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ABSTRACT

The relative areas of interfaces in dual-phase steel containing an equal fraction
of ferrite and martensite have been measured and classified according to five
crystallographic interface parameters. When the martensite—-martensite (M-M),
ferrite—ferrite (F-F), and ferrite-martensite (F-M) interfaces were analysed
separately, it was apparent that the distribution in each category was deter-
mined by the dominant phase transformation mechanism (diffusional vs dis-
placive) upon the formation of a given phase (ferrite vs martensite). The
misorientation angle distribution of the M-M interfaces showed a bimodal
distribution, with one mode in the range of 5°-22° and the second mode in the
range of 45° to 60°, with a significant peak at ~ 60°. The F-F interfaces were
spread across all misorientation angles, revealing two broad peaks at ~ 13°
and ~ 60°. The F-M interfaces displayed a mixed character inherited from both
martensite and ferrite interfaces. The grain boundary plane distribution was also
anisotropic. For example, the relative area of M-M interfaces terminated on
{110} planes was greater than two multiples of a random distribution (MRD).
The 60°/[111] misorientation revealed symmetrical tilt {112} boundary planes
for the F-F interfaces with a relative area > 40 MRD, which correspond well
with the low energy configuration, whereas the most common M-M interfaces
were symmetrical tilt {110} boundaries with a relative area > 20 MRD, that
result from the crystallographic constraint associated with the displacive
transformation. For the case of F-M interfaces, the 60°/[111] misorientation
exhibited multiple peaks spread along the zone of tilt boundaries, inherited
from both diffusional ferrite and displacive martensite phase transformations.
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GRAPHICAL ABSTRACT

Dual Phase Ferrite-Martensite Steel
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Introduction

The use of advanced high-strength steel with an
excellent combination of high strength and ductility
is increasing in the automotive industry due to the
demand for lighter vehicles to reduce CO, emissions,
increase fuel efficiency, and improve crashworthiness
to ensure passenger safety [1]. Dual-phase (DP) steels
belong to the class of such advanced high strength
steels that consist of an inherently soft ferrite phase as
a matrix and hard martensite as a second phase. The
combination of these microstructure constituents
leads to a unique combination of properties including
high strength, low yield-to-ultimate strength, con-
tinuous yielding, and high initial work hardening
rate, which make DP steels popular in a wide range
of structural components in an automobile [2-4].
Although DP steels exhibit a good combination of the
aforementioned properties, their application is lim-
ited for the complex components requiring high
formability (because of limited flangeability due to
coexistence of soft and hard phases in the
microstructure).

Extensive research has been carried out to under-
stand damage initiation and fracture in DP steels
upon plastic deformation (i.e., forming) [1, 5, 6]. The

nucleation of voids largely occurs at ferrite-marten-
site (F-M) interfaces in DP steels due to the build-up
of hydrostatic pressure (i.e., strain partitioning)
between the hard (martensite) and soft (ferrite) pha-
ses [4]. However, the microstructure characteristics in
DP steel (i.e., martensite phase distribution) appear to
strongly influence the propensity of interface/inter-
phase boundary to the void formation. In the case of
isolated martensite islands surrounded by the ferrite
phase, the formation of microvoids is observed at
both F-M interfaces [3, 6-8] and ferrite—ferrite (F-F)
boundaries [4]. However, the presence of martensite
in a chain-like network in the microstructure leads to
the preferential nucleation of micro-voids at the hard
martensite islands (i.e., martensite-martensite (M-M)
interfaces) [7]. This may be due to the change in the
strain partitioning pattern as a result of the alteration
in the martensite island distribution. It should be also
emphasised that voids do not form at all interface/
interphase boundaries during plastic deformation
even up to fracture, suggesting that the strain parti-
tioning is to some extent affected by the interface
boundary character. This is consistent with a simu-
lation conducted on a single-phase microstructure
with different grain boundary networks (population
and plane orientation) having a fixed texture and
grain size, where the extent of elastic energy within
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the microstructure strongly depends on the boundary
type [9]. This strengthens the viewpoint that the grain
boundary characteristics influence the overall mate-
rial properties. Therefore, it is important to investi-
gate the characteristics of interfaces in DP steel,
where each microstructure constituent is formed
through different phase transformation mechanisms
(i.e., shear versus diffusion).

Recent technological advancements in orientation
imaging analysis, with the integration of conven-
tional electron back-scatter diffraction (EBSD) map-
ping and automated stereological analysis, have
made it possible to measure the five crystallographic
parameters required to define the grain boundary
characteristics [10]. This was earlier accomplished
with the more complex and time-intensive three-di-
mensional EBSD [11, 12] or transmission electron
microscopy techniques [13]. The five-parameter
approach was previously used for the grain bound-
ary characterization of different materials including
steel [10, 11, 14-16], where the first three parameters
define the misorientation angle/axis (i.e., lattice
misorientation or three Euler angles), while the latter
two specifies the orientation of the grain boundary
plane. The objective of the present work was to study
the grain boundary character distribution for the
three different types of interfaces namely F-F, F-M
and M-M developed as a result of two distinct phase
transformation mechanisms taking place during the
formation of duplex microstructure in DP steels.

Experimental procedure

The steel composition used in the present study was
0.08% C, 1.58% Mn, 0.3% Si, 0.17% Ti, 0.20% Mo
(wt.%), which is prone to interphase precipitation
during the ferrite transformation [17]. The steel was
made in a vacuum induction melting furnace, pro-
ducing an approximately 100 kg ingot. It was then
reheated to a temperature of 1250 °C and held for
120 min in a muffle furnace, followed by successive
hot rolling reductions at a temperature range of
1100980 °C to obtain a plate with a thickness of
30 mm. The samples were machined from the hot-
rolled plate with a length of 20 mm, width of 15 mm
and height of 15 mm along the rolling direction (RD),
transverse direction (TD) and normal direction (ND),
respectively. The thermomechanical simulation was
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carried out using the hydra wedge unit of the Gleeble
3800.

Two samples were reheated to 1250 °C at a rate of
10 °C/s and held for 180 s. One sample was quen-
ched immediately from 1250 °C to room temperature
to obtain a fully martensitic microstructure to mea-
sure the prior austenite grain size. The other sample
was cooled at a rate of 10 °C/s to an isothermal
temperature of 625 °C and held for 810 s. Then, the
sample was immediately water-quenched to room
temperature to produce a dual-phase microstructure
containing ferrite and martensite with approximately
equal fractions (Fig. 1). The temperature of the spec-
imen was recorded during the experiment by an
R-type thermocouple welded at the centre of the test
specimen.

A thin slice was cut from the heat-treated samples
and mounted with the RD-ND plane parallel to the
mount surface. They were initially ground using 600
and 1200 grit sandpapers, followed by polishing with
the use of polishing suspensions of 9, 3, 1 pm in
successive steps. The EBSD sample was further pol-
ished using OPS solution followed by ultrasonic
cleaning.

The fully martensitic sample was etched by a
solution, comprising 4 g of sodium dodecylbenzene
in 100 ml of saturated aqueous picric acid diluted in
100 ml of distilled water with few drops of a

MarctenSite ©

Figure 1 The image quality map of ferrite—martensite dual phase
microstructure. RD and ND represent rolling direction and normal
direction, respectively.
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surfactant (Triton X-100), at 60 °C for ~ 60 s to
reveal the prior austenite grain boundaries. The prior
austenite grain size was measured using the linear
intercept method.

The EBSD measurements were carried out using an
FEI Quanta 3D SEM with an operating voltage of
20 kV and a beam current of 4 nA. The EBSD maps
were acquired by running the multiple scans cover-
ing the total area of ~37mm’® (ie,
130 x 240 x 120 um?) using a step size of 0.15 pm on
a hexagonal grid. The average confidence index was
in the range of 0.5-0.85. The post-processing of the
data was carried out using the TSL software. The raw
scanned data were subjected to multiple cleaning
steps before extracting the boundary segments, using
the clean-up function of the software. In the first step,
a single iteration dilation clean-up routine was
employed using a grain tolerance angle of 5° and
minimum grain size of 5 pixels to minimise noise or
ambiguous data from the orientation map. This pro-
cess changes less than 2% of data points on average,
depending on the EBSD map confidence index. It was
followed by the single orientation function, assigning
a single orientation to an individual grain by aver-
aging all orientation data associated with it. Subse-
quently, the reconstructed grain boundary function
with a boundary deviation limit of 2 times the step
size (2 x 0.15 = 0.30 pm) was used to smooth uneven
grain boundaries and extract all of the grain bound-
ary line segments (~ 829000) from 123 EBSD images
similar to the one illustrated in Fig. 1.

The dual-phase (i.e, martensite and ferrite)
microstructure led to the presence of three different
interfaces, consisting of F-F, F-M and M-M. There-
fore, the crop function was used to separate each
phase in the microstructure (i.e., ferrite grains and
martensite islands). Then, the aforementioned pro-
cedures were repeated to extract the boundary seg-
ments for each microstructure constituent (i.e., M-M
and F-F interfaces). The number of boundary seg-
ments for M-M and F-F interfaces was ~ 758000
and ~ 53000, respectively. Afterwards, in-house
software was used to extract the F-M interfaces by
subtracting the M-M and F-F interfaces from all
boundary interfaces data. In total, there were ~

60000 F-M interfaces. The five-parameter grain
boundary character distribution was determined
from each set of grain boundary line segments using
the stereological method [18]. In the current study,
the five-parameter distribution was calculated using
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11 bins per 90° (~ 8.2° resolution) for the set of all
boundaries and for the M-M interfaces. However, the
distribution was calculated using 9 bins per 90°
(~ 10° resolution) for the F-F and F-M interfaces.

Results

The heat treatment schedule resulted in a dual-phase
microstructure consisting of polygonal ferrite and
lath martensite in approximately equal proportions
(Fig. 1). The ferrite appeared to originate at the prior
austenite grain boundaries and propagate towards
austenite grain interiors. However, the prior austenite
grain boundary was occasionally observed free of
ferrite (as shown by an arrow in Fig. 1). The mean
ferrite grain size was 19.5 £ 1.75 um.

Misorientation angle distribution

The overall misorientation angle distribution for the
dual-phase microstructure revealed a significant peak
at misorientations of 55 to 60°. The distribution of
boundaries from 0 to 50° was nearly flat and less than
1% in population (Fig. 2a). The misorientation angle
distribution of M—M boundaries was similar to that of
the overall microstructure (Fig. 2b). However, very
few boundaries are found between 20° and 50° and
the maxima at ~ 60° was about ~ 16%, compared
to ~ 14% in the overall microstructure.

The misorientation angle distribution of F-F
boundaries was found to be significantly different
from the ones discussed above. The population of
these interfaces was found to be mostly in two broad
peaks centred at disorientation angles of ~ 13° and
60°, with maxima of approximately 1.5% and 3% of
the total population, respectively. Note that the peak
at 60° is significantly less than the one observed for
the overall and M-M interfaces (Fig. 2). Also, there
was a considerable rise in the boundary population
lying in the misorientation angle range of 20-50°. The
F-M misorientation angle distribution also had a
maximum at 60°, although it is not as large as for the
overall and M-M distributions. The population cor-
responding to these interfaces constituted about 6%
of the total F-M interface. The population of the
interfaces corresponding to the misorientation angle
between 0-50° is less than 2% (Fig. 2d).
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Figure 2 Misorientation angle distribution for different interfaces in the dual phase steel.

The intervariant interface length
distribution

The transformed phases (martensite and ferrite) share
a specific orientation relationship (OR) with the par-
ent phase, which can be the Kurdjumov-Sachs (K-5),
Nishiyama-Wasserman (N-W), Pitch (P) and Gre-
ninger—Troiano (G-T) orientation relationships [10].
Previous work on the low carbon steels has demon-
strated that the orientation relationship of the trans-
formed phase and parent austenite is very close to the
K-S OR [10, 19]. There are 24 unique crystallo-
graphically possible ferrite/martensite variants of the
K-S OR (as detailed in Table 1), which can be formed
from a specific austenite grain/orientation based on
the crystal symmetry of the cubic system. These 24
variants can further be divided into four groups also
known as “packets” consisting of six variants (e.g.,
V1-V6), with their common plane parallel to the
closed packed planes of the parent phase. The inter-
section/interaction between these variants results in
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23 misorientation axis-angle combinations when V1
is used as a reference. However, because of the
symmetry of the cubic system, some of these inter-
variant interfaces (e.g.,, V1-V3 and VI1-V5 =60°/
[011]) are identical [10, 20] and hence, there are only
16 distinct misorientation angle-axis combinations.
The results from the analysis of three different
types of interfaces (i.e., martensite—-martensite, fer-
rite—ferrite and ferrite-martensite) along with overall
microstructure and theoretical are presented in Fig. 3.
The theoretical calculation assumes that each variant
has equal chance to form within a parent austenite
grain upon the phase transformation. The overall
microstructure involving all the interfaces was dom-
inated by the presence of V1-V3 (ie., 60°/[011])
intervariant interfaces, which constitutes 42% of the
total population (Fig. 3). The M-M interfaces showed
the presence of all the six variants that belong to the
same closed packed group ie., V1 through Vé.
However, the intervariant interfaces represented by
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Table 1 Possible 24 variants generated through fcc-to-bee phase transformation having the KS orientation relationship

Variant CSL Bain group Plane Parallel Direction Parallel Rotation angle /Axis from V1
Vi B1 (111),]|(011), [—101],||[-1-11], -

\'%) z3 B2 [—101],/[[-11—-1], 60°/[11—1]

V3 B3 [01—1],[[[=1—11], 60°/[011]

V4 =1 Bl [01-1],|[[-11-1], 10.5°/[0—1—1]
V5 B2 [1-10],[|[-1-11], 60°/[0—1—1]

V6 11 B3 [1-10], I[-11-1], 49.5°/[011]

\%i 19 B2 (1-11),][(011), [10—1],/[-1-11], 49.5°[—1—11]
V8 )| Bl [10 1, [=11-11, 10.5%[11—1]

V9 B3 [—1-10],[[[-1-11], 50.5°/[—10 3 —13]
V10 B2 [—1-10],[[[—11—1], 50.5°/[—7 =5 5]
Vil )| B1 [011],||[-1-11], 14.9°/[13 5 1]
V12 B3 [011],I[-11-1], 57.2°/[—356]
V13 Tl Bl (—=111),[[(011), [0— 11 N=1- 11] 14.9°/[5 —13 —1]
V14 B3 [0—11],[[[=11—1], 50.5%[—55 —7]
V15 B2 [—10—1],||[[-1—11], 57.2°/[—6—25]
V16 Bl [—-10—-1],[|[[-11—1], 20.6°/[11 —11 —6]
V17 B3 [110],||[-1-11], 51.7°[—11 6 —11]
V18 B2 [110],)[[—11-1], 47.1°/[—24 —10 21]
V19 B3 (11=1),](011), [—110],|I[— 1—11] 50.5%/[—3 13 10]
V20 B2 [—110],)[—11—1], 57.2°/[3 6 —5]
V21 B1 [0—1—11, | 1 1], 20.6°/[30—1]
V22 B3 [0—1—1],[[[-11-1], 47.1°/[— 021 24]
V23 B2 (1011, [—1-11], 57.2°—2 —5 —6]
V24 Bl [1o1],[[[—11-1], 21.1°[9 — ]

V1-V3 (i.e. 60°/[011]) constituted the majority,
accounting for more than 50% of the total population,
followed by the population of twin-related inter-
variant boundaries V1-V2 (i.e., 60°/[11—1]). The other
intervariant interfaces had a fraction of less than 3%.

In case of F-F interfaces, the population was pre-
dominantly distributed between V1- V4 (i.e. 10.53°/
[0-1-1]), V1-V8 (e, 10.53°/[11-1]) and V1-V11
(i.e., 14.9°/[13 5 1]) intervariant interfaces with the
values of about 13, 10 and 9%, respectively (Fig. 3).
The pairing of intervariants for F-M interfaces
showed a trend similar to the M-M interfaces with
the highest fraction observed for 60°/[011] (about
13%), followed by intervariant interfaces V1-V15 (i.e.,
57.21°/ [-6—25]) and V1-V2 (i.e., 60°/[11-1]), with
each of them contributing nearly about 5% each
(Fig. 3). It can also be observed that the population of
twin-related intervariant boundary represented as
V1-V2 (i.e, 60°/[11-1]) showed nearly a similar
trend for all the three interfaces present in the
microstructure, contributing about 5% of the total
population.

Grain boundary character distribution

The five-parameter grain boundary characterization
approach was implemented to define the distribution
of intervariant boundary planes character for differ-
ent types of boundaries in the dual-phase
microstructure. In the current study, the relative area
of grain boundary planes, independent of misorien-
tation, is displayed in stereographic projection in the
crystal reference frame, where [001], [100] crystal axes
were located perpendicular to the plane of the paper
and horizontal to the right of the paper plane,
respectively. The distribution of grain boundary
planes for all misorientations exhibited an anisotropy
for all types of interfaces (Fig. 4). The distributions
for the overall microstructure, M—-M and M-F inter-
faces are similar, having a peak at the position of
(101) with a maxima of 1.92, 2 and 1.35 multiples of a
random distribution (MRD), respectively. In other
words, the population of (101) plane was 92%, 100%
and 35% greater than expected in a random distri-
bution, correspondingly (Fig. 4a, b, d). The minimum
distribution was centred at (001) orientation for these
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Figure 4 The distribution of grain boundary planes character for different interfaces, when the misorientation was ignored, in the dual

phase steel. MRD represents multiples of a random distribution.

interfaces. Interestingly, the distribution was differ-
ent for ferrite/ferrite interfaces, revealing weak ani-
sotropy, having a maximum at the orientation of
(111) with 1.13 MRD. The distribution was about 1.08
MRD at (101) and the minimum was located at the
(001) orientation with 0.9 MRD (Fig. 4c).

Due to the relatively low carbon content of the steel
(0.08% C), it was assumed that both the ferritic and
martensitic transformations taking place during the

@ Springer

current heat treatment process follow the Kurdjumov-
Sachs orientation relationship [10, 19]. Therefore, the
distribution of intervariant grain boundary planes was
plotted for the lattice misorientations, which corre-
spond to the K-S orientation relationship (as listed in
Table 1). For the overall microstructure, M—M and F-M
interfaces, the distributions for these misorientations
around the [011] axis were similar (Fig. 5). At 10.5°, the
distribution revealed a single peak at the position of
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Overall boundaries M-M interface

49.5°/[011] 10.5°/[011]

60°/[011]

19681

F-F interface

F-M interface MRD

Figure 5 Distributions of plane normal for boundaries in dual phase steel having different misorientations around [110] axis. M—M, F-F

and F-M represent martensite-martensite, ferrite—ferrite and ferrite-martensite interfaces, respectively.

{110}//{110} twist boundary having 8.4 and 8.9 MRD
for overall and M-M interfaces, respectively (Figs. 5a,d).
However, multiple peaks appeared for F-M interface
with 4.9 MRD (Fig. 5j). The peak at the orientation of
(110) with twist character progressively intensified with
an increase in the misorientation angle to 49.5° and 60°
for these three types of interfaces, revealing an intensity
of about 490, 550 and 105 MRD for the overall, M-M and
F-M interfaces, respectively (Figs. 5b,e k).

The F-F interface distributions for the [011]
misorientations were significantly different. At the
misorientation angle of 10.53°, multiple peaks were
observed, primarily centring at (1-11), (111),
(—=1-21) and (-121) with ~ 10 MRD (Fig. 5g). With
an increase in the misorientation angle to 49.5°, the
peaks largely appeared at the same positions, though
the intensity reduced to 2.7 MRD (Fig. 5h). At the
misorientation angle of 60°, the distribution signifi-
cantly altered revealing two peaks at (—1—1 2) and
(—2 11) positions with 13.5 MRD (Fig. 5i).

For boundaries with a misorientation axis of
<111>, the grain boundary plane distributions did
not show a similar trend for all misorientation angles
for a given interface type (Fig. 6). However, the dis-
tributions were nearly identical for overall
microstructure and M-M interfaces for a given lattice
misorientation. At a misorientation of 10.53°, the
distribution revealed three peaks at the positions

closeto(—1—-10), (0 —11) and (—1 0 1) having ~ 5.3
MRD for overall and M-M interfaces (Fig. 6a, d).
However, the distributions of F-M and F-F interfaces
had multiple peaks at distinct positions having rela-
tively higher intensities (Fig. 6g, j). The distribution
significantly altered with an increase in the misori-
entation angle to 49.5°, revealing multiple peaks
centred at the {110}/ /{110} symmetric tilt orientations
for the overall and M-M interfaces (Fig. 6b, e), and
{112}//{112} symmetric tilt orientations for F-F
interfaces (Fig. 6h). Interestingly, the F-M interfaces
revealed multiple peaks spread along the zone axis of
tilt boundaries (Fig. 6k), resembling a superposition
of the M-M and F-F distributions. At a misorienta-
tion of 60°, these distributions were similar to those at
49.5°, but with larger maxima. (Figs. 6c, f, i, I). The
distribution of intervariant planes about the higher
misorientation indices is also presented in Fig. 7. The
distributions of these boundaries exhibited a single
peak or multiple peaks about or close to {110} posi-
tions for all type of interfaces.

Discussion

The current study comprehensively characterizes
different types of interfaces, namely martensite—
martensite, ferrite—ferrite and ferrite-martensite in
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M-M interface F-M interface
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) 4

) e

Figure 6 Distributions of plane normal for boundaries in dual phase steel having different misorientations around [111] axis. M—M, F-F
and F-M represent martensite—martensite, ferrite—ferrite and ferrite—martensite interfaces, respectively.

(a) 50.5°[103 13]

03 06 09

Overall M-M

() 21.06°9% 0]

Overall

Figure 7 The distribution of boundary plane normals for
boundaries with different misorientation angles and axes. M—M,
F-F and F-M represent martensite—martensite, ferrite—ferrite and

steel with a dual-phase microstructure. Because these
interfaces play a critical role in defining the defor-
mation behaviour (strain partitioning, void
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nucleation, fracture etc.) in dual-phase steel, their
distribution and detailed characterization can be
used to establish structure—property correlations.
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Misorientation angle distribution

Three types of interfaces present in the dual-phase
microstructure (M-M, F-F and F-M) display distinct
characteristics. However, the overall misorientation
angle distribution is similar to the distribution of M-
M interfaces. This is because the M-M interfaces
constitute about 90% of the total grain boundary
population measured in the current study. In other
words, the M-M interfaces greatly outnumber the
other two types and therefore dictate the grain
boundary population distribution.

The most significant difference between the M-M
and F-F distributions, is that the M-M distribution
has no boundaries in the range of 22°-45° and a sig-
nificant maximum at ~ 60°, while the F-F distribu-
tion has interfaces spread across all misorientation
angles up to 62.8°, with two broad maxima centred at
about ~ 13° and ~ 60°. The distribution related to
the F-M interfaces has a mixed character inherited
from both M-M and F-F interfaces. These differences
are the result of the phase transformation sequence
taking place during cooling from the austenite
regime, which results in the development of dual-
phase microstructure in the present steel.

Upon cooling of austenite, the phase transforma-
tion initiates with the ferrite nucleation at the prior
austenite grain boundaries as a result of a diffusional
transformation. During isothermal holding at 625 °C,
the prior austenite grain boundaries are largely con-
sumed through the growth of ferrite grains, leaving
behind the remanent austenite enveloped within the
prior austenite grains. On subsequent quenching, the
remanent austenite transforms into martensite. The
transformation of austenite to the daughter phase
(ferrite/martensite) in low carbon steel has been
previously reported to largely follow the K-S orien-
tation relationship [10], in which the parent phase can
transform into 24 possible variants. Theoretically, the
impingement of 24 variants from a single parent
austenite grain results in 16 distinct lattice misorien-
tations due to symmetry, which spread across 10
misorientation angles (10.53°,14.88°, 20.61°, 21.06°,
47.11°, 49.47°, 50.51°, 51.73°, 57.21° and 60°), as listed
in Table 1.

The misorientation angle distribution for M-M
interfaces closely matches the misorientation angles
expected from the intervariant boundaries predicted
by the K-S orientation relationship (10°-21° and 47°-
60°). In other words, the isolation of remanent
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austenite within ferrite grains significantly restricts
the impingement of martensite islands formed from
two distinct neighbouring prior austenite grains. As a
result, the misorientation angles outside the ones
related to the K-S OR do not appear in the distribu-
tion. On the contrary, the formation of ferrite grains
on the prior austenite grain boundaries increases the
chance of their impingement with the ones formed
from neighbouring prior austenite grain, which most
likely does not match the lattice misorientation
expected from the K-S OR. Therefore, the subsequent
misorientations may vary from 0 to 62.8°, which can
explain the appearance of misorientations in the
range of 22°-45° in the F-F misorientation angle
distribution. A similar observation was reported for a
fully ferritic microstructure elsewhere [21]. The same
argument is valid for the F-M interfaces, where fer-
rite grains formed on the prior austenite grain
boundaries may intersect with the martensite trans-
formed in the neighbouring austenite, which does not
follow the K-S OR with the grain boundary ferrite.
However, the probability of this type of intersection
is relatively less than that of a ferrite/ferrite inter-
section, resulting in a relatively lower population for
misorientations in the range of 22°—45°.

Interface type on the intervariant
boundaries population

It appears that the type of interface significantly
influences the population of intervariant boundaries,
which differ from the one expected from the theo-
retical calculation where each variant has equal
chance to form within a parent austenite grain upon
the phase transformation (Fig. 3). Generally, the grain
boundary population is governed by different
parameters, namely chemical composition, prior
austenite grain size, thermo-mechanical processing
parameters (i.e., strain, transformation temperature)
and phase transformation mechanism. These
parameters, indeed, influence the variant arrange-
ment upon the phase transformation. This so-called
variant selection process occurs to accommodate the
strain associated with the phase transformation.

The current steel composition is prone to inter-
phase precipitation during the ferrite transformation
[17]. As a result, the carbon is mostly consumed by
the formation of interphase precipitates within the
ferrite, rather than moving to the adjacent austenite
during the ferrite transformation. Therefore, the
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chemical composition effect is ruled out here, as the
carbon content of remaining austenite after the partial
transformation to ferrite (i.e., martensite upon
quenching) is expected to be close to the ferrite. The
prior austenite grain is 270 £ 40 pm prior to the fer-
rite transformation. However, it is reduced for the
subsequent martensitic transformation due to the
partial ferrite transformation, which consumes a part
of the prior austenite grain. The reduction in the prior
austenite grain size is expected to limit the number of
variants, which can form during the martensitic
transformation. However, further work, beyond the
scope of this study, would be required to confirm or
refute this expectation.

The most striking difference in ferrite and
martensite transformations is the temperature in
which the transformation takes place and their phase
transformation mechanism (i.e., diffusion vs shear).
The nucleation of specific variants is governed by the
rule of minimization of grain boundary energy and
the strain energy accompanying the phase transfor-
mation. The ferrite transformation isothermally takes
place at a temperature of 625 °C, though the
martensite starts at a much lower temperature as the
Ms temperature of the current alloy is calculated to
be about 450 °C. The reduction in the phase trans-
formation temperature enhances both the phase
transformation driving force and the austenite
strength. The latter increases the self-accommodation
between variants, restricting their growth, resulting
the microstructure refinement. This is evident here,
as the martensitic microstructure is much finer than
ferrite microstructure. The former leads to more fre-
quent variant nucleation, suggesting that in any
given austenite grain, more variants are nucleated
during the martensitic transformation than during
the ferrite transformation. Therefore, the impinge-
ment of martensitic variants formed within a prior
austenite grain should promote the intervariant
boundaries close to the theoretically calculated values
in terms of the population if the variants are dis-
tributed randomly within a prior austenite grain.
However, the population of intervariant boundaries
formed in martensite significantly differs from the
theoretically calculated one (Fig. 3), suggesting that a
specific variant arrangement (i.e., variant selection) is
promoted during the martensitic transformation.

In the case of the martensite-martensite interface,
the population of intervariant boundaries is domi-
nated by the variants originating from the same
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crystallographic  family ({111}, |1{110},). These
include 10.5°/[011], 60°/[111] and 60°/[011], consti-
tuting more than 60% of the total population. This
suggests that the formation of variants largely occurs
in a specific combination (e.g., V1-V3) to minimize or
accommodate the transformation strain associated
with the shear transformation. For instance, the
intervariant boundaries formed as a result of two
subsequent variants from the same family (e.g., V1-
V2) is known to exhibit the twin relationship and
cancel the transformation strain, promoting the pro-
gress of the martensitic transformation [13]. A similar
trend was also observed for the fully martensitic
microstructure in a 0.04C-1.52Mn, 0.2S5i, 0.22Mo,
0.08Ti (in wt%), though the fraction of the intervari-
ant boundaries differed from the current study [10].
Despite the fact that fewer ferrite variants are
formed within each austenite grain due to the rela-
tively high transformation temperature compared
with martensite, the population of different inter-
variant boundaries in ferrite suggests that there is no
specific variant arrangement taking place during
ferrite transformation. This is not surprising as the
strain/stress associated with ferrite transformation
(diffusion) is much lower than martensite transfor-
mation (shear). In addition, the high-temperature
transformation enhances the recovery of dislocations,
which may form upon transformation. This leads to a
distribution closer to the theoretically calculated one
in ferrite (Fig. 3). This is consistent with the popula-
tion of intervariant boundaries reported for the fully
ferritic microstructure elsewhere [10]. The intervari-
ant boundary population for the F-M interfaces
appeared to be influenced by the distribution of
intervariants for both the F-F and M-M interfaces.

Grain boundary plane distribution

The present results demonstrate the significant dif-
ference in the distribution of grain boundary planes
for three different types of interfaces present in the
dual-phase microstructure. This highlights the role of
the phase transformation path on the interface char-
acteristics, as the phase transformation mechanism
changes from the diffusional for ferrite to displacive/
shear for martensite during the development of the
dual-phase microstructure.

It is well established that the relative areas of grain
boundary planes are inversely related to their ener-
gies for polycrystalline materials evolving through
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2. There was a relatively strong anisotropy in the

normal grain growth [11, 12]. This is consistent with
the current result for ferrite/ferrite interfaces [11]. For
instance, the distribution of grain boundary planes
for 60°/[111] displays the maxima on {112} symmet-
ric tilt boundary having the least energy for materials
with body centred cubic (bcc) structure (i.e., ferrite—
ferrite interface, Fig. 61) [11, 19]. Unlike ferrite, the
martensite grain boundary plane distribution for
60°/[111] exhibits maxima positioned at {110} sym-
metric tilt boundaries (Fig. 6f). This is primarily due
to the fact that the martensitic transformation is dis-
placive, closely following the crystallographic con-
straint  associated = with  specific  orientation
relationship (here, the K-S OR). Therefore, the close-
packed planes of the parent austenite match the
close-packed plane of the martensite (ie. {111},
| 1{110},,) during transformation. This results in the
likelihood of two crystallographic martensite variants
terminating on {110} planes while intersecting during
the transformation, which does not necessarily have
the lowest energy configuration.

The ferrite-martensite interfaces, however, appears
to inherit the characteristics features of both ferrite—
ferrite and martensite-martensite interfaces. For
example, the distribution of grain boundary planes
for 60°/[111] is spread along the zone axis of tilt
boundaries with the maxima positioned at {110} and
{112} positions (Fig. 61).

Conclusions

The relative areas of interfaces in the grain boundary
network of a dual-phase steel comprised of equal
proportions of ferrite and martensite were measured
using the five-parameter approach. The present
findings are summarized below:

1. The martensite-martensite interfaces displayed a
bimodal misorientation angle distribution, hav-
ing a dominate peak at ~ 60°, which closely
corresponded with the misorientation angle
ranges expected from the K-S OR. The ferrite-
ferrite misorientation angle distribution was
spread across the entire misorientation range,
having two broad peaks centred at ~ 13° and ~
60°. The ferrite-martensite interfaces exhibited a
mixed character inherited from both martensite
and ferrite interface misorientation angle
distributions.
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grain boundary plane orientations, ignoring
misorientation, with a significant tendency to
terminate on {110} planes for the martensite—
martensite and ferrite-martensite interfaces.

3. The phase transformation mechanism signifi-

cantly altered the grain boundary plane distribu-
tion for a given lattice misorientation. For the
ferrite—ferrite interfaces, the 60°/[111] boundary,
for example, displayed symmetrical tilt {112}
boundary planes, which are known to be the
low energy configuration. However, for the
martensite—-martensite interfaces, symmetrical tilt
{110} boundaries result from the crystallographic
constraint of the displacive phase transformation.
The 60°/[111] misorientation showed multiple
peaks along the zone of tilt boundaries for the
ferrite—martensite interfaces, inherited from both
diffusional ferrite and displacive martensite
phase transformations.

4. In general, three different interfaces (martensite—

martensite, ferrite—ferrite and ferrite—martensite)
present in the dual-phase steel revealed distinct
characteristics (i.e., population and plane orien-
tation), which were dictated by the prominent
phase transformation mechanism taking place
during their formation.
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