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a b s t r a c t
We study orientation gradients and geometrically necessary dislocations (GNDs) in two ultraﬁne grained
dual-phase steels with different martensite particle size and volume fraction (24 vol.% and 38 vol.%). The
steel with higher martensite fraction has a lower elastic limit, a higher yield strength and a higher tensile strength. These effects are attributed to the higher second phase fraction and the inhomogeneous
transformation strain accommodation in ferrite. The latter assumption is analyzed using high-resolution
electron backscatter diffraction (EBSD). We quantify orientation gradients, pattern quality and GND density variations at ferrite–ferrite and ferrite–martensite interfaces. Using 3D EBSD, additional information
is obtained about the effect of grain volume and of martensite distribution on strain accommodation. Two
methods are demonstrated to calculate the GND density from the EBSD data based on the kernel average
misorientation measure and on the dislocation density tensor, respectively. The overall GND density is
shown to increase with increasing total martensite fraction, decreasing grain volume, and increasing
martensite fraction in the vicinity of ferrite.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Dual-phase (DP) steels are low-carbon low-alloy materials with
20–30 vol.% martensite in a ductile ferrite matrix. As they combine
high strength and good formability at low production costs they
are widely used for automotive applications [1]. In response to the
increasing demand for fuel efﬁciency and occupant safety, it was
shown that grain reﬁnement is an effective tool to strengthen dualphase steels without raising alloying costs or allowing a decrease
in ductility [2–5]. In this study, ultraﬁne grained DP steels with
different martensite fractions were fabricated by large strain warm
deformation of a plain C–Mn ferrite–pearlite steel and subsequent
intercritical annealing.
Various studies aimed at a better understanding of the excellent
mechanical properties of dual-phase steels [6–34]. There is broad
consensus that the low elastic limit (deﬁned as the ﬁrst deviation
from Hooke’s law in the stress–strain curve), the continuous yielding and the high strain hardening rate are a consequence of the
austenite-to-martensite transformation which involves a volume
expansion. In our materials, the volume expansion is approximately
2.9% at the martensite start temperature.1 The strains produced by
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the transformation result in residual stresses in the surrounding
ferrite [6,7]. These internal stresses are assumed to facilitate plastic
ﬂow and hence, reduce the elastic limit. Furthermore, the volume
change induces plastic deformation of adjacent ferrite grains and,
therefore, creates a high density of unpinned dislocations in the
vicinity of martensite [8–10] as was qualitatively studied by transmission electron microscopy (TEM) [11–13]. These dislocations are
assumed to be (at least partly) mobile during the early stages of
deformation and contribute to work hardening. The heterogeneous
distribution of dislocations is supposed to control continuous yielding in dual-phase steels. It is assumed that the deformation starts
in ferrite areas with low dislocation densities and spreads with
increasing plastic strain into regions with higher dislocation densities [14].
At least a part of the adjacent ferrite grains has to deform
plastically owing to the volume expansion during austenite-tomartensite transformation. During this deformation, geometrically
necessary dislocations (GNDs) are required for maintaining
lattice continuity [35–37] and statistically stored dislocations
(SSDs) evolve from random trapping processes [36]. After such
transformation-induced deformation, residual stresses remain due
to the inhomogeneity of the plastic deformation throughout the

using ThermoCalc, and the approximate equations for the martensite start temperature and for austenite-to-martensite volume expansion given in Refs. [23,24],
respectively.
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grains [38]. Yet, it is still not understood to what extent geometrically necessary dislocations (GNDs), statistically stored dislocations
(SSDs), and the associated residual stresses contribute to the yielding behavior of dual-phase steels. To address this question, a
detailed quantiﬁcation of the in-grain distribution of dislocations
is necessary. However, corresponding ﬁndings presented to date
are mainly based on coarse grained DP steels using theoretical calculations and TEM observations. While these works improved our
understanding of local dislocation accumulation in the vicinity of
ferrite–martensite interfaces, TEM investigations have the shortcoming that only a small area can be observed and that sample
preparation can create defects or recovery of the microstructure.
By means of high-resolution electron backscatter diffraction (HREBSD) it is possible to obtain information in a representative area
even in ultraﬁne grained materials [39–41]. Individual crystallographic orientations as well as polarized arrays of dislocations with
the same sign can be studied. By using automated orientation imaging microscopy (OIM), the electron beam scans the area inspected
and records for each point the crystallographic orientation and a
value for the quality of the Kikuchi pattern, viz. the Image Quality (IQ). The latter quantity is linked to lattice imperfections. Local
changes in the lattice orientation reﬂect lattice curvature and can
be used to calculate GND densities. In this study, two methods will
be introduced to retrieve GND densities from the HR-EBSD data.
In addition, we use 3D EBSD tomographic measurements to obtain
information about the grain volume and about the true distribution
of martensite in order to quantify their effects on GNDs. In contrast
to TEM, EBSD does not depict individual dislocations and also, the
angular and spatial resolution is lower. However, the resolution
obtained here (around 0.3◦ and 50 nm, see below) is high enough
to describe phenomena occurring on a tens of nm to m scale.
2. Methods
2.1. Materials processing, metallography and mechanical testing
The investigated steel contains 0.17%C, 1.63%Mn, 0.28%Si,
0.036%Al, 0.0021%P, 0.0038%S and 0.0025%N (wt.%). The cast ingot
was cut into samples of 50 mm × 40 mm × 60 mm. A 2.5 MN hot
press was used for processing [42]. After 3 min austenitization, a
one-step deformation pass was imposed for obtaining fully recrystallized austenite (Fig. 1). By controlled cooling, a ferrite–pearlite
microstructure was obtained. For grain reﬁnement to the mscale, large strain warm deformation was performed by exerting

2739

a four-step ﬂat compression series (550 ◦ C, total strain: 1.6). Subsequently, a heat treatment of 2 h at 550 ◦ C was applied. The resulting
microstructure was an ultraﬁne grained ferrite matrix with homogeneously distributed spheroidized cementite particles. Further
processing and microstructure details are given in [43].
The ﬁnal ferrite/martensite dual-phase structure was produced
by short intercritical annealing in the ferrite/austenite region
followed by quenching to transform all reversed austenite into
martensite. The determination of the intercritical annealing parameters and their effect on the microstructure are described elsewhere
[44,45]. Intercritical annealing was performed in a salt-bath furnace
on samples of 12 mm × 10 mm × 75 mm. One sample (hereafter
referred to as sample 730-DP) was held in the salt-bath at 730 ◦ C
for 3 min before it was water quenched to room temperature. For
the second sample (750-DP) we used a temperature of 750 ◦ C and
the same holding time. With this procedure different martensite
fractions were obtained in the two specimens to study the effects
of the martensite particle size and of retained cementite on local
orientation gradients. The phase fractions were determined on SEM
micrographs. The ferrite grain size was investigated using the mean
linear intercept method. Stress–strain curves were determined
using ﬂat tensile specimens with a cross-section of 3.5 mm × 5 mm
and a gauge length of 10 mm (room temperature, constant crosshead speed with an initial strain rate of 0.5 × 10−3 s−1 ).
2.2. Experimental setup for 2D EBSD
EBSD specimens were prepared by grinding, polishing, and electropolishing (Struers electrolyte A2; voltage: 30 V; ﬂow rate 12 s−1 ).
EBSD maps were taken on a JEOL JSM 6500F electron microscope
(SEM) equipped with ﬁeld emission (FEG). The small beam diameter and its high brightness yield high-contrast Kikuchi patterns
so that information about small orientation deviations even in
areas with high dislocation densities like phase or grain boundaries was obtained. A high-speed DigiView CCD camera was used
for pattern acquisition. Data were recorded at 50 nm step size and
analyzed using the TSL software [46]. By choosing the highest possible image resolution for pattern processing and by optimizing
the Hough transform parameters, an angular resolution of about
0.3◦ can be obtained [46,47]. The lateral resolution of the system is
around 30 nm parallel to the tilt axis and around 90 nm perpendicular to the tilt axis, determined on iron at 15 kV [48]. Martensite
was indexed as bcc ferrite and distinguished from ferrite by its
signiﬁcantly lower Image Quality and Conﬁdence Index.
2.3. Experimental setup for 3D EBSD

Fig. 1. Complete processing route for the production of ultraﬁne grained ferrite/martensite dual-phase steel (DP) from ultraﬁne grained ferrite/cementite
(UFG-F/C) steel.

For microstructure characterization in 3D we used automated
serial sectioning via focused ion beam (FIB) combined with EBSD
orientation microscopy in each section [49,50]. Our system consists
of a Zeiss-Crossbeam XB 1540 FIB-SEM equipped with a Geminitype FEG and an EDAX-TSL EBSD system. The ion beam column is
mounted 54◦ from the vertical. The EBSD camera is placed on the
opposite site. The sample is prepared by grinding and polishing of
two perpendicular faces to produce a sharp rectangular edge. FIB
milling (Ga+ ions, accelerated at 30 kV) is performed on one surface
starting from this edge. After milling, the sample is automatically
shifted to the 70◦ EBSD position by tilting it 34◦ and adjusting the y
position. EBSD is performed on the milled surface, before the sample is tilted back to the FIB position. For precise positioning between
the steps, a marker is set. After each tilt, this marker is detected
via image recognition. This software governs the beam shift which
brings the sample to its reference position.
The step size and milling depth for the 3D maps was 100 nm.
The scan size in each slice was 20 m × 20 m. The scan height is
restricted by curtaining effects of the FIB milling which occur from
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a certain distance below the top edge and deteriorates the EBSD
pattern quality. To avoid shadow effects on the EBSD camera, additional surface areas had to be milled adjacent to the measured area.
These areas were milled with 2 nA, as they do not require good surface ﬁnish. The ﬁne milling of the scan area was conducted using a
500-pA beam. The total time for mapping 42 slices, including camera movement and image recognition, adds up to 23 h, which is
within the long-term stability time of the instrument. The camera
settings and the Hough parameters were set such that a pattern
acquisition rate of 70 fps was obtained without signiﬁcant decrease
in pattern quality. Using these high-speed parameters the angular resolution is around 0.5◦ . A minor drawback of FIB milling DP
steels is that very small amounts of retained metastable austenite
may transform into martensite under the inﬂuence of the ion beam.
However, the austenite distribution is not crucial for our analysis. Details about the 3D EBSD setup and its accuracy are given in
[51–53]. Related studies on 3D reconstruction from EBSD data were
presented in [54–58].
2.4. Calculating GND densities from EBSD data
Two approaches to calculating GND densities were applied and
compared. The ﬁrst one follows Kubin and Mortensen [59]. Based
on the strain gradient model by Gao et al. [60], the authors deﬁne
a GND array for simple cylinder torsion. Assuming a series of twist
subgrain boundaries in the cylinder, each containing two perpendicular arrays of screw dislocations, the misorientation angle ϑ is
related to the GND density gnd ,
gnd =

2ϑ
,
ub

(1)

where u is the unit length and b is the magnitude of the Burgers
vector. As a ﬁrst order approach, the kernel average misorientation
(KAM), which is retrieved directly from EBSD data, was chosen as
a measure for the local misorientations. The KAM quantiﬁes the
average misorientation around a measurement point with respect
to a deﬁned set of nearest or nearest plus second-nearest neighbor points. Values above a predeﬁned threshold (here it is 2◦ ) are
excluded from the calculation, because these points are assumed
to belong to adjacent grains or subgrains (Fig. 2a).
The second method to evaluate GND densities is based on the
calculation of the full dislocation density tensor as recently suggested in [61]. The components of that tensor ˛pi are found using
the neighbor-to-neighbor orientation gradients gij,k
˛pi = epkj gij,k

(2)

where “e” indicates the permutation symbol. The orientation gradients are obtained from the EBSD orientation maps. First, the
minimum misorientation between two adjacent points is calculated by applying the 24 crystal symmetry operators to both
orientations. Then, the orientation gradient is calculated as the
misorientation between the points divided by their distance. The
orientation gradients are related to GNDs by use of a Frank’s loop
construction, Eq. (3). GNDs are characterized by the Burgers vector
b (slip direction) and the tangent vector t (dislocation line direction). For simplicity, only the {1 1 0} slip planes were used for the
calculation [62,63].
 Hence,
 there are 16 possible GND
 conﬁgura
tions in ferrite: 4 1 1 1 edge dislocations and 4 × 3 1 1 2 screw
dislocations. As an ambiguity arises when relating 16 GND densities to nine dislocation tensor components, an energy minimization
method was applied. Details of this approach are given in [61].
˛ij =

9

a=1

a
gnd
bai tja

(3)

Fig. 2. Principles of the GND density calculation based on the kernel average misorientation (a) and the dislocation tensor (b) for the case of a 2nd neighbor evaluation
and a step size of 100 nm. Grain boundaries are marked in red. Misorientations that
exceed the minimum threshold value of 2◦ are excluded from the calculation of the
average misorientation of neighboring points to a given measurement point g0 and
from the calculation of orientation gradients.

The calculation was done for each EBSD point and the orientation
gradients were calculated with respect to its 2nd neighbors in 3D
(Fig. 2b). If one of the three gradients exceeded the threshold angle
of 2◦ , it was discarded and the GND density was calculated on
the basis of the two other orientation gradients. For a physically
meaningful GND density determination, the rank of the neighbor considered for the misorientation calculation is critical. The
following points have to be considered when choosing the distance between two measurement points: (1) the distance has to
be low enough to allow detailed information to be obtained; (2)
the distance has to be high enough to average out scatter due
to EBSD spatial resolution limits; and (3) to perform the calculations with misorientations above the angular EBSD resolution
limits.
Fig. 3 shows a comparison of the two calculation methods (same
EBSD data set) and the inﬂuence of the neighbor rank on the GND
density calculation. The Image Quality (IQ) map shows the location of the grain boundaries and the martensite. In all maps, the
misorientations along the grain boundaries and in the martensite
exceed those in the ferrite grain interior. As the simple KAM values are not normalized by spacing, the KAM values increase with
increasing neighbor rank. This is not the case for the calculated GND
densities, as these values are distance normalized. Comparing the
respective GND densities obtained for the 1st and 2nd neighbor
sets reveals that the contrast between high and low GND density
areas increases with increasing neighbor rank. Hence, from the 2nd
neighbor GND maps, the location of grain boundaries and martensite can be more clearly distinguished. In the 1st neighbor sets the
scatter is too high to yield distinct results. For this reason, a distance of 200 nm, which corresponds to the 2nd neighbor rank in
the case of 3D EBSD measurements and to the 4th neighbor rank
in the case of 2D EBSD measurements, was chosen for the GND
calculations.
In general, both calculation methods yield very consistent
results although the values obtained from the KAM-based calculation method tend to be a little lower. Moreover, this method
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Fig. 3. The calculation of the GND densities based on the kernel average misorientation (KAM) and the dislocation tensor yield similar results. The 2nd neighbor rank,
corresponding to a distance of 200 nm, is most suitable to obtain scatter-free information.

leads to a more even distribution of the GND densities. This can be
attributed to the better statistics associated with the KAM-based
method. Using the KAM, the local misorientation is calculated as
an average of up to 16 values (in the 2nd neighbor conﬁguration), whereas the maximum number of orientation gradients used
for the formation of the dislocation tensor is 3 (Fig. 2). It can be
concluded that both methods are appropriate to calculate GND
densities from EBSD data sets.
It must be mentioned that the threshold value of 2◦ which is
physically reasonable for ferrite does not apply for martensite.
Due to the lattice distortion during martensite formation, misorientations above 2◦ can be present inside a single martensite
variant. In fact, orientation gradients of up to 5◦ at a distance of
200 nm occurred frequently in our EBSD data. These misorientations were excluded from the calculations. Therefore, the GND
density in the martensite might be slightly underestimated in
our analysis. Moreover, the GND density distribution in martensite appears to be uniform, as most of the values considered
for the calculation are slightly below 2◦ . However, the true GND
density in martensite is not critical for the present investigation.

3. Results and discussion
3.1. Microstructure and mechanical properties
The initial ferrite/cementite (UFG-F/C) steel consists of an
ultraﬁne grained ferrite matrix and ﬁnely dispersed spheroidized
cementite particles distributed mostly along ferrite grain boundaries (Fig. 4a). Sample 730-DP is characterized by a ferrite matrix
with 24 vol.% mostly isolated martensite particles and 2 vol.%
cementite (Fig. 4b) The average ferrite grain size is 1.4 m. Increasing the intercritical temperature to 750 ◦ C leads to the complete
dissolution of cementite and to an increase in the martensite fraction to 38 vol.% (Fig. 4c). The ferrite grain size decreases slightly to
1.2 m due to progressive austenite grain growth.
Fig. 5 shows the engineering stress–strain curves of the two
dual-phase steels. For comparison, the starting material (UFG-F/C)
is included. The UFG-F/C steel exhibits the common features of
this material, i.e. relatively high yield strength, pronounced Lüders
straining and a low strain hardening rate. The replacement of
cementite by martensite leads to a signiﬁcantly lower yield ratio
and to continuous yielding, whereas total elongation is decreased.

Fig. 4. SEM micrographs of the samples discussed in this study. (a) Ultraﬁne grained ferrite/cementite (UFG-F/C) steel obtained after large strain warm deformation. (b and
c) Ferrite/martensite dual-phase structure obtained by subsequent intercritical annealing at 730 ◦ C (730-DP, 24 vol.% martensite) and 750 ◦ C (750-DP, 38 vol.% martensite),
respectively. F: ferrite, M: martensite, C: cementite.
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strength (Rp0.2 ) is higher, too. The higher strength levels are generally attributed to the higher phase fraction of the hard second phase
and can be approximated by a volumetric linear rule of mixtures
[15,17]. The uniform elongation is hardly affected by the martensite
fraction. Yet, as the plastic strain of the martensite phase is negligible, the total elongation to fracture is reduced with increasing
martensite fraction. The initial strain hardening rate in both dualphase steels is very high. This behavior is commonly interpreted in
terms of local dislocation accumulation [18,30] introduced by the
martensitic transformation.
The three curves show how strong the inﬂuence of martensite
on plastic behavior of ferrite is and hence, how important it is to
obtain quantitative information about the in-grain misorientations
caused by the martensitic phase transformation.
3.2. Orientation gradients and GNDs in 2D

Fig. 5. Engineering stress–strain curves of the starting ultraﬁne grained ferrite/cementite steel (UFG-F/C) and the two dual-phase steels annealed at 730 ◦ C
(730-DP) and at 750 ◦ C (750-DP) containing 24 vol.% and 38 vol.% martensite, respectively. M: martensite, dF : average ferrite diameter, UTS: ultimate tensile strength,
UE: uniform elongation, RA: reduction in area. Initial strain rate: 0.5 × 10−3 s−1 .

Increasing the martensite fraction leads to a lower elastic limit.
This effect was explained in terms of residual stresses [21,31]. As
the fraction of ferrite–martensite interfaces increases with increasing martensite fraction, a higher fraction of ferrite is affected by
the martensitic phase transformation and hence, higher residual
stresses are introduced into the matrix. This might be the reason
why the elastic limit in ferrite is locally reached earlier during tensile deformation which is reﬂected by the lower initial slope of the
curve with higher martensite fraction (750-DP). As both DP steels
were stored at room temperature before tensile straining, dislocation locking by segregation of solute carbon does not occur, and
the reoccurrence of a yield point is suppressed. The 750-DP sample
has a tensile strength of 1003 MPa (table in Fig. 5) which is about
100 MPa above that of the 730-DP steel. The offset 0.2% offset yield

The enhanced dislocation density around martensite (athermal
transformation) compared to cementite (diffusional transformation) can be visualized by using a high-resolution EBSD analysis
placing emphasis on local orientation gradients at interfaces. Fig. 6
shows two such EBSD maps of sample 730-DP (a,c) and 750-DP
(b,d). In these maps, the grey scale maps correspond to the Image
Quality (IQ). The darker the color, the lower is the IQ value and the
higher the lattice distortion. This measure allows one to distinguish
the martensite clearly from the matrix as it exhibits higher lattice
distortion. The color maps show the kernel average misorientation
(KAM). Here, the average misorientation of an EBSD point is calculated with respect to all neighbors at 300 nm distance (values
above 2◦ are excluded). As expected, the largest orientation gradients are found within the martensite islands. These KAM values
are even underestimated due to the low threshold value of 2◦ (see
discussion above). More importantly, the KAM maps reveal considerable orientation gradients spreading from the ferrite–martensite
(FM) phase boundaries into the ferrite grain interior as was shown,
yet not quantiﬁed, by the authors in a previous paper [64]. Each
martensite particle is surrounded by at least one distinct orientation gradient in one of its neighboring ferrite grains, independent
of the martensite particle size. One could expect that larger par-

Fig. 6. Orientation gradients near ferrite–ferrite grain boundaries, ferrite–cementite phase boundaries and ferrite–martensite phase boundaries in the dual-phase (DP) steels
containing 24 vol.% martensite (730-DP) and 38 vol.% martensite (750-DP). (a and b) Image Quality maps, where light values indicate high Image Quality, hence low lattice
distortions. (c and d) Respective kernel average misorientation (KAM) maps. Distinctive features are numbered and described in the text.
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ticles affect larger volume fractions of the adjacent ferrite grains,
because the absolute volume increase is higher during transformation. However, even very small martensite particles cause strong
local plastic deformation. A possible explanation is that smaller
austenite particles have higher carbon content and, hence, undergo
larger volume expansion [65]. Another aspect is the distribution of
martensite around the ferrite grain. The more of the ferrite grain is
surrounded by martensite, the higher the resulting in-grain orientation gradients. Cementite (encircled in Fig. 6) is not surrounded
by notable orientation gradients. This conﬁrms the experimental
accuracy of the approach. The region affected by martensite is not
necessarily distributed homogeneously around martensite particles, as can be seen when comparing the particles numbered (1)
and (2). It is noteworthy, that orientation gradients are visible in
ferrite grains of all sizes, even in very small ferrite grains with diameters of only 500–1000 nm. In case of a high number of martensite
neighbors, these grains are sometimes entirely affected by the
shape accommodation, i.e. the whole grain is work-hardened after
martensitic phase transformation (grain number 3). There are also
some minor dislocation accumulations visible at the ferrite–ferrite
(FF) grain boundaries. Yet, the frequency of these gradients is scarce
and less pronounced than at the FM interfaces. Furthermore, it is
possible that the gradients arise from martensite particles present
below or above the FF grain boundary (see 3D analysis below). Subboundaries with misorientation below 2◦ appear as regions of high
misorientations (numbers 4 and 5) which must not be attributed
to the martensitic phase transformation. The overall GND density in the ferrite was calculated on the basis of two HR-EBSD
scans sized 10 m × 20 m. It is 1.9 × 1014 m−2 for the 730-DP and
2.4 × 1014 m−2 for the 750-DP. We see that the overall dislocation
density in ferrite is increased with increasing martensite fraction,
i.e. a higher ferrite fraction experiences local plastic deformation
due to the martensitic phase transformation. The introduction of
additional dislocations decreases the average spacing between dislocations, which is linked to the yield strength of the material
[66]. The EBSD results thus provide an experimental explanation
for the higher Rp0.2 yield strength of the 750-DP. Regarding the
Hall-Petch relationship, another reason for the higher strength levels in the 750-DP might be the slightly smaller ferrite grain size
(1.2 m compared to 1.4 m for the 730-DP). Beside the higher
martensite fraction, another reason for the lower GND density
in the 730-DP could be the presence of cementite which lowers
the carbon content of austenite and thus reduces the transformation strain. Due to the low-alloy content, precipitations are
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unlikely to occur and therefore do not contribute to the strength
increase.
In order to obtain more quantitative information about orientation gradients a number of misorientation proﬁles were retrieved
from the texture maps at both the FF and FM interfaces. The starting
point of each proﬁle vector is the respective interface and the end
point is the grain center. An example is shown in Fig. 7. The position
of the two proﬁle vectors is indicated in the KAM map. The misorientation proﬁle shows the misorientation of a point with respect to
the origin. The misorientation proﬁles do not depend on the overall
martensite fraction. Therefore, this analysis includes both the 730DP and the 750-DP. The FF curve shows a sudden step in the initial
misorientation to a value of 0.5◦ , which can be attributed to lattice
imperfections in the immediate vicinity of the FF grain boundaries.
After this initial step there is no further increase and the misorientation values remain in the normal scatter range resulting from the
spatial resolution of the EBSD system. The misorientation proﬁle
starting from the FM interface increases more gradually compared
to the FF proﬁle and reaches a much higher value of 1.4◦ at a distance of around 2 m from the FM interface. In order to obtain
a statistically more robust result, 20 misorientation proﬁles from
different scans were analyzed for a set of different FF and FM interfaces. They all show the same tendencies described above. To obtain
a simple yet clear measure for the local orientation gradients emanating from the two types of interfaces, the average misorientation
at a distance of 1 m was determined. It is in average 0.6◦ in front
of FF grain boundaries and 1.2◦ in front of FM boundaries. The values are included in Fig. 7a (on the x-axis at 1 m) together with the
overall standard deviation for either case. For the FF interfaces the
scatter is in the range of the angular resolution of the EBSD system (∼0.3◦ ). This indicates that the misorientation proﬁles reﬂect a
pure grain boundary effect, which is consistently observed. In contrast, the scatter for the FM interfaces is larger. The main reason for
this scatter is the inhomogeneity of the in-grain arrangement of the
orientation gradients in the ferrite grains, i.e. shape accommodation due to the volume expansion during austenite-to-martensite
transformation is realized inhomogeneously in the ferrite grains.
Besides the angular resolution, another reason for the inﬂuence of
the scatter in both proﬁles is the overall low values of the misorientations. In all cases, however, the orientation gradients emanating
from FF boundaries are generally smaller by a factor of two when
compared to those stemming from FM interfaces.
From the KAM values, the GND density was calculated (Fig. 7c).
The values vary from about 2.5 × 1014 m−2 close to the martensite

Fig. 7. (a) Misorientation and Image Quality (IQ) evolution from grain boundary to grain center obtained from 2D proﬁle vectors starting from ferrite–martensite (FM)
interfaces and ferrite–ferrite interfaces (FF) indicated in (b). Error bars show the statistical result obtained from a range of misorientation proﬁles. (b) Kernel average misorientation (KAM) map and grain boundaries. (c) GND density calculated from kernel data. (d) IQ map showing the gradual decrease of dislocations from the ferrite–martensite
boundaries to the center.
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particles to around 2.5 × 1013 m−2 in the grain interior. The boundary in the lower left part of the image is a subgrain boundary with a
misorientation <2◦ , so that the GND density calculated in this area
is extraordinarily high. The calculated GND densities coincide well
with the data reported in the literature based on TEM [14,67] and
on theoretical investigations [20]. The TEM studies [14,67] yield
dislocation densities which are somewhat higher than the ones
presented in this study. The reason is that statistically stored dislocations are additionally counted when evaluating TEM images.
As described above, the Image Quality of the diffraction patterns
is also a suitable though qualitative indicator for the total defect
density since it reﬂects the inﬂuence of both GNDs and SSDs on the
distortion of the diffraction pattern. The in-grain change in the IQ
value (Fig. 7d) is demonstrated exemplarily on the basis of the two
proﬁle vectors indicated in Fig. 7b. The IQ proﬁle curves show the
change in the IQ values with respect to the origin. They run nearly
parallel to the respective misorientation proﬁles (Fig. 7a). The FF IQ
proﬁle shows a step close to the grain boundary before it becomes
horizontal. In contrast, the FM IQ proﬁle starts with a much lower IQ
value and increases gradually up to maximum values in the interior
of the ferrite grain. The sudden step of the IQ in the FF proﬁle is due
to the overlapping of the Kikuchi patterns along the grain boundary.
In the FM IQ curve, this effect is clearly overlaid by the additional
dislocations and plastic strains introduced by the martensitic phase
transformation. As the pattern quality (IQ) is much more sensitive
to surface preparation, surface roughness, contamination, chemical composition, and system calibration than the kernel average
misorientation, the values obtained from it must be regarded as
qualitative in nature and are hence not used for further calculations. Yet, as an additional evidence for the transformation-induced
microstructure inhomogeneity inside the ferrite grains, the pattern
quality measure deserves consideration.
In general, the orientation gradients emanating from both FF and
FM boundaries are relatively small. However, they reveal important
information about the distribution of lattice defects inside the ferrite. The misorientation and pattern quality proﬁles reveal that the
ferrite grains abutting the FM interfaces experience larger values
and wider regions of lattice distortion and an enhanced dislocation
density than the corresponding areas in the vicinity of the FF grain
boundaries.
3.3. Orientation gradients and GNDs in 3D
The 2D analysis revealed important information about the ingrain accommodation of transformation strains in ferrite grains. As

a range of grains was analyzed in 2D, statistical errors are small and
the ﬁndings are reliable. However, the true distribution of martensite and its effect on the GND distribution in the ferrite cannot be
resolved by 2D sections alone. For example, an enhanced KAM value
is expected all around the martensite particle. Hence, it is possible to observe high dislocation densities in ferrite in 2D sections,
which arise from a martensite islands lying below or above this
section. This effect is demonstrated in Fig. 8a where the IQ maps
and respective KAM maps of two successive sections, separated by
100 nm, are shown. In the ﬁrst section, considerable misorientations are detected in the center although no martensite is present
(arrows). The next slice reveals that those misorientations stem
from the martensite particle lying below the ﬁrst section. The 3D
cut along the indicated rectangle reveals the true distribution of the
orientation gradients around the martensite (Fig. 8b). The 3D view
demonstrates that the orientation gradients observed in 2D do not
result from artifacts due to sample preparation. Furthermore, the
previous observation from the 2D sections, that the GNDs are distributed inhomogeneously throughout the ferrite grains is found
true also in the 3rd dimension (Fig. 8c).
By using a set of such 3D maps, information about grain volume characteristics can be obtained, namely, ﬁrst, the effect of the
ferrite grain volume on its average GND density and second, the
effect of the martensite topology on the GND density in the ferrite. For this analysis, a set of complete ferrite grains was selected
from the 3D EBSD data. In each slice, the grain size, the average
KAM value, and the fraction of the interface covered by martensite
were determined for each of the selected grains. This information
was used to calculate grain volume, GND density, and the fraction
of ferrite–martensite (FM) interfaces covering the grain. In total,
60 ferrite grains were analyzed in full 3D in this way. The number
of evaluated large grains is limited due to the restricted total volume investigated (1680 m3 ). Furthermore, large grains containing
subboundaries (see Fig. 6, number 4) or martensite particles in the
grain interior were excluded from the statistics as these features
pretend a higher GND density.
As a general trend, it was found that the average GND density
in the ferrite decreases when the grain volume increases (Fig. 9).
To understand this tendency, one has to consider that the interfaces (both FM and FF boundaries) enhance the nearby dislocation
density, albeit to a different extent. The grain interior is supposed
to have a low dislocation density as the material has undergone
pronounced recovery during processing [43]. For this reason, the
GND density (as well as the total dislocation density) increases with
increasing ratio of boundary area to volume, hence, with decreas-

Fig. 8. (a) The Image Quality (IQ) and kernel average misorientation (KAM) maps (martensite is marked in black) of two successive slices reveal the enhancement of local
misorientations in ferrite (arrows) due to martensite formation in three dimensions. The 3D view cut along the red rectangle illustrates this effect (b). 3D EBSD investigations
in other areas further conﬁrm that orientation gradients are distributed inhomogeneously throughout the ferrite grains (c). SD: sectioning direction.
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fraction is covered by martensite (Fig. 6, number 3). In large grains,
the effect of increasing FM interface fraction is less pronounced
because the volume inﬂuenced by martensite is small compared to
the total grain volume. This effect is only visible when comparing
the lower three grain classes with the coarser grains. Thus, this grain
size effect becomes relevant for grain volumes larger than 4 m3 .
The scatter of the data is quite high. This is explained by the inhomogeneous accommodation of the transformation strain in ferrite
as was also revealed by the 2D EBSD scans. The scatter hence can
be attributed to the different factors controlling local strain accommodation, namely ferrite grain size and orientation, as well as grain
size and phase distribution of the surrounding grains.
4. Conclusions

Fig. 9. Effect of grain volume on the average GND density in ferrite obtained from
the 3D EBSD analysis. The data are taken from 60 ferrite grains. The overall decreasing tendency is overlaid by the effect of the fraction of ferrite–martensite interface
which is resolved in Fig. 10.

ing grain size. Though meaningful, this diagram is incomplete as
it does not account for the inﬂuence of the martensite distribution around a ferrite grain on the GND density. This is most evident
when looking at the GND densities for small grains around 1 m3 ,
where the scatter is remarkable. When correlating the GND densities with the respective interface fraction covered by martensite, it
turns out that low GND densities correspond to grains with a low
FM interface fraction and high GND densities to those with a high
FM interface fraction.
For this reason, a second diagram was plotted to demonstrate
this effect more clearly (Fig. 10). The grains were divided into
classes of different grain sizes. Then, the average GND density of
a grain is plotted as a function of the interface fraction covered by
martensite. This diagram reveals that GND density is proportional
to the FM interface fraction. In particular, smaller grains are more
affected by a higher interface fraction of martensite (in terms of
their average GND density) than larger grains. This is due to the fact
that the volume affected by the martensitic phase transformation
is restricted to areas adjacent to the phase boundary. This means
that small grains can be entirely deformed when a high interface

Two ultraﬁne grained dual-phase steels with different martensite fractions were produced by large strain warm deformation
and subsequent intercritical annealing. The effect of the volume
expansion during martensitic phase transformation on orientation
gradients and GNDs in ferrite was analyzed using high-resolution
EBSD in 2D and 3D. The main conclusions are
• Orientation gradients originating from ferrite–martensite interfaces are distinctly higher than those initiated at ferrite–ferrite
interfaces. The average misorientation at a distance of 1 m from
the boundary was 1.2◦ for ferrite–martensite interfaces, and 0.6◦
for ferrite–ferrite grain boundaries.
• Orientation gradients are generally present around each martensite particle, irrespective of particle size. The accommodation of
transformation strain is realized inhomogeneously within the
ferrite grains.
• The average GND density in the steel with 24 vol.% martensite is 1.9 × 1014 m−2 compared to 2.4 × 1014 m−2 for the steel
containing 38 vol.% martensite. The higher fraction of immobile
dislocations might contribute to the higher Rp0.2 yield strength of
the latter steel. The enhanced dislocation density around martensite particles was veriﬁed by evaluating the Image Quality maps.
• The average GND density of a ferrite grain is proportional to the
ferrite–martensite interface fraction surrounding it. This effect
is most pronounced for ferrite grain volumes below 4 m3 . In
case of a high number of martensite neighbors, very small grains
<1 m3 can be entirely work-hardened due to the martensitic
phase transformation.
• High-resolution 2D and 3D EBSD is an appropriate tool to obtain
information about the local distribution of dislocations in dualphase steels. The GND density can be calculated both on the basis
of the kernel average misorientation and on the dislocation tensor.
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