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a b s t r a c t
This work unravels structure-property correlations at the micrometer length scale during recovery and
early recrystallization of a cold rolled high strength steel comprised of ferrite and pearlite. High resolution nano-indention mapping is used to measure the hardness of ferrite, pearlite and the transition zone
between them, which correlates well with the local microstructure obtained from scanning and transmission electron microscopy. A clustering algorithm is used to determine the properties of the constituent
microstructural features. The variation in the hardness of the phases with annealing temperature agrees
well with the dislocation activity observed using Transmission Electron Microscopy (TEM) and a simple
mechanism to reconcile the observations is presented.

Introduction
Dual-phase (DP) steels are a class of advanced high strength
steels consisting of a ferrite-martensite microstructure developed
through complex thermal treatment of cold rolled ferrite-pearlite
which involves a competitive combination of recovery, partial recrystallization and intercritical annealing [1–5]. Of the several
mechanisms that operate during the processing, the recovery and
partial recrystallization of ferrite in the presence of banded pearlite
is one of the important but least investigated aspects in the literature [6–8]. The local rearrangement of carbon with temperature and the concurrent microstructural changes in pearlite and
ferrite presents a stiff challenge to thoroughly understand the underlying mechanisms. For example, the ﬁne structural changes in
ferrite such as the rearrangement of dislocations including annihilation, formation and growth of subgrains or the formation of
new grains during recrystallization are affected by carbon redistribution, which in turn affects the overall kinetics [8–11]. Given
the length scale of these microstructural changes, the ferrite and
pearlite microstructures have been traditionally characterized us-
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ing TEM or EBSD [12–14]. Prior work on pearlitic steels [14–17] has
shown that the ferrite-cementite interface affects the strength and
ductility during annealing. However, the effect of the interface and
the adjacent transition zone between ferrite and pearlite on recovery and recrystallization of high strength steels has not been reported.
Recent work on early-stage recrystallization in DP steels with
Vickers hardness showed a hardness increase followed by a decrease before recrystallization [18,19]. Given the length scale of
the typical Vickers hardness test, the role of the individual constituents, if any, could not be established in that work. Recent advances in high speed nanoindentation mapping [20], coupled with
new criteria for indentation spacing, which is much lower than
the traditionally accepted spacing [21], present an excellent opportunity to measure the mechanical properties of individual phases
and the transition region between the two phases in DP steels in
a statistically signiﬁcant manner. The large data sets (10,0 0 0ʼs of
indents) typically obtained by high speed nanoindentation mapping also enable quantitative extraction of properties of individual
phases by advanced statistical techniques [20].
In this work, we utilize these advances in characterization technology to quantify the properties of constituent phases/features in
high strength DP steel which are then compared to the microstruc-
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ture determined by electron microscopy, to establish structureproperty correlations at the micrometer length scale. In addition,
the variation in the hardness response of the different phases with
annealing temperature is studied and correlated with dislocation
activity observed using Transmission Electron Microscopy (TEM)
and on a larger length scale corroborated by Orientation Image
Microscopy (OIM). Finally, a simple mechanism based on Cottrell
atmosphere is examined to interpret the experimental observations, which has important implications on the kinetics of multiphase microstructures during intercritical annealing for the design
of next-generation advanced high strength steels

distinction between the recrystallized and recovered regions in ferrite and the partial spherodization in pearlite. The corresponding
hardness maps are shown in Fig. 1(b). The maps capture the difference in the hardness of ferrite and pearlite regions at this length
scale, with hardness ranging from 3 to 6 GPa. The deep blue and
cyan color mostly correspond to ferrite, whereas, red corresponds
to pearlite. Interestingly, the regions immediately surrounding the
pearlite are found to be harder than the ferrite in the hinterland,
which indicates the possibility of a mechanically distinct region in
the transition zone. While the contrast in hardness between the
pearlite and ferrite increases after annealing at 300 °C, an increase
in annealing temperature to 500 °C results in a drop in hardness.
Upon further annealing to 700 °C, the recrystallized regions within
the ferrite phase that are observed in the microstructure, show
much lower hardness values.
While the microstructure and the hardness maps show obvious qualitative agreement, the mechanical phase map (Fig. 1(c))
and the corresponding histograms (Fig. 1(d)) of the constituent
phases/features enable a deeper understanding. The mechanical
phase maps show the spatial distribution of ferrite, pearlite and
the transition zone between them. The term “transition zone”
refers to the mechanically distinct region extending from the interface between pearlite and ferrite. Fig. 1(e) shows a zoomed view of
the mechanical phase map overlaid on the SEM micrograph for the
case of the recovery annealed sample at 300 °C. The map shows
the indentation impressions in all the three regions and also indicates that the transition zone extends up to a few microns on either side of the physical interface, which extends only over a few
nanometres. This distinction is not very clear in the SEM micrograph at this length scale.
Unlike the cold rolled and low temperature annealed sample,
the sample annealed at 700 °C shows good contrast and the recrystallized regions are also clearly distinguishable, which also agrees
well with the mechanical phase map. Finally, the histograms show
the evolution of the hardness of the bulk ferrite, pearlite and transition zone with annealing. For pearlite the hardness refers to the
combined effect of both ferrite and cementite. Note that the hardness reported here is a combined effect of material’s intrinsic response and also a number of microstructural variables such as dislocation density, solute density, grain size, internal stresses etc. The
histograms shown in the ﬁgure enable a quantitative comparison
of the various effects. The histograms have been obtained assuming a Gaussian distribution and the ratio of the area under these
curves represents the area fractions of the corresponding phases.
It can be observed that for all the conditions, ferrite is the softest phase, followed by the transition zone and pearlite band. The
hardness values at the peak positions are shown in Fig. 1(d). Upon
annealing to 300 °C, all the peaks shift towards higher hardness.
However, further annealing at 500 °C results in a shift towards
lower hardness. Interestingly, pearlite shows a greater percentage
reduction in hardness at 500 °C due to cementite fragmentation,
which will be discussed in detail later. Finally, annealing at 700 °C,
results in a further shift in hardness to lower values and in the
case of ferrite, the difference in hardness between the recovered
and recrystallized regions is also signiﬁcant as observed from the
peak positions. The observed differences in the properties of the
individual phases cannot be completely reconciled using the SEM
microstructure shown in Fig. 1(a). Hence, it is instructive to study
the sub-structure at a ﬁner length scale using TEM.

Materials and methods
High strength dual-phase steel with a chemical composition of
C-0.09, Mn-1.5, Si-0.25, Nb < 0.001 wt.% was used in this investigation. The initial microstructure consists of pearlite (29 ± 5.7 vol%)
and ferrite (71 ± 4.7%). The sheet was cold-rolled to 80% and further annealed in the recovery regime at 300 and 500 °C for 30 min
and in partial recrystallization regime at 700 °C for 3 min. Nanoindentation testing was performed using a commercially available
nanoindenter, iMicro® with an InForce50 actuator from Nanomechanics Inc. (now KLA), Oak Ridge, USA. A high speed mapping
tool, NanoBlitz 3D+, was used to perform the mapping, with each
indent taking less than a second to perform. Further details of the
technique are available elsewhere [20,21]. Indentation tests were
carried out on ﬂat, well-polished samples with ﬁnal vibratory polishing in a colloidal silica suspension of 50 nm for 8 h. Indents
were performed to a depth not exceeding 100 nm with a spacing of 1μm, resulting in a spacing to depth ratio of 10 or more as
suggested in prior work [21]. Maps of 50 × 50 μm2 , with 2500 indents were performed on cold-rolled and recovery annealed samples, whereas maps of 75 × 75 μm2 area, with 5625 indents were
performed on partial recrystallized samples. The large data sets obtained from mapping were deconvoluted using the k-means clustering algorithm to obtain a mechanical phase map as detailed
elsewhere [20,22]. The nanoindentation data was divided into 3
bins (ferrite, pearlite band and transition zone) in the case of cold
rolled and recovery annealed samples, whereas 4 bins were used
for partially recrystallized samples with the ferrite being further
classiﬁed into recovered and recrystallized. From the mean and
standard deviation of the data in each bin (or phase), histograms
were constructed assuming a Gaussian distribution [23] to track
the variation in the peak position and width of the individual
phases with treatment temperature.
The regions mapped with nanoindentation were imaged with
a scanning electron microscope FEI Nova Nano SEM 450 equipped
with Digi View EBSD detector. The orientation imaging data were
acquired using a step size of 0.18 μm at an accelerating voltage
of 20 kV and a working distance of 13 mm. The cold-rolled and
recovery annealed samples were further analysed by TEM (JEOL
2100), with a speciﬁc focus on pearlite bands, imaged under identical diffraction condition along Z = [001] zone axis.
Microstructure and mechanical property correlation
Fig. 1(a) and 1(b) show the SEM micrograph with nano indentation imprints and the hardness map, respectively, in the cold
rolled, recovery annealed (300 °C and 500 °C) and partially recrystallized (700 °C) condition. The mechanical phase map obtained
from the deconvolution of hardness data is shown in Fig. 1(c) and
the corresponding histograms of the constituent phases are shown
in Fig. 1(d). The microstructure in the cold rolled state shows ferrite and banded pearlite, which remains unaltered at this scale,
even after annealing up to 500 °C for 30 min. On further annealing
at 700 °C for 3 min, signiﬁcant changes are observed, with a clear

Discussion
In this section, the local mechanical property variations will
be discussed in the light of additional microstructural observations including TEM and OIM. Three different aspects will be
discussed,viz., the hardness increase during annealing at 300 °C
2
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Fig. 1.. (a) SEM micrograph (b) hardness map, (c) mechanical (deconvoluted) phase map and (d) hardness histogram of individual phases/features in cold-rolled (CR), recovery
annealed at 30 0 °C −50 0 °C and partially recrystallized at 700 °C conditions and (e) mechanical phase map overlaid on the SEM micrograph, showing the ferrite, pearlite and
transition zones for the sample annealed at 300 °C. (F-ferrite, P-pearlite, TZ- transition zone, Rxz F- recrystallized ferrite, Rec-F- recovered ferrite, SC-spherodized cementite).

followed by the hardness decrease during recovery annealing at
500 °C and further hardness decrease during partial recrystallization at 700 °C.
To study the sub-structural changes, TEM investigation was carried out in pearlite bands as signiﬁcant hardness variations are observed in this phase, as shown in Fig. 1. The cold rolled pearlite
band consists of pearlitic ferrite bands interspersed with cementite lamellae. The pearlitic ferrite contains a high density of dislocations piled up at the cementite lamellae (cf. Fig. 2(a)). After
annealing at 300 °C, the dislocation network appears as a cloud
in the pearlitic ferrite and the cementite/ferrite interfaces show a
blurred or diffused appearance. In addition, thinning of cementite
lamellae is also observed, which may be due to cementite dissolution in Fig. 2(b) and (d). Fig. 2(d) shows a zoomed view of the
transition zone in the vicinity of the pearlite band. The micrograph
clearly shows the diffused appearance of the cementite boundary
marked by the solid yellow arrows and also the high density of
dislocations in the transition zone (TZ) adjacent to the boundary as
indicated by the dotted white arrow. Upon annealing at 500 °C, the
TEM micrograph cf. Fig. 2(c) shows cementite fragmentation in-

duced by spherodization with the absence of dislocation clouds inside the pearlitic ferrite. These observations are consistent with the
studies on fully pearlitic steels, wherein low temperature annealing
on samples with signiﬁcant prior deformation results in cementite
dissolution and subsequent pinning of dislocation by carbon, resulting in increased strength. With increasing annealing temperature, the strength decreases due to dislocation annihilation and cementite fragmentation [14,16,24]. Note that the cementite dissolution is energetically favorable as the binding energy of dislocation
with interstitials (0.5 to 1 eV) is higher than the binding energy of
the carbon in cementite (0.40 to 0.42 eV) [25].
Based on the TEM observations and energy arguments, the
structural changes in the bulk ferrite, transition zone and pearlite
bands during thermo-mechanical processing are summarized in
Fig. 3. Cold rolling results in increased dislocation density as shown
in Fig. 3(a). It is to be expected that there is a strong solute (carbon) gradient from pearlitic ferrite, adjacent to cementite, to the
bulk ferrite, which is a carbon lean region. The cementite dissolution in deformed samples upon annealing at 300 °C, leads to
signiﬁcant dislocation-carbon interaction as schematically shown
3
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Fig. 2. TEM micrographs acquired along the Z= [001] zone axis in pearlite bands after; (a) cold rolling, recovery annealing at (b) 300 °C and annealing at (c) 500 °C for
30 min. Lower magniﬁcation images are shown in the top row and higher magniﬁcation micrographs are shown in the bottom row. (d) Zoomed view of the transition zone
(TZ) for sample annealed at 300 °C - 30 min (Thick solid arrows show changes in pearlitic cementite and dotted white arrows show the change in dislocation density with
temperature). The scale bar is 200 nm for all the images.

Fig. 3.. Schematic of structural changes in bulk ferrite, transition zone and pearlite bands during (a) cold-rolling and recovery annealing at (b) 300 °C and (c) 500 °C for
30 min.

in Fig. 3(b), resulting in the formation of a Cottrell atmosphere
[25,26] which ultimately leads to a hardness increase as observed
in Fig. 1(d) in the pearlite bands and the transition zone. The presence of dislocations and solute gradients in bulk ferrite, can facilitate carbon diffusion from the transition zone to bulk ferrite
leading to Cottrell formation and hardness increase. Further annealing at a higher temperature of 500 °C results in a decrease in
the dislocation density in the bulk ferrite, pearlite band and transition zone, leaving behind the carbon that pinned the dislocations,
alongside with fragmentation and spheroidization of cementite as
shown in Fig. 3(c). Increase in temperature also causes enhanced
carbon diffusion to bulk ferrite due to solute gradient as reported
in a previous work [8]. These sub-structural changes result in overall strength or hardness decrease. It may be noted that the cementite fragmentation and dislocation annihilation result in a higher
amount of strength drop in the pearlite bands. In the transition
zone, carbon left by dislocation annihilation can either diffuse to
cementite in the pearlite and contribute to spherodization or diffuse towards bulk ferrite, which leads to a slight decrease in hardness of the transition zone. In bulk ferrite excess carbon due to enhanced diffusion driven by solute gradient and the carbon left behind by the annihilated dislocations can redistribute and enhance
the formation of precipitates, which retard the recovery process
by pinning the subgrain boundaries [8,27,28,29]. This explains the
lesser extent of hardness drop between 300 °C and 500 °C in bulk
ferrite compared to pearlite as shown in the hardness histogram of
Fig. 1(d). In essence, low temperature annealing from a highly deformed state results in dislocation-carbon interaction (Cottrell atmosphere) leading to strength increase and delayed recovery. Further annealing reduces the strength due to dislocation annihilation
and cementite fragmentation, enhancing recovery. It is interesting

to note that the hardness evolution in the transition zone generally
follows the overall trend observed for the bulk ferrite and pearlite
while there are minor differences due to the local distribution of
carbon.
The structure-property relations discussed up to this point are
largely driven by carbon mobility and subsequent dislocation interaction. However, annealing at a much higher temperature such
as 700 °C can additionally result in boundary mobility which is
demonstrated in Fig. 4.
The IQ map (Fig. 4a) and mechanical phase map (Fig. 4b) was
recorded in the same region and is overlaid with the EBSD high
angle grain boundary map to trace boundary migration and corresponding localized hardness changes. There is a good overall agreement between the IQ map and the mechanical phase map with the
overlaid boundary. The higher IQ regions with light gray color in
Fig. 4(a) represent recrystallized ferrite grains, free of sub boundaries, and the corresponding regions are well captured in the mechanical phase map shown in Fig. 4(b) (yellow color). These regions correspond to the lowest hardness peak shown in the histogram of Fig. 1(d). However, the hardness of the recovered ferrite
(blue color) after annealing at 700 °C, is similar to that at 500 °C,
which indicates the already recovered nature of the bulk ferrite
after annealing at 500 °C. The dark gray color regions in the IQ
map show the pearlite regions, exhibiting a largely spherodized
morphology of cementite. The pearlitic regions shown in the IQ
map correspond well with those in the mechanical phase map (red
color), The hardness in these regions is lower than that at 500 °C
as shown in Fig. 1(d), mainly due to complete fragmentation and
spherodization of cementite [18].
In addition to the structure-property correlations discussed
above, which are based on the mean values of the hardness in the
4
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Fig 4. (a) Image Quality (IQ) map and (b) mechanical phase map overlaid by EBSD grain boundary map (misorientation > 15°) upon annealing in the partially recrystallized
regime of 700 °C for 3 min. (P-pearlite, SC – spherodized cementite, TZ- transition zone, Rec-F- recovered ferrite and Rxz-F- recrystallized ferrite).

corresponding phases, the standard deviation of the data in each
phase, which is represented by the peak width (FWHM) of the histogram, provides additional insights on the microstructure. For example, the peak width of the pearlite band shown in Fig. 1(d), is
higher in cold rolled state where the structure is inhomogeneous,
whereas annealing gradually at increasingly higher temperatures
leads to more homogeneity in the microstructure, which is correspondingly evident from the reduction of peak width. It may however be noted that the peak width can be inﬂuenced by the size
of the data set and the accuracy of the deconvolution and hence
caution must be exercised in drawing conclusions purely based on
the peak width.
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Conclusions
This work presents the unique sub-structural changes in
pearlite, ferrite and their transition zone during thermomechanical processing of ferrite-pearlite steel. The signatures
of various key sub-structural changes such as carbon mobility
resulting in carbon-dislocation interaction and boundary mobility
at various stages of processing, including cold work, recovery and
early recrystallization are quantitatively captured by the hardness
histograms of the ferrite, pearlite and transition zone obtained by
high speed nanoindentation mapping coupled with data deconvolution. The framework presented in this work to determine and
understand the structure-property correlations at the micrometer
length scale during thermomechanical processing can be gainfully
used for designing high strength steels with improved properties.
Declaration of Competing Interest
The authors declare that they have no known competing ﬁnancial interests or personal relationships that could have appeared to
inﬂuence the work reported in this paper.
Acknowledgments
The authors would like to thank Tata Steel Research, Development and Technology (RD&T), IJmuiden, The Netherlands for sup-

5

