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Abstract

This thesis aims to investigate both the two-dimensional and three-dimensional (sub)structure of the
butter y martensite ( 'sg) morphology. In order to do this, multiple di erent types of heat treatments
were applied to a Fe-25Ni alloy to nd the optimal morphology consisting of a low density of 'gg that
is surrounded by austenite( ).

Two dimensional analyses were performed by applying a combination of optical microscopy, scanning
electron microscopy and Electron Backscatter Di raction (EBSD). The ’gg morphology was found to
nucleate and grow as the rst martensite ( ') morphology just below the martensite start temperature
(M) within this 25Ni alloy. A decrease in austenisation time resulted in smaller  grain sizes. This re-
duction in  grain size resulted in a reduction of the M of the alloy which in its turn reduced the amount
of undercooling applied to the material below Ms upon quenching towards room temperature, causing a
decrease in the freshly formed ’ fraction. Upon observation of the freshly formed ’ it was found that
the ’gr seemed to prefer formation near the centre of grains instead of near grain boundaries. When

‘sr Was formed near a  grain boundaries, one wing tends to aligned itself with this boundary. Through
trace analysis, it was found that the habit planes of ’gg were close to 5579 , f225g and f3 10 15¢g ,
which are characteristic habit planes of lath, butter y and lenticular ’, respectively. The orientation
relationship (OR) between the and ’gg is found be a combination of both the Greninger-Troiano
(G-T) and Nishiyama-Wasserman (N-W) OR.

Three dimensional analysis was performed using both serial sectioning and 3D-EBSD. Serial sectioning
showed that ’gg within this alloy was sensitive to formation upon mechanical polishing. 3D-EBSD gave
insight on the three-dimensional morphology and substructure of the ’gg grains. It was observed that
the junction plane could be non-continuous. Moreover, it is shown that the apparent wing angle greatly
depends on the angle that the ’gg grain makes perpendicular to the sample surface and that the tail
of the the ’gg grain can run along the entire length of the grain.
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1 Introduction

The martensite ( ') phase is renowned for its high strength and low ductility, making it a critical com-
ponent in in Dual-phase (DP), transformation induced plasticity (TRIP) and quenching and partitioning
(QP) steels. These Advanced High Strength Steels (AHSS) are predominantly utilised in high-tech appli-
cation where precise microstructural control is essential to achieve the desired material properties. Four
dierent ' morphologies are known to form, through a di usionless transformation, upon quenching i.e:
lath, buttery, lenticular and thin plate "as can be seen in Figure 1. A lot is yet unknown about the
buttery ' ( 'sr) morphology posing challenges in controlling its formation.

This thesis aims to investigate both the two-dimensional and three-dimensional (sub)structure of the
‘se morphology. The initial focus will be on identifying the formation temperature range of the ‘g
morphology and determining the sequence of formation for the various ' morphologies that may appear
upon quenching. Ideally, in order to observe the 'gr morphology, a mixed morphology is required con-
sisting of and a low fraction of ‘g as the surrounding will give valuable insight on the formation

of the 'gg and low ' transformation fraction will result in the unrestricted growth of BE -

'se is characterised by its uniqgue morphology which resembles the wings of a butter y and complex
substructure consisting of both twinning and dislocations. The wings plates are often observed to grow
along speci c crystallographic planes and directions. The understanding of this is still limited to this
day. Employing characterisation techniques like serial sectioning and 3D-EBSD can result in valuable
insight on the formation and growth of this intriguing phase as well as provide a deeper understanding
of its three-dimensional morphology and substructures.

This research will lead to a better understanding of 'gr and inspire future research in order to better
control the formation of this phase. Achieving this could lead to new applications for the 'gr phase,
resulting in novel martensitic steels with potentially interesting mechanical properties due to its unique
shape and substructure.

Figure 1: Martensite morphology features [1]



2 Background

2.1 Martensite crystallography

The rate at which the ' phase grows is known to approach the speed of sound in steel. A' crystal
can form within 10 7 s [19]. These fast growth rates of 16-10° cms * [20], that are associated with the
martensitic transformation, do not allow atoms to di use within such a short time-span resulting in a
di usionless transformation. Because of the di usionless nature of the martensitic transformation, the
composition of the transformed ' will be identical of that of the parent  [2,21].

During the martensitic transformation, the austenitic parent phase, which has a face-centered cubic
(fce) structure is transformed to a body-centered tetragonal structure (bct). This type of abrupt phase
change is referred to as a rst order phase transformation. The tetragonality of the martensite is measured
as the ratio between lattice parametersc and a as can be seen in Figure 2. Thig/a ratio is linearly
dependent on the carbon content as denoted in Equation 1 [2,20, 22].

c=a=1+(0:046 0:001) Wt%C 1)

As can be seen from this equation, at zero carbon content, the' crystal structure would be bcc asc/a
= 1 implies a cubic structure.

Figure 2 shows the bct ' lattice. As can be seen, the carbon atoms occupy the 'z' octahedral
interstitials. These octahedral interstitial positions are situated between the Fe atoms parallel to [001]
(z-axis), this is also known as the third sublattice of octahedral interstitial sites [2,22]. During the
di usionless ! ' transformation, the carbon atoms that are situated within the fcc octahedrals
have no time to move. Hence, the carbon atoms will, after the transformation, occupy one of the
bcc sublattices, causing the bcc lattice to get expanded in an asymmetrical way that gives rise to the
tetragonality that is observed within the martensitic bct lattice as can be observed in Figure 3.
martensite is often found in ferrous alloys like Fe-C and Fe-Ni.

Figure 2: ' bct lattice, showing C atoms within the ocathedral interstitial positions [2].

Figure 3: Fcc to bt lattice transformation showing Fe atoms (black) together with the carbon atoms (grey) [3]



In 1924 E.C. Bain proposed a mechanism to be able to accompany the homogeneous deformation of
the lattice that occurs during the martensitic transformation. Observing Figure 4(a), the following

orientation relationships, called the Bain correspondence, are required to obtain the product phase’
from the austenitic parent phase [2,23{26]:

[001] jj[001] -

[110] jj[100] -
[110] jj[010] -

As seen in Figures 4(b) and 4(c), to acquire the correct sized ' lattice, the unit cell is contracted
about 17% along [001]: and expanded for about 12% along both [100] and [010] - known as Bain
strain [2,23,24]. The Bain strain can be written as shown by Equations 2-4:

0 1
||0 0 O
n=@o0 "y 0 A )
0 0 ..00
P_
2a a
" 3
0 a ®3)
o _ a a
0= —; )

Wherea and a are the lattice parameters of the fcc and bcc phase, respectively [20].

Figure 4: (a) Bain correspondence (b) bct unit cell from the austenite phase (c) martensite with true c/a ratio after Bain
strain [2].

The Bain strain (B) alone is not su cient enough to completely deform the lattice. After the Bain
strain, no line is left undistorted/unrotated. A high degree of coherency is required resulting in the need
of a invariant-line strain (ILS). A rigid body rotation is applied ( R) such that RB will result in an ILS
and will thus acquire the correct lattice structure. However, this is still inconsistent with the observed
invariant-plane strain (IPS). In 1953, Bowles and Mackenzie [27] proposed the phenomenological theory
of martensite crystallography (PTMC). This theory explains how the parent austenite lattice transforms
into the nal, observed, martensitic lattice and can be seen schematically in Figure 5 .



Figure 5: Phenomenological theory of martensite crystallography: (a) the austenite lattice (b) structure with the correct
shape and wrong structure after P1 (c) martensitic lattice with the wrong shape after P1P2=RB (bottom) nal martensite
with the correct structure and macroscopic shape [2].

Before martensitic transformation, the material has a fully austenitic crystal structure shown in
Figure 5(a). During martensitic transformation, the lattice shown in Figure 5(a) is deformed by IPS P
into the correct shape (Figure 5(b)). This structure however, does not have the right lattice structure.
To create the correct martensitic lattice structure another homogeneous shear transformationpP,, is
combined with the rst shear transformation P, to create the necessary ILS to transform the austenitic
lattice to a ferritic lattice shown in Figure 5(c). Now, the right lattice structure is acquired with the
incorrect shape as written in Equation 5:

P1P2>=RB (5)

This relation can also be seen in Figures 5(a-c). The combination of the correct shape and structure
is obtained by implementing a lattice-invariant deformation that can either accommodated by slip or
twinning, schematically shown in the bottom of Figure 5. This type of deformation does not change the
crystal structure but corrects the shape of the crystal by IPS and results in a reduction of the strain
energy compared to the ILS seen in Figure 5(c). [2]

2.1.1 Habit plane

The habit plane can be de ned in multiple ways as stated by klostermann et al. [4] as: "(a) the plane of
the plate of a plate-shaped crystal, (b) a semi-coherent plane glissile interface, (c) the plane boundary of
a plate shaped product. If the boundaries of the plate deviate from the overall orientation of the plate,
a midrib is often chosen for the habit plane." These various interpretations of the habit plane can result
in di erent determinations of the habit plane within the same crystal. Within this thesis, the habit
plane will either be de ned as a plane boundary of a plate shaped product, which is situated at the/ '
interface [28], or by the midrib as can be observed in Figure 6.



Figure 6: Schematic representation of the

habit plane [4]
Figure 7: Distribution map of orientation relationships
along the / ' interface together with the outcome of
trace analysis to determine the habit plane of the / '
interface . [1]

The coherent habit plane is thought to coincide with the invariant lattice plane (ILP) (produced
through PTMC). This ILP is shared between the and ' lattice resulting in this plane not inducing
any strain or defects at the / 'interface which minimise the energy of the system. [28,29]

The characteristic habit plane of the butter y wings are composed off 225y pair variants as shown
in Figure 1, such as, for example (225) for one wing and 252) for the other [5,7,8,10,30{32]. These
characteristic 2253 'ge habit planes are however not always found at all of the / ' interfaces as
shown in Figure 7. This orientation map shows that the outer interface contains characteristicf 225

'‘sr habit plane whilst the inner interface of the butter y wings contain a habit plane close to f259% ,
which corresponds the characteristic habit plane of lenticular '[1,32,33]. It can thus be stated that ther-
mally transformed ‘'gg nucleated with a butter y de ning 2253 habit plane [7,34] which changes upon
further cooling and growth towards f259 and can be attributed to accommodation dislocations [32].
During this growth stage at decreasing temperatures the accommodation mechanism changes from mul-
tiple slip to single or double slip [32] resulting in the change in habit plane fromf 225y towards f 259 .

It was found by Taisuke et al. [8] that 'gg has a preference to be located in proximity of prior
grain boundaries which is in agreement with ndings by van Bohemen et al. [35] who found that
grain boundaries are the initial and preferred nucleation zones for '. Buttery grains formed at these
boundaries tend to align themselves with the neighbouring boundaries.

2.1.2 Orientation relations

The most common orientation relationships, which are relationships between speci ¢ crystallographic
planes and directions that arise during the di usionless (fcc)!  ‘(bct) transformation, and their number
of variants can be found in Table 1. However, due to its simplicity, the Bain OR is never observed in
steels and is only used as a rough approximation when investigating (fcc)!  '(bct) transformation [36].
As can be seen in Table 1, the N-W and Pitsch OR's are almost identical with Pitsch being the inverse
of N-W. Hence, the Pitsch OR is sometimes also referred to as inverse N-W in literature [36].

Table 1: Orientation relationships during martensitic transformation

Orientation relationship Parallel planes and directions Number of variants
Bain [2,23{26, 36, 37] f010y kf01l0y -, D01 k hlOki - 3
Kurdjumov{Sachs (K{S) [19, 36{38] fl11lg kf11Q0g -, 110 k hl1li - 24
Nishiyama{Wasserman (N{W) [36{38] | f11lg kf11Qy -, hl12d k h110 . 12
Pitsch [36,37,39] f110g kfllzyg ., hl10 k hlll . 12
Greninger-Troiano (G-T) [1, 36, 40] f11lg kf11Qy -, 123 Kk hl33 - 24

The orientation relationship between the parent and the 'gg is described by several distinct orien-
tation relationships like K-S OR [1,7,30,34,41], N-W OR [1,41]and G-T OR [1,41]. The outer interface



of the butter y grain consists mainly of the K-S OR in combination with some G-T and the inner inter-
face is almost purely G-T. This change in OR from K-S towards G-T can be attributed to the growth
mechanism of the 'gg. The wings grow rstly in the longitudinal direction and secondly in its width.
During this width growth, the surrounding austenite lattice will deform notably, producing dislocations
that will eventually be taken up (inherited) into the  'gr grain, which conserves the G-T OR, resulting
in an orientation change into the '. This dislocation inheritance mechanism thus results in an orien-
tation gradient that is observed within the 'gr perpendicular to the / ' interface and explains the
OR change from K-S towards G-T. Width growth probably continues until the surrounding is strain
hardened to such a degree that further straining is not achievable. [1,40].

2.2 Formation temperature and chemical composition

Figure 8: The morphologies of martensite that can form in Fe-Ni-C and Fe-Cr-C alloys as a functions of temperature and
alloying content. [5]

Figure 8 shows the ' morphologies and their relation to composition (wt% Nickel and Chromium) and
formation temperature. As can be observed from this gure, the formation temperature of 'gg ranges
between approximately 150-473 K, depending on the chemical composition of the alloy. In the case for
Fe-Ni-C alloys that are subjected to quenching, lath ' formed prior to the formation of ‘'gg. Increasing
the nickel content will have the e ect of lowering the Martensite start temperature (M s) and formation
temperature of 'gr. As a result, the transition temperature from lath to butter y-like morphology is
also lowered, resulting in a morphology change from butter y towards lath . [5]

The e ects of the chemical compaosition on the formation of 'g¢ in industrial steels (tool and bearing
steel) was also investigated by Gong et al. [18]. It was found that 'g¢ formed in alloys containing a
minimum of 0.8 wt.% C which are austenised at high temperatures. The amount of alloying elements
in low alloy and bearing steels are found to have little e ect on the ' formation as the morphologies
and quantities of 'ge. Alloys with increasing carbon contents appeared to have an increased fraction
of 'BE . [18]

2.3 3D and 2D structures

Existing 3D descriptions of 'gg are based on 2D observations. One of these 3D descriptions is shown in
Figure 9a, displaying that the position of the sectioning plane along the longitudinal direction determines
the two-dimensional butter y sub-types mentioned in various research papers over the years [6, 10, 18].



The conclusion is that all of the observed two dimensional morphologies are part of the same three

dimensional structure.

Figure 9:

@)

(b)

(a) A three dimensional representation of the buttery martensite grain [6], (b) two dimensional buttery

morpholgies acquired from slicing the three dimensional grain along the longitudinal direction at sections A, B and C.

The

in Table 2.

‘s can be subdivided in various sub-types based on the observed substructures within these
sectioning planes along the length of the 3D structure. Umemoto et al. [10] subdivided the sub-types into
two distinct categories base on the presence of a midrib called Type A and Type B which are described

Table 2: 2D butter y martensite sub-types and their morphology/substructure according to Umemoto et al. [10]

2D butter y martensite sub-types Umemoto [10]

Type A Type B
[ "interface straight curved
Midrib no yes

Twinning site

outer interface pointing upward

along midrib pointing up and
down towards both interfaces

Nucleations site outer interface midrib
Thickness 1-3 m 10 m
Segment in gure 9a B A

Gong et al. [6,18] took a di erent approach and subdivided the
of tails that were observed in the two dimensional sliced sections which can range between zero and two

tails, these butter y types based on tails are described in Table 3.

sr morphology based on the amount

Table 3: 2D butter y martensite sub-types and their morphology/substructure according to Gong et al. [6, 18]

2D butter y martensite sub-types Gong [6, 18]

Tailless Double tails Single tail
| 'interface straight curved straight and curved
Midrib no yes one wing

Twinning site

outer interface point-
ing upward

along midrib pointing
up and down towards
both interfaces

one wing outer inter-
face pointing upward
and the other wing
along midrib pointing
up and down towards
both interfaces

Nucleations site outer interface midrib one wing the outer in-
terface and the other
wing along the midrib

Segment in gure 9a B A C




Figure 9b shows the cross-sectional slices of the 3D'gr structure that correspond to sections A,B
and C in Figure 9a. After comparing this to the various 2D 'gg types described by both Umemoto et
al. [10] and Gong et al. [6, 18], it can be seen that they describe the same 3D structure using di erent
criteria. Cross-section A of the 3D description given both in Figures 9a and 9b corresponds to both Type
B and Double tailed ‘'gr as both wings contain a well de ned midrib together with curved / 'inter-
face. Both type A and tailless 'gr describe cross-section B. As along this section of the 3D structure,
shown in Figure 9b, no midribs can be observed and the/ ' interface are straight. Cross-section C,
which is also schematically drawn in Figure 9b, corresponds to single tail 'gr. This type seems to be a
transition between Type A and type B 'gr as one wing contains a midrib structure and curved / 'in-
terfaces whereas the other wing contains straight / ' interfaces with the absence of the midrib structure.

Moving within the three dimensional 'gg structure depicted in Figure 9a from section A towards B,
part of the wings below the midrib structure expected to become thinner and gradually disappear [6,18].
This results in the midrib becoming the outer interface of the butter y grain , rst in one wing (creating
cross-section C) and further towards the tip in both wings (creating cross-section B). This indicates
that the nucleation site for all the previously mentioned butter y sub-types and thus the entire three
dimensional 'gg grain is the twinned midrib structure. This further implies that both Gong et al. and
Umemoto et al. describe the same two dimensional cross-sections of the three dimensional buttery
morphology.

2.4 2D substructures

Figure 10: Schematic representation of the substructures that are found within butter y martensite [7]

Figure 10 shows a schematic representation of the substructures that can be found within the'gg grain.
A fully twinned midrib can be observed along the entire length of the wings close to parallel to thef 2259

plane. The midrib structure cannot always be observed and is thus not a de ning feature on which 'g¢
can be characterised. The uniformity and thus low angle boundary density within the buttery wings

are a more su cient way to characterise 'gg [8]. The internal boundary density is small within g
compared to, for example, lath ' [8].

Outside of the twinned area, the substructure will be mainly comprised of dislocations. The high
density of dislocations found surrounding the twinned region is a result of the accommodation process
of lattice distortions from the transformation of into 'asthe ' phase grows [42].

As can be seen in Figure 10, the two butter y wings are adjoined to each other through a smooth and
straight interface called the junction plane, which is situated along thef100y plane [5,7,8, 10, 30, 31].
However, this interface can be quite irregular. The concentrations of defects in 'gg on the junction plane
is signi cantly lower compared to the density of defects along the midrib as well as the / ' interface [18].
Hence, it was concluded that the junction plane is comparable to a twinning plane together with the fact
that the butter y wings show mirror symmetry with respect to the junction plane [18].



2.5 Formation and growth

During formation, the fully twinned region or midrib is the rst structure to nucleate (with K-S OR [1,41])

due to the mechanism of self-accommodation, which lowers the strain energy of the system [6,33]. This
self-accommodation happens at relatively high temperature ranging between 333 K and 473 K because
the E-modulus is lower at elevated temperatures. However, at these elevated temperatures, the slip
shear stress is also lower resulting in limited growth of the thin plate width as the rise in slip shear
strain energy causes slip shearing. Thus it can be concluded that the main mechanism ofgg ' growth is
through slip shearing which results in an increase in dislocations. The surrounding parent will also see
an increase in dislocations during the growth of 'gg due to accommodation deformation through slip. [6]

The formation of tailed/Type B 'ge is assumed to follow the following steps that can occur either
separately or at once depending on many factors and can be seen in Figure 11a: [6]

1. Formation of the twinned thin plates (midribs)
2. Thickening takes place along the upper side of the midribs
3. Growth of the bottom side of one wing combined with the formation of the tail(s)

4. Growth of the bottom side of the other wing

(a) (b)

Figure 11: (a) Schematic representation of the formation of butter y with tails [6] ,(b) Schematic representation of the
formation of butter y without tails [6]

Tailless or Type A 'gg, on the other hand forms due to the formation of two kinked thin- ' plates
which are then thickened on the upper side only as seen in Figure 11b. As the'ge growth of the tailless
sub-type is restricted to the upper side of the wings, a large transformation stress eld will be present
at the upper side that will be large enough to inhibit further ' formation and causes bands of retained

to appear. [6]

It is deduced that the growth of the upper region of both of the wings, shown in Figures 11a.2 and
11b.2, must grow in unison as otherwise the dislocation density within the junction plane, which is the
intersection plane between both wings, must be higher [18].

In addition to being ' nucleation zones, grain boundaries also act as obstacles for' growth. 'g¢
nucleation near a grain boundary can result in a change in morphology in a way that the buttery
grain does not always contain the characteristic paired wing plates. As one wing grows into the grain,
the growth of the other pair variant is restricted by the  grain boundary, resulting in a 'gg block



morphology that is schematically drawn in Figure 12, where their shape is irregular and only one of the
two wing pair variants can be observed. [8]

Figure 12: (a) Butter y grain nucleation along the austenite grain boundary, (b) lath martensite nucleation at the austenite
grain boundary and growing parallel to the rst formed butter y grain, (c) complete transformation of the prior austenite
grain to lath martensite together with some small butter y grains. [8]

2.6 Catalytic formation

Auto-catalytic formation is assumed to be associated with dislocation formation into the surrounding
during ! 'transformation which rst assist the formation of ' by acting as nucleation points [9,43{46].
When the rst ‘'ge grain has formed, it will deform the surrounding matrix and create stress elds
near the concavity and convexity of the rst formed ' These stresses can cause dislocations to pile up
within these high stress region and cause new' nuclei to form when enough driving force is available to
drive this phase change. Dislocations within the will pile up to form a nucleus when the driving stress
is equal or larger than the combination of lattice drag and the repelling forces related to other previously
formed dislocation pile ups which is formulated in Equation 6.

[110] st p (6)

Where (1, is the driving stress, s is the lattice friction and  is the repelling stress.
Secondary formed 'gr nuclei are formed near stress eld situated at the concavity and convexity

of the rst formed '. Due to the existence of compressive stresses near the concavity,ge is more
likely to nucleate near the convexity where there is a tensile stress eld. The isostress lines ofg,; show
large stresses near the concavity, convexity and the wing tips. These isostresses can be seen in gure 13.
However, new ‘'gg is not likely to form near the butter y wing tips, as the tensile stress eld around

the tip is relatively low due to its usually branched and blunt shape in contrast to the sharp tip model
that was used to calculate the isostress. Secondary formed gg will most probably nucleate within2 m
from the convexity (Figure 13) which is in agreement with microscopical observations. This can cause a
catalytic reaction resulting in a string of 'gg that forms during the early stage of the transformation as
can be observed in Figure 14a. This string of butter ies will resemble a single, fat 'gr grain. As stated
above, the region near the convexity is the most likely region for 'gg to nucleate. However, 'gg can
also nucleate near the more unfavourable concavity region. If the compressive stress is large enough re-
sulting in dislocation pile-ups combined with enough thermal energy to counter the strain energy, small
buttery grains can be formed, shown in Figure 14b. It is observed that 'gg near the concavity is
smaller compared to 'gr formed near the convexity. [9]

However, when the strain that is introduced by the dislocations within the surrounding austenite
reaches a critical point, mechanical stabilisation will occur, preventing further ' formation as the dislo-
cations prevent movement of the glissile interfaces, preventing growth [44{46]. This might explain why
these stacked 'gr grain do not extend across the entire length of the parent grain.
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Figure 13: Isostress lines of [T10](111) [9]

(a) (b)

Figure 14: (a) Butter y martensite grains formed at the convexity of rst formed butter y grains, (b) Butter y martensite
grains formed at the concavity of rst formed butter y grains. [9]

2.7 Wing angle

Determining a true wing angle based on serial sectioning is di cult as the sectioning must be perfectly
perpendicular to the opening axis of the butter y grain [1]. The wing angle found by microscopical ob-
servation of these sections is called the apparent wing angle. This apparent wing angle can be determine
when the con gurations of the twins are known together with the orientation of the surface that has
been observed [33].

Estimating the true wing angle is more complex and can be approximated in four steps. Firstly, one
needs to determine the crystal orientation of both the 'sr wings and the plane that is being observed.
Secondly, the habit planes and twin plane will need to be calculated by the phenomenological theory of
martensite crystallography (PTMC), depending on the type of pattern, after which apparent wing angles
can be calculated and lastly compared to the observed apparent wing angles. The true wing angle is
thus dependent upon the substructure of the 'gg wing plates. [33]

Niho et al. [33] identi ed the most common wing angles to be ranging between 90-120n a medium

carbon steel. Other research found di erent wing angles through calculation and experimental observa-
tion through serial sectioning of tool and bearing steel. Here, the most common angles were observed to
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be situated between 120 and 140 [7,10,18]. Acute angles were rarely observed [7,10, 18, 33]. It can be
concluded that the bulk of the butter y wing angles are indeed obtuse and lie within a range between
90°-140°.

2.8 E ect of prior austenite grain size (PAGS)

'se forms mainly upon high austenisation temperatures )(Ta) (1273 K = Ta 1573 K) [18, 34].
Increasing the Ta resulted in a increase of the M as the grains became larger [34]. These bigger PAGS
will have larger degree of homogenisation within the grains resulting in a more perfect crystal which
causes a reduction in the energy needed to initiate ' growth resulting in an increase in the Ms and
larger ' structures [31,42]. Large PAGS and therefore high Ty thus seem favourable in the formation
of 'gr [18]. The To and time which the alloy spends at Ta (ta) both have a large e ect on the PAGS
and thus the Mg [31,34]. Over-austenising the material may inhibit the formation of 'gg. If the thermal
holding process at T is too long, the PAGS will become larger, increasing the M and thus increasing the
amount of undercooling below M at the same quenching process, resulting in a morphology combined of
lath and lenticular ' instead the butter y morphology [31]. The choice in T o and ta is thus a balancing
act to create the correct PAGS to be able to obtain the optimal 'gr formation temperature.

2.9 Formed upon mechanical polishing

‘e can also be induced by the mechanical polishing. This results in a special type of strain inducedgg
which is situated only at the surface of the polished sample at depths of around 5-50m as mechanical
polishing induces surface strain only. This type of butter y grain is characterised by wing that are stout,
meaning that they are thick and short in nature together with an irregular / 'interface. An interesting
observation that can be made from the electron micrograph in Figure 15 is that even the outer / '
interface, which is the nucleation side, contains irregular and sharp tips. In other types of 'gg, this
outer interface is usually smooth and planar. [10]

Figure 15: Electron micrograph of strain-induced butter y martensite formed through mechanical polishing of the surface
at room temperature. [10]

This stain induced transformation occurs in alloys with Ms close to room temperature or cooled just
below room temperature. The habit plane of strain induced 'gg that is formed upon polishing is not
known, however, it is thought to be identical to previously mentioned Type A and Type B 'gr thatis
formed thermally. The junction plane is also identical to all previously mentioned 'ge'at 1003 . As
seen in Figure 15, no midrib is observed in these short and stout butter y grains, which is similar to the
Type B 'gr. [10]

The thick and stubby shape of the 'gr shown in Figure 15 could however also be caused by the angle
of the butter y grain with respect to the observation surface. If the observation surface is at a large
angle to the opening axis of the butter y grain, the shape of the butter y grain can become distorted in
a similar manner as seen in this micrograph.
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210 EBSD

EBSD is a characterisation technique employed in conjunction with a scanning electron microscope
(SEM). This method nds widespread application in determining crystal orientations, textures, and
phases present on the surface of material samples. The spatial and depth resolutions of EBSD are
contingent upon factors such as the angle of the sample relative to the incoming electron beam, the
specimen's density, and the acceleration voltage utilised for the electron beam. To mitigate backscatter
electron noise from Kikuchi patterns, specimens are often tilted by approximately 70 with respect to
the horizontal plane.

Figure 16: Figure 16 generation depth of back-scatered di racted electrons [11]

For electrons to reach the detector, they must undergo di raction upon entering the material. This
di raction process adheres to Bragg's law (Eq. 7). The backscattered, diracted electrons utilised in
EBSD analysis originate from depths ranging between 50 and 500 Angstroms within the material sample,
as depicted in Figure 16.

n =2dp sin() (1)

2.10.1 Kikuchi patterns

Figure 18: Schematic representation of the scat-
tering of an incoming electron beam which sat-
is es Bragg's diraction creating Kikuchi bands,
made by C. Kwakernaak [13]

Figure 17: Kikuchi patter acquired by EBSD [12]

When backscattered electrons are captured by a phosphor screen detector, they form Kikuchi patterns,
as illustrated in Figure 17.
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Despite electrons being scattered in all directions, the EBSD detector discerns a structured pattern
arising from the backscattered electrons. This phenomenon is attributed to the selective channelling
of electrons satisfying Bragg's condition between speci c crystallographic planes, as depicted in Figure
18. Consequently, Kikuchi patterns are material, orientation, and phase-speci c due to variations in
the material's interplanar spacing (Kikuchi band width) and interplanar angles (angles between Kikuchi
bands) [12]. These patterns serve as pivotal indicators of crystal phase and orientation. Notably, the
observation of Kikuchi patterns necessitates localisation to a small area. Attempting to analyse larger
regions may yield a uniformly bright image due to the overwhelming number of overlapping Kikuchi
patterns.

2.10.2 Orientation maps

To index Kikuchi patterns computationally, a Hough transformation is executed. During this transfor-
mation, individual pixels are mapped onto a sinusoidal curve in Hough space, representing all possible
lines that can go through these individual pixels with high-intensity sinusoidal curves representing pixels
of high intensity. The accumulation of these sinusoidal curves allows for the identi cation of co-linear
pixels in Hough space. Intersections of these accumulated lines result in a spot that has an intensity that
is equal to the sum intensities found along the lines of the image which manifest as sol called "butter y
peaks" in the resultant image. [12]

Subsequently, upon completion of the Hough transformation, the Kikuchi bands corresponding to
these peaks are discerned, facilitating the indexing of the di raction pattern. This process is iteratively
performed for each pixel and associated Kikuchi pattern within the original image, enabling the gener-
ation of phase and orientation maps. An illustrative example of a Hough transformation is depicted in
Figure 19.

Figure 19: Processing order of obtaining a kikuchi pattern using a Hough transformation [14]

2.10.3 (inverse) pole gures

Pole gures serve as a conventional means of depicting the distribution of crystallographic grain orienta-
tions or texture within a material, with the sample's reference directions (ND, TD, or RD) aligned with
speci ¢ crystallographic poles [12]. Essentially, a pole gure provides a two-dimensional stereographic
representation of a three-dimensional crystal, as illustrated in Figure 20.
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Figure 21: (a) Pole gure (b) stereographic triangle [15]

Figure 20: Pole gure formation [15]

Conversely, an inverse pole gure serves to delineate crystallographic poles aligned with particular
sample directions. Inverse pole gures, as opposed to pole gures, exhibit a stereographic representation
of crystallographic poles corresponding to speci ¢ sample directions [12]. For materials possessing cubic
symmetry, a full inverse pole gure presents a 24-fold redundancy. Consequently, it can be condensed
into a single stereographic triangle, exempli ed in Figure 21. This triangular representation signi es that
the sample, exhibiting a cubic texture, exhibits a preferred crystallographic orientation aligned along the
001 direction.
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