be assumed that the mechanical strength of a complex microstructure can be decomposed into a
number of intrinsic components [4,9]. 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
contribution [9]. The scope of this work was on characterizing the micromechanical behavior and
microstructure and substructure size. Subsequently, the effect of grain and sub-grain size (“smaller is

stronger”) and dislocation density on the macroscopic strength are discussed.

The tensile tests of the bulk material determined a higher YSpa and UTS at material S2 by using a
higher cooling rate compared to material S1 (see Figure 25C). In general, granular bainite forms by the
onset of a displacive transformation and the substructure size depends on the applied cooling rate [3,23].
Previous TEM investigations demonstrated that the granular bainite substructure changes from a
lath/sheaf substructure to equiaxed-large grains by varying the cooling rate from 60 — 5 K/s [7]. This
agrees to the achieved results, since the performed ECCI investigations ascertained a granular bainite
substructure size of (2.9 £0.15) um and (1.9 £0.10) um 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 3.4.1 and revealed that S1 is composed of
74% granular bainite and S2 contained 56% despite the higher cooling rate of S2 (see Table 6). This
agrees with the misorientation angle distribution based on the EBSD measurements (see Figure 33).
The higher fraction of misorientation angles between 35 — 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
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a lower cooling rate leads to the formation of a coarser substructure [7,194]. 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 [7]. In addition, the smaller cooling rate and subsequently higher transformation temperature
reduces the density of sub-boundaries [194,195]. Indeed, the coarser granular bainite grains of S1 still
include a high fraction of strain gradients which are between 3 — 5°. This results in a higher granular
bainite fraction per area compared to a microstructure which was treated by a faster continuous cooling

process.
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Figure 33: 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 between
35-63°.

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 Figure 31A and B). A
previous study performed pillar compression tests on a dual-phase steel containing polygonal ferrite
and martensite [32]. 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 authors best

knowledge, no results have been published on pillar compression associated with granular bainite.

The ECCI investigations revealed that both constituents of S2 contained a higher dislocation density
compared to S1 and resulted in a higher CRSS (see Figure 27). 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* and 0.37 x 10** m by TEM investigations, respectively [196]. More recently,
Huang et al. [3] also measured a granular bainite dislocation density of (5.4 +0.9) x 10%* m=.
Consequently, both aforementioned studies exhibited a slightly higher dislocation density for the

investigated constituents. This could be caused by utilizing a lower cooling rate.
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The increased strength of S2 can be correlated to the presence of a higher dislocation density inside the
activated pillar volume. Subsequently, more dislocations can move on the activated slip system with
the highest Schmid factor [83]. Dislocation glide can be impeded by the interaction with other mobile
or immobile dislocations and results in a higher CRSS [9]. Moreover, granular bainite grains of S2
contained a smaller substructure size than S1 (see Figure 28A). 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°) [88]. 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 substructure size [19,81,89].

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 Figure 25C). In a recent study [32], 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 [32]. This is in agreement with the current results, since S2
contained a higher Y Sz 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 transformation
of the granular bainite phase [7]. Subsequently, the higher dislocation density served as obstacles and
increased the CRSS to move the activated dislocations [66,81,83].

The precipitation strengthening by the formation of carbo-nitrides has been identified as a further
mechanism contributing to the mechanical strength [41,81]. 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 [41,81]. Thus, carbo-nitrides
precipitates can be also included within the tested pillar volume. In general, precipitates nucleate and
grow during the cooling process and cross different slip planes [83]. 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 [83,197]. Additional TEM investigations were not
conducted to quantify the precipitates and, thus interfere with the dislocation strengthening mechanism

within the tested pillar volume.

6.3.3 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 Figure 31C and D). This agrees well to
the observation from a previous study [32] 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
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bainite grains on S1 whereas only the {112} and {123} slip system were observed for granular bainite
grains on S2 (see Figure 31E 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 experiments and atomistic simulations that the occurrence of {112} and {123} slip
system is caused by the cross slip of screw dislocations on {110} planes [102,198,199]. This 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 statistical 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
Figure 32). 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 [189,200]. Furthermore, the smallest pillar diameter at the top caused lateral
stresses during loading and could further be responsible that not the primary slip system was activated
[31].

6.4 Summary

In the present work, two samples (S1 and S2) of an HSLA steel grade 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 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. Thus,
the aim of this study was to perform micropillar compression tests to characterize the micromechanical
strength of the individual constituents, 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 investigations 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:

o Pillar compression tests revealed that the CRSS of both constituents increased by using a higher
cooling rate on S2. It was shown that even the polygonal ferrite of S2 utilized a higher CRSS
than the granular bainite of S1. This agrees well with the measured dislocation density by ECCI
investigations. Since the tested pillar volume contained only one to three sub-grains of the
granular bainite substructure, it is reasonable that the higher dislocation density 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
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grains. Micropillars placed within granular bainite grains showed only the activation of two slip
systems.

o Consequently, both phases were strengthened by increasing the cooling rate. It is assumed that
the smaller substructure size contributed beside the higher dislocation density to the increasing
strength of S2.

e Based on ECCI investigations, an increasing dislocation density was measured for polygonal
ferrite and granular bainite grains as well. It was concluded that this was caused by the higher

cooling rate.
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The present thesis focused on the phase identification and quantification as well as determining the
mechanical properties of a HSLA steel which was industrial produced. In total, the experiments were
conducted on two samples treated by a cooling rate below 50 K/s and varied by approx. 30%. Both
samples contained a microstructure consisting of granular bainite, a mixture of irregular ferrite and a
second carbon rich phase, and polygonal ferrite. Subsequently, it was assumed that the different cooling
rate led to a different phase fraction and mechanical properties of both phases. Two different approaches
were tested to achieve a unique phase identification and quantification. At first, grid-nanoindentation
tests were performed and the obtained nanohardness and reduced Young’s modulus results served as
input variables for K-means clustering. The clustering result was verified by EBSD measurements. The
second approach used the different orientation gradient between irregular and polygonal ferrite grains.
Additionally, point-to-origin, ECCI and nanoindentation investigations on selected grains were
performed to verify the achieved phase identification and quantification system. Furthermore, several
micro-pillar compression tests were carried out in order to quantify the impact of the individual phases
on the mechanical properties. Utilizing different cooling rates allowed to change also defect content in
the phases. The tested micro-pillars were characterized regarding the activated slip system and CRSS.
Further ECCI and EBSD investigations were performed with respect to dislocation density and grain-
and sub-grain size to clarify where the strength differences originate. All the results obtained are

summarized in the following subsections.

7.1 Grid-nanoindentation coupled with K-means clustering for phase

identification and quantification

Nanoindentation was utilized to derive nanohardness and reduced Young’s modulus from one HSLA
sample with the higher cooling rate and a DP steel sample. The DP sample served as reference due to
the unigue mechanical properties between both constituents. Once the nanoindentation experiments
were done on both samples, each dataset was pretreated to eliminate outliers. Before treating both
datasets by K-means, the elbow method was used to determine the optimal number of clusters. The
elbow method was able to define the optimal number of clusters regarding the DP steel with significant
differences of mechanical properties between the polygonal ferrite and martensite phases. However, it
was not possible to determine the optimal number of clusters in terms of the HSLA steel sample by
utilizing the elbow method as the mechanical contrast of H and E; was too subtle for granular bainite
and polygonal ferrite. Therefore, the input variables of both samples were clustered by considering three
clusters for the DP sample and two, three and four clusters for the HSLA sample. Subsequently, all
clustering results were correlated with the microstructure by correlative EBSD measurements. The
correlation for the DP steel showed that one cluster can be assigned to indents which are located within

martensite and one for the ferrite grains. The third cluster of the DP sample was assigned to indents
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which are located on grain boundaries, triple junctions or close to martensite islands but still inside
polygonal ferrite. The correlative investigation between the clustering results and the EBSD
measurement showed that a clear separation of the two HSLA steel phases could not be achieved by
using K-Means. An average granular bainite and polygonal ferrite nanohardness of (3.2 = 0.2) GPa and
(3.0 £ 0.1) GPa was calculated based on the phase identification by EBSD, respectively. The three
identified clusters of the DP sample revealed an average nanohardness of (4.0 +0.6) GPa,
(2.2 £ 0.3) GPa and (2.0 £ 0.2) GPa. Thus, a deviation of at least 10% contained the clusters related to
the DP sample, whereas granular bainite and polygonal ferrite deviated only by 6%. Consequently, it
was assumed that in this case the input variables characterizing each phase have to differ at least 10%
to achieve a clear phase identification by K-means. Moreover, it is concluded that a differentiation
between granular bainite and polygonal ferrite by nanoindentation alone was not achieved due to the
similar mechanical properties of both constituents, the impact of grain boundaries and the variation of

substructure size of granular bainite grains.

7.2 Phase identification and quantification by using an automated system

based on EBSD measurement

The performed investigations included different techniques to achieve a distinct phase identification
and quantification regarding the HSLA steel. The Matlab® toolbox MTEX was used to develop an
automated phase identification and quantification system based on the EBSD-KAM value. The
automated KAM classification system used a threshold of 3° to differentiate polygonal ferrite and
granular bainite. Once a pixel exceeded an misorientation of 3°, the related grain was classified as
granular bainite, otherwise it was counted as polygonal ferrite. Only KAM values below 4.9° were
considered to reduce the impact of grain boundaries, since polygonal ferrite grains may be separated by
sub-grain boundaries. Initially, it was required to test which grain tolerance angle (5° or 10°) and kernel
size derives the best phase separation. Therefore, the kernel size was systematically increased for both
grain tolerance angle and correlative ECCI investigations performed to validate the achieved results. It
has been shown that an optimal kernel size of 350 nm and a grain tolerance angle of 5° revealed the
best phase separation. In addition, structural (EBSD), mechanical (nanoindentation) and chemical
(ToF-SIMS) information were correlatively utilized and analyzed. The conducted ECCI and
nanoindentation experiments indicated that microstructure can be subdivided into two main and four
sub-categories. The two main categories were composed of polygonal ferrite and granular bainite. The
first sub category included polygonal ferrite grains with a homogeneous ECCI channeling contrast
across the whole grain area and a nanohardness of 2.4 GPa. Similar to the first sub-category, the second
sub category included also polygonal ferrite grains but with an internal orientation gradient leading to
a discontinuous channeling contrast and a nanohardness which is similar to the third category. The third
category contained granular bainite grains with a coarser substructure size. Consequently, the internal

strain (gradient) and the similar nanohardness between sub category two and three led to a
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mis-classification by using a grain tolerance angle of 10°. This was significantly reduced by utilizing a
grain tolerance angle of 5° and, thus enhanced the phase identification and quantification. The fourth
sub-category also contained granular bainite grains with a smaller substructure size and consequently a
higher hardness than sub-category three. The increasing nanohardness was related to the different
internal strain gradient and the decreasing substructure size. However, ToF-SIMS analyses were not
able to identify the different constituents due to their minute chemical differences. Based on the revealed
and verified EBSD-KAM classification system, the HSLA steel is composed of 56% of granular bainite
and 46% of polygonal ferrite.

7.3 Micromechanical properties of granular bainite and polygonal ferrite

Correlative SEM and micromechanical pillar compression tests were performed on two HSLA steel
samples. Both samples were industrial produced and continuously cooled after rolling. The chemical
composition was identical in both cases, but the cooling rate was in the range below 50 K/s and varied
by approx. 30%. Tensile tests of the bulk material indicated that the higher cooling rate led to a higher
yield and tensile strength. Subsequently, micropillar compression tests were performed within
polygonal ferrite and granular bainite grains of both cooling rates. Beside analyzing the CRSS and
activated slip system, the dislocation density as well as granular bainite substructure size was analyzed
based on ECCI and EBSD investigations to draw conclusion on the strengthening mechanism. The pillar
compression tested revealed an increased CRSS by utilizing a higher cooling rate at the continuous
cooling process. It is shown that the CRSS of both constituents increased due to an increased dislocation
density. The higher dislocation density originates from the reduced time within a high temperature range
during continuous cooling. Thus, dislocation annihilation and cross-slip was reduced and acting as
obstacles for mobile or immobile dislocations during plastic deformation. Since, the lower and higher
cooling rate created a granular bainite substructure of (2.9 +0.15) um and (1.9 £ 0.10) pm,
respectively, the pillar volume contained only one to three sub-grains and cannot represent the grain
size strengthening (“smaller is stronger”). Nevertheless, it is assumed that the smaller granular bainite
substructure and the increased dislocation density contributed to the increased strength of the bulk
material. Moreover, the post mortem pillar analyzes showed that all three possible slip systems — {110},
{112}, {123} — were activated. Micropillars located within granular bainite grains only revealed the

activation of two slip systems most likely due to limited statistics.

7.4 Outlook

The present work represents a thorough investigation on bainitic an ferritic HSLA constituents
regarding phase characterization and their micromechanical properties. Nevertheless, some questions

remained unsolved and will be addressed within this section.

The EBSD-KAM phase identification and quantification system has been tested on a HSLA steel

containing polygonal ferrite and granular bainite. According to this, extended investigations could be
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performed on different HSLA grades which were produced by different cooling rates. This would allow
to asses until which cooling rate the 3° threshold identifies the constituents correctly according to
correlative ECCI and nanoindentation tests.

Further studies on micromechanical properties could address the detailed dislocation motion in
polygonal ferrite and granular bainite. It was shown that the increased dislocation density increased the
strength of both constituents. Since only one to three granular bainite sub-grains were contained inside
the pillar volume, the substructure strengthening could not be characterized by the performed pillar
compression tests. Based on previous investigations, it was assumed that the reduced granular bainite
substructure size due to the lower cooling rate contributed to the increased bulk toughness. It might be
of interest how effective the substructure boundaries act as obstacles for dislocation motion by
subsequent TEM investigations on compressed pillar cross-sections.

Since crystal plasticity contributes more and more to design new steel grades with improved mechanical
properties, the achieved results could be implemented into a CP model. By creating a representative
volume element for each tested HSLA, it is possible to investigate the contribution of each phase on the
bulk strength. Moreover, the impact of texture and phase distribution could be addressed by conducted

crystal plasticity simulations.
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8 Appendix

Table 7: Summary of the average hardness and indentation modulus, and their standard deviation, for M2 and the number of
clustersof k=2, k=3 and k = 4.

Material k Cluster H (GPa) E: (GPa) Datapoints

) 1 3.2+04 204 +12 1514
2 29+0.1 183 +11 106
1 3.8+0.5 212+ 15 244
3 2 29+0.2 177 + 12 57
M2 3 3.1+£0.2 205+11 1319
1 3.1+£0.2 209 £11 1069
2 29+0.2 160 + 10 14
4
3 40%+05 211+14 147
4 29+£0.1 193+7 390
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illustrates the different grain shape by using a grain tolerance angle of 10° A) and 5° B) which led to a
classification as granular bainite (orange) and polygonal ferrite (blue). The violet arrow in B) highlights
the small grain boundary part which changes from a sub-boundary (at 10°) to a grain boundary (at 5°);
grain boundaries are highlighted as black and sub-boundaries as blues lines. The ECCI image of the
representative grain is shown in C) and reveals no substructure inside (the red dashed line shows the
grain boundary according to a 5° grain tolerance angle). All three point-to-origin measurements D) (as
indicated by the black, red and green arrow in A)) classified the selected grain as polygonal ferrite due

t0 an Orientation GradieNt < 3°. ..ottt n e 47

Figure 23: Four representative grains of each category are illustrated by their ECCI image (A, D, G, J).
The red dashed line within the ECCI images represent the grain boundary (5°). Those grains were
classified by using the automated phase classification system and a grain tolerance angle of 10° (B, E,
H, K) and 5° (C, F, I, L). The used grain tolerance angle is given within the EBSD classification result;
grain- and sub-boundaries are displayed as black and blue lines, respectively. The green triangle within

all images illustrate the approximate indent POSItION...........ccoviiiiiiieii i 49

Figure 24: ECCI image of PF-1 A) and GB-2 B) where the arrows indicate the position and direction
of the point-to-origin measurement (blue, orange and magenta). The grain boundary (grain tolerance
angle 5°) is indicated as red dashed line and the sub-boundary in A) as yellow dotted line. The results

of the point-to-origin measurement is SNOWN iN C). .....oooiiiiiiie e 50

Figure 25: 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)
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and S2 (higher cooling rate) was received by testing along the transverse direction of the rolled plate
(RD: rOHING QIFECTION). ...ttt b e r ettt b b nnen s 55

Figure 26: 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 pm? region and all the dislocation
intersections are highlighted by @ red dot. ..........cccoviiiiieii e 57

Figure 27: The average dislocation density is shown for S1 and S2 and each constituent. The average
value and its corresponding average error was obtained by measuring 12 independent positions with an

T =T W) Rt o USSR 58

Figure 28: 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°.

Figure 29: 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} = bIUE. ....ccevcveiiiiiieece e, 60

Figure 30: 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

Figure 31: The average CRSS of S1 A) and S2 B) was calculated for each constituent (polygonal ferrite
and granular bainite) based on the engineering stress a2% 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. .........ccccooevviieeieneieee 62

Figure 32: 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
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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. ........cocovviiieneicic e 63

Figure 33: 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 BEtWEEN 35 — B3°. ........oiiiiiiiiiiie e e 66
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