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During the production of DP steels, the volume expansion and shape change accompanying the austen-
ite to martensite transformation is accommodated by the deformation of surrounding ferrite grains. The
extent of the deformation in ferrite grains ultimately affects the mechanical properties of DP steels. Us-
ing electron backscatter diffraction measurements, this study identifies the characteristics of martensite
which govern the extent of transformation induced deformation of ferrite grains. It was found that small
austenite grains tend to transform into martensitic variants having a close-packed plane parallel rela-
tionship with adjacent ferrite grains, thus achieving relatively easy slip transmission and resulting in a
long-range deformation of ferrite grains. Ferrite grains can also exhibit a short-range deformation lim-
ited to the vicinity of the ferrite/martensite interface, which is primarily governed by martensite carbon

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Dual-Phase (DP) steels belong to the first generation of ad-
vanced high strength steels (AHSS) [1] and are widely used in the
automotive industry. DP steels consist of hard martensite particles
dispersed in a soft ferritic matrix, leading to a good combination
of strength and ductility [1-3]. In DP steels, martensite is typi-
cally formed from the austenite present in an intercritical ferrite-
austenite microstructure during rapid cooling to room tempera-
ture. Martensite formation includes volume expansion and shape
change, which takes place through dilatation and shearing of the
prior austenite region.

To accommodate the volume expansion and shape change of
newly formed martensite, the surrounding ferrite grains undergo
deformation. Stresses generated as a result of this deformation can
locally exceed the elastic limit of ferrite, thus causing plastic de-
formation [4-7]. High elastic stresses can persist in the ferrite ma-
trix even after the transformation-induced plastic deformation has
ceased.

These plastically deformed ferrite regions contain mobile dislo-
cations as reported by previous studies [1,6-9]. These dislocations,
aided by high internal elastic stresses, can move under low macro-
scopic stress and interact to produce a high initial work hardening
rate. Thus, yielding in DP steels starts quite early in the form of lo-
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calized plasticity. This leads to the absence of a sharp yield point in
a typical uniaxial tensile stress-strain curve, a phenomenon known
as continuous yielding [10-12]. The mechanical behavior of DP
steels thus depends upon the extent of transformation induced de-
formation of ferrite.

Earlier investigations attempted to relate the extent of a ferrite
grain deformation to local microstructural aspects such as the frac-
tion of ferrite/martensite phase boundary in the ferrite grain [13],
its adjoining martensite island size, and the strength of the ferrite
grain itself [14-17]. However, the extent to which different ferrite
grains in the specimen deform could not be fully explained based
on the aforementioned microstructural aspects only [18]. Several
characteristics of martensite in DP steels need to be examined in
order to fully understand how martensite formation causes the sur-
rounding ferrite grains to deform.

In this work, transformation induced deformation of ferrite
is investigated considering martensite volume fraction, the car-
bon content of martensite, martensite sub-structure size, and rel-
ative orientation between deformed ferrite grains and its adjacent
martensite.

The starting material consisted of cold rolled steel with a
ferrite-pearlite microstructure and composition 0.14C-1.8Mn-0.24Si
by weight%. Three specimens with dimensions 10 mm x 4 mm x
2 mm were cut from the material using electrical discharge ma-
chining (EDM) and heat-treated in a Bahr DIL 805 A/D dilatometer.
Specimens were heated with a rate of 5 K/s and kept at intercrit-
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Fig. 1. (a) Applied heat treatments on specimens. Ac1 and Ac3 refer to critical temperatures indicating beginning and end of austenite formation, determined from dilatom-
etry curve of a steel specimen heated to full austenitization; (b) Grain average image quality (GAIQ) distribution showing martensite and ferrite peaks; (c, d, e) EBSD image
quality (IQ) maps for specimens IC750, IC775, and IC800; (f, g, h) EBSD kernel average misorientation (KAM) maps for specimens IC750, IC775, and 1C800.

ical temperature for 5 min to obtain different phase fractions of
austenite and ferrite, followed by quenching to fully transform the
austenite to martensite. The heat treatment regimes are shown in
Fig. 1(a). The specimens are named IC750, IC775, and IC800 where
the last three digits denote the intercritical annealing temperatures
in Celsius. All specimens were then ground using SiC abrasive pa-
pers and polished with 3 and 1-micron diamond paste followed by
electro-polishing using Struers electrolyte A2 at 35V, 277 K for 6s
to prepare them for electron backscatter diffraction (EBSD) mea-
surements. EBSD maps were taken on a Zeiss Ultra 55 machine
equipped with a Field Emission Gun Scanning Electron Microscope
(FEG-SEM) using Edax Pegasus XM 4 Hikari EBSD system. The scan
area for this study was 50 um x 50 wm, with a step size of 50 nm.

The TSL OIM version 7 software was used to analyze the EBSD
scans. To quantify phase fractions, the grain average image qual-
ity (GAIQ) measure was used. GAIQ is the average of image qual-

ity values of all points belonging to a grain. Using a grain toler-
ance angle value between 0.5°-1.5° to demarcate grains for GAIQ
calculation enables excellent identification of martensite particles
in ferrite-martensite DP microstructures [19,20]. The difference be-
tween GAIQ peaks obtained for ferrite and martensite is illustrated
in Fig. 1(b). Martensite phase fractions calculated by this method
for analyzed EBSD locations are 0.33, 0.56, 0.93 for IC750, IC775,
and IC800 respectively.

Fig. 1 (c, d, e) shows the image quality (IQ) maps of all spec-
imens obtained via EBSD. Ferrite regions have better image qual-
ity and appear light grey in EBSD image quality (IQ) maps as
compared to martensite regions which appear dark grey [1,20].
The martensite particles resemble connected chains in IC750 and
IC775, with the chains being bulkier in IC775.

Fig. 1 (f, g, h) shows the kernel average misorientation (KAM)
maps of all specimens. The KAM measure gives an estimate of the
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Fig. 2. (a) IQ and KAM maps of ferrite grains F1 and F2 from the region of IC750 specimen highlighted in figure 1(f) with three profile lines. FF starts from the ferrite/ferrite
phase boundary whereas lines I and II start from the ferrite/martensite phase boundary. Black regions in the KAM map represent pixels with low confidence index (b) Change
in point-to-origin misorientation angle while moving along profile line from phase/grain boundary towards ferrite grain interior.

extent of deformation within a grain [21,22,23,24]. The nt" kernel
average misorientation (KAM) at a point is defined as the aver-
age misorientation of that point with respect to the ‘n’ numbers
of nearest neighbors, neglecting the ones above a certain thresh-
old misorientation. In the figure, KAM maps are shown for the
5t nearest neighbor and a maximum 4° misorientation. The blue
and the red end of the colored spectrum denote the minimum and
maximum KAM values respectively. Martensite regions appear red
in KAM maps due to very high misorientations, while the ferrite
regions appear blue. There is a higher number of ferrite grains with
deformation in IC750 and IC775 than in IC800. No prominent de-
formation is seen in the ferrite grains of 1C800.

It is observed that some ferrite grains undergo long-range de-
formation, while in others deformation is limited to the vicinity
of phase boundaries. This is evident from misorientation gradients
present within the ferrite grains. For a detailed study, EBSD data
subsets from the regions of interest were cleaned using the neigh-
bor confidence index (CI) correlation tool, and points with CI less
than 0.1 were removed. Further cleaning was avoided. Fig. 2(a)
shows the IQ and KAM maps of ferrite grains labeled F1 and F2
from the region of the IC750 specimen highlighted in Fig. 1(f). In
the ferrite grain F1, KAM gradients cover the majority of the grain
area. In the ferrite grain F2, higher KAM values are confined to the
vicinity of the ferrite/martensite phase boundary in the form of a
layer of deformed ferrite.

For a clear illustration, three misorientation profile lines are
drawn in Fig. 2(a). Changes in misorientation angle with respect to
the origin along the profile lines are plotted in Fig. 2(b). For the
profile line which starts from ferrite/ferrite grain boundary (FF),
the misorientation angle in Fig. 2(b) first increases up to a cer-
tain distance and then becomes nearly stable. For the profile lines
which start at the ferrite/martensite (FM) phase boundary, there
are two scenarios: type I and IL. In the type I profile line, the cor-
responding misorientation angle in Fig. 2(b) shows a continuously
increasing trend even at a distance equal to half the grain size. This
indicates that the grain has undergone significant deformation in
its interior. Such deformation is henceforth called type I long range
(type I LR in short) ferrite deformation.

In the type II profile line, the misorientation angle change be-
haves similarly to that of the first case (FF), except that the sta-
ble misorientation value is significantly higher. This indicates that
the deformation in ferrite grain is highest near the phase bound-
ary and decreases up to a certain distance which represents the

deformed ferrite layer width. The deformation remains confined to
a small region near the phase boundary. This type of deformation
is henceforth called type II short range (type II SR in short) ferrite
deformation.

The occurrence of ferrite grains with type I LR deformation is
common in EBSD scans of IC750 and rare in IC775. Type II SR de-
formation can be spotted in several grains in both IC750 and IC775.
However, in 1C800, both type I LR and type II SR deformation ap-
pear to be absent.

Grains with type I LR deformation were quantified using the
grain orientation spread (GOS) measure. It is used to estimate
deformation in grains, especially to distinguish non-recrystallized
grains from recrystallized ones [25]. For calculating GOS, the av-
erage orientation of the grain is calculated. Then the misorienta-
tions between this average orientation and the orientation of each
measurement point within the grain are calculated. The average
of these misorientations is the GOS value of that grain. Grains
with type II SR deformation were quantified by identifying grains
with a discernable width of deformed ferrite layer as illustrated in
Fig. 2(b).

Volume fractions of ferrite grains with different types of de-
formation quantified from EBSD scans of Fig. 1(c-h) are shown in
Fig. 3(a) together with the volume fraction of martensite. The de-
formed ferrite layer width for type I SR deformation measured for
several randomly selected ferrite grains of IC750 and IC775 was
found to be in the range 0.1 um - 0.5 pum, while in IC800 it is
absent, as evident from Fig. 3(b).

It is important to note that type Il SR deformation in a ferrite
grain can occur in addition to type I LR deformation. The large
KAM gradients from type I LR deformation obfuscate the gradients
showing the deformed ferrite layer formed due to type II SR de-
formation. Therefore, it is highly likely that some fraction of ferrite
grains exhibiting type I LR deformation contain type II SR defor-
mation too.

To investigate its influence on transformation induced ferrite
deformation, the carbon content of martensite was calculated us-
ing the carbon mass balance equation, Co = V(Cs + VinGn, where
Co = 0.13 wt.% is the mean steel carbon content, Vy, Viy are the
volume fractions of ferrite and martensite, Cy, Gn are the carbon
contents of ferrite and martensite in wt.% respectively. The values
of C; were approximated as the equilibrium carbon content in fer-
rite at different intercritical temperatures. This was calculated in
ThermoCalc software using the TCFe9 database.
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Fig. 3. (a) Volume fraction of martensite and different types of ferrite deformation based on EBSD scans of figure 1(c-h); (b) IQ and KAM map of a region of IC800 highlighted
in figure 1(h) with some ferrite grains indicated with ‘F’. Both type I and type Il deformation are absent (c) Variation in average block size and carbon content of martensite
for specimens with different martensite volume fraction (Vy,) (d) Geometrical configuration of slip planes during slip transmission. Incoming and outgoing slip planes are
indicated in green and red colors respectively. The equation for slip transfer number X is shown, where § is the angle between the lines of intersection of slip planes with
the boundary plane, « is the angle between slip directions, §. and «. are the limiting values of § and « beyond which slip transmission is unlikely.

Fig. 3(c) shows the variation of average block size with carbon
content in martensite for different martensite volume fractions. It
shows that an increase in carbon content reduces the martensite
sub-structure size, as reported in the literature [26,27]. It can also
be inferred that IC750 must have had the smallest average prior
austenite grain size (PAGS) among all specimens since the aver-
age block size of martensite is directly proportional to the average
PAGS of the specimen [28-30].

A potential explanation for the transformation-induced type I
LR deformation of ferrite is slip transmission. Slip transmission
from martensite to adjacent austenite [31] or ferrite grains [32] has
been reported in the literature. Grain boundaries block dislocation
movement, hence providing material strengthening [33,34]. How-
ever, there can be partial or even full transmission of dislocations
across the grain or phase boundaries under certain conditions.

The geometrical criteria used to estimate ease of slip transmis-
sion is called the slip transfer number A [35,36] which is a function
of § - the angle between the lines of intersection of slip planes
with the boundary plane, and « - the angle between slip direc-
tions, or burgers vectors as shown in Fig. 3(d). The smaller the val-
ues of § and «, the higher the value of A and greater is the slip
transmission. If the planes and directions of incoming and outgo-
ing slip are nearly parallel, there is a greater chance of slip trans-
mission [37].

Since the (110) plane is the most active slip plane for bcc crys-
tal structures, the (110) pole figures were plotted for ferrite grains
F1 and F2 of Fig. 2(a) and overlaid on (110) pole figures of adjacent
martensite blocks to check for parallel plane relationships [32,38],
as shown in Fig. 4(a) and (b). Overlap in pole figures (highlighted
by black circles) shows that the (110) planes of the ferrite grains
with type I LR deformation exhibit a parallel relationship with the
(110) planes of adjacent martensite blocks. Such a relationship is

henceforth referred to as (110) close packed plane parallel (CPPP)
relationship. The martensite blocks which show (110) CPPP rela-
tionship with the ferrite grain are colored.

The requirement of angle « for ease of slip transmission is less
strict than § [35]. 5 out of a total of 10 martensite blocks with a
CPPP relationship have at least one <111> direction parallel to the
<111> direction of ferrite grain F1, indicated by the black circle in
(111) pole figures shown in Fig. 4(a). The rest of the blocks have a
misorientation of 5°-15° between their <111> direction and <111>
direction of ferrite, which is lower than the generally used critical
value of k¥ (k. = 45°), above which slip transmission is not possible
[35]. Such blocks are indicated by a dotted black circle in (111) pole
figure shown in Fig. 4(a).

Ferrite grain F2 which shows type II SR deformation only has
one small martensite block with (110) CPPP relationship. On the
contrary, a higher number of martensite blocks with (110) CPPP re-
lationship are present adjacent to type I LR deformed ferrite grain
F1. The quantification of grains that show CPPP relation for all
three specimen scans is given in table 1. The volume fraction of
ferrite grains with type I LR deformation and also exhibiting CPPP
relation is highest in IC750.

In 2D micrographs, it is always a concern whether observa-
tions may have been influenced by features below the surface. The
amount of ferrite exhibiting type I LR deformation as a percentage
of total ferrite is 24%, 7%, and 0% for 1C750, IC775, and IC800 re-
spectively. This indicates that observations of type I LR deformation
cannot be caused solely by the presence of martensite beneath the
ferrite grain observed in the 2D scan as in that case an equal frac-
tion of ferrite grains should have exhibited type I LR deformation
in all specimens.

The highest frequency of type I LR deformed ferrite grains in
IC750 can be explained as follows. IC750 has the minimum average
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Table 1

Quantification of type I LR ferrite grains with CPPP relationship in EBSD scans of figure 1(c-h)

Specimen Volume fraction Total number of ferrite Volume fraction of ferrite Number of ferrite grains Volume fraction of ferrite
of ferrite grains with type I LR deformation with type I LR deformation with type I LR deformation
and CPPP relationship
IC750 0.67 124 0.16 21 0.14
IC775 0.44 79 0.03 4 0.01
1C800 0.07 42 - - -

block size and hence the minimum average PAGS as evident from
Fig. 3(c). Small prior austenite grains generate the greatest elas-
tic stresses upon transformation [28,29,31,32], hence forcing the
surrounding microstructure to undergo plastic deformation to re-
lax those stresses.

Limited freedom to choose variants for self-accommodation due
to small PAGS forces the austenite to transform into martensite
variants having CPPP relation with adjacent ferrite grains. This
achieves relatively easy slip transmission while relaxing high trans-
formation stresses resulting in type I LR deformation. An important
implication of this is that ferrite grain orientation can affect the

variant selection during the transformation of an adjacent small
PAG [32,38].

The existence of the CPPP relation indicates an orientation
relationship (OR) between intercritical ferrite and the austenite
present before the transformation. As the intercritical temperature
increases, the propensity of nucleating austenite to have K-S OR
with multiple ferrite neighbors decreases [39]. Since boundaries
without K-S OR grow faster [40,41], higher intercritical tempera-
tures eventually result in microstructure with few austenite grains
having K-S OR with ferrite neighbors. Therefore, a ferrite grain in
DP steel has a higher probability of having K-S OR with multi-
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ple prior austenite grains and hence CPPP relation with multiple
martensite blocks if lower intercritical temperatures are used.

Ferrite-martensite interface boundary length can also determine
the frequency of type I LR deformation. However, the interface
boundary length decrease from 3195 pm in IC750 to 2970 um in
IC775 is very minimal and hence does not explain the drastic de-
crease in the frequency of type I LR deformation observed in IC775.

The fraction of ferrite grains with type II SR deformation is
higher in IC750 than in IC775, but absent in IC800. This trend
is opposite to the increasing martensite volume fraction in these
specimens. Since type II SR deformation is observed in almost all
ferrite grains where type I LR deformation is absent, it can be bet-
ter explained by an overall average characteristic of the microstruc-
ture, rather than a local characteristic such as the fulfillment of
CPPP relation.

Since the volumetric expansion of martensitic transformation
increases with the increasing carbon content of martensite [42], it
probably causes increased deformation in surrounding ferrite re-
sulting in type Il SR deformation. It seems that below a certain
threshold carbon content, transformation strain is so low that the
deformed ferrite layer is indistinguishable. Moreover, IC800 prob-
ably has a higher number of martensitic variants formed from a
single prior austenite grain, as it has the largest prior austenite
grain size. A higher number of variants can cancel the shear part
of austenite-to-martensite transformation strain more effectively
and significantly reduce the magnitude of deformation in ferrite
[14,15]. Hence no type II SR deformation is observed in IC800.

In summary, there are two types of deformation observed in
ferrite grains: a type I LR deformation that spans the complete fer-
rite grain, and a type Il SR deformation in the form of a deformed
ferrite layer at the ferrite/martensite boundary.

The fraction of ferrite grains with type I LR deformation was
highest in specimen IC750 which has the smallest martensite block
sizes, and hence smallest PAGS. When PAGS is small, austenite may
transform into martensitic variants having a (110) CPPP relation-
ship with neighboring ferrite. This enables effective relaxation of
transformation stresses by relatively easy deformation of ferrite
and results in type I LR deformation. It was observed that most
ferrite grains with type I LR deformation also possess a (110) CPPP
relationship with several surrounding martensite blocks.

At the locations where type I LR deformation and the CPPP re-
lation are not observed, type II SR deformation is present. The car-
bon content in martensite should be sufficiently high so that the
ferrite deformation caused by dilatation and shear of martensite is
large enough to be measured by experiments. Moreover, a higher
number of variants in specimens with large PAGS cancels the shear
part of the transformation strain more effectively. Therefore type II
SR deformation is observed only in IC750 and IC775 and is absent
in I1C800.
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