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Abstract 
An in-situ analysis of local strain accommodation on transformation induced plasticity (TRIP) aided multi-phase steel was 
performed with a correlative application of characterization techniques such as digital image correlation (DIC), electron 
backscatter diffraction (EBSD), and micro-mechanical testing. The local strain on the complex microstructure of the multi-
phase steel was measured during a tensile test using an innovative DIC method (which does not employ artificial patterns), 
in conjunction with a scanning electron microscope. The constituent phases of the examined surface were identified by 
postprocessing implemented on the EBSD maps. This was further verified by nano-indentation, consequently enabling sys-
tematic and quantitative analyses of the strain partitioning between the phases. Soft acicular ferrite accommodated the largest 
strain with sites of intense strain localization around the hard, neighboring martensite. The retained austenite transformed 
gradually into martensite because of the applied strain and caused strain localization in the neighboring acicular ferrite. 
This verified that DIC method proposed in this study enables precise and effective data collection at the interfaces between 
different phases that could have certainly been blocked by the DIC patterns in the conventional method.
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1  Introduction

The use of high-strength steel sheets in cars has increased 
progressively as an effective means to improve fuel effi-
ciency and passenger safety [1–3]. In a steel sheet, high 
strength in addition to remarkable formability is desirable 
for conventional forming operations. Since there is a general 

trend in the tradeoff between strength and other proper-
ties related to formability [4–7], steel manufacturers have 
invested substantial efforts into developing advanced high-
strength steels (AHSSs) with improved balance among their 
mechanical properties [8–12]. A common approach adopted 
to achieve this is the design of multiphase microstructures. 
Different phases such as ferrite, bainite, martensite, and aus-
tenite behave differently against applied deformation, and 
complementary interactions among them can help mitigate 
the strength-formability tradeoff [4, 13–15].

To design an optimum constitution of the phases, it is 
essential to understand the heterogeneous deformation 
behavior of multiphase microstructures. Thus, various in situ 
and ex situ analyses of deforming microstructures have been 
implemented [16–20]. The application of the digital image 
correlation (DIC) technique led to an improvement in the 
effectiveness of these analyses [20–23]. With DIC, the local 
distribution of strain on a surface can be quantified along 
strain paths, and the heterogeneous pattern of deformation 
can be correlated with various microstructural features, 
such as constituent phases and grain boundaries [24]. Addi-
tionally, the combination of DIC with electron backscatter 
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diffraction (EBSD) analyses provided crystallographic 
information and revealed the microstructural features more 
clearly, thus strengthening the understanding of the deforma-
tion behavior [25, 26]. However, the general DIC methods 
reported in [27] require a random pattern on the surface to 
track the displacement, which makes it difficult to analyze 
the microstructure of a specific area covered by the pattern.

In this study, the deformation behavior of an AHSS, con-
sisting of several phases with different mechanical charac-
teristics, was analyzed with the aid of an in-situ deforma-
tion stage and EBSD. The local strain tensors were obtained 
using a DIC technique applied to the microstructural images 
acquired from a forescatter diodes (FSD) attached to a scan-
ning electron microscope (SEM). The heterogeneous distri-
bution of the strain was correlated with the microstructural 
features specified by EBSD mappings, with an emphasis on 
its correlation with the distribution of the different phases. 
Furthermore, the deformation of each phase was evaluated 
quantitatively, and the strain at the boundary of each phase 
was investigated to determine the interactions between the 
different phases.

2 � Experimental Procedure

2.1 � Specimen Preparation and In‑Situ Tensile Test

The material investigated in this study was a TRIP-aided 
multiphase AHSS with yield stress, tensile stress, and elon-
gation of 611 MPa, 1123 MPa, and 17%, respectively, with 
a chemical composition of Fe-0.248, C-1.88, Si-0.812, 
Mn-0.983, Cr-0.983 (in wt%). A 50-kg ingot was prepared 
by vacuum induction melting. It was then reheated to 1400 
°C, held for 1 h in an atmosphere of argon, and rough rolled 
in a rolling mill from 30-mm- to 3.32-mm-thick plates in 
five passes.

The specially designed experimental setup for in-situ 
tensile testing using TSL solutions K.K.TS-2000. Figure 1 
shows the dimensions of the tensile specimens [28]. The 
dog-bone-shaped specimen was extracted from the region of 

mid-thickness of the rolled plate having tensile axis parallel 
to the rolling direction. It was ground with silica papers and 
polished successively with 6-µm and 1-µm diamond suspen-
sions. Finally, it was electropolished with a 10% perchloric 
acid 90% ethanol solution using a Struers Lectropol-5 appa-
ratus. Electropolishing was performed at 23 °C for 15 s with 
a 17 V bias.

The uniaxial tensile test and in-situ EBSD experiments 
were performed with a crosshead speed of 6 μm/min in a 
JEOL JSM-7001 F SEM equipped with a NordlysNano 
EBSD detector and Aztec software (Oxford Instruments). 
The tensile axis was along the horizontal direction in the 
SEM micrographs. Although a total elongation of 12% could 
be attained, the test was stopped at 6% due to the develop-
ment of wrinkles on the surface, which interrupted clear 
observation by SEM. At every 1% increment in elonga-
tion, a topographic image of the surface was recorded using 
the FSD on the EBSD detector. The resolution of the FSD 
images for the observation surface were 1988 × 1492 pix-
els. At every 2% increment in elongation, EBSD mapping 
was performed. Each mapping was performed on 497 × 373 
square grids with a step size of 0.08 μm, thus having one-
fourth the resolution of the corresponding FSD image.

2.2 � Nano‑indentation for Phase Classification

Constituent phases of the examined surface before strain-
ing were classified based on the EBSD map, as described 
in Sect. 3.1. To verify the classification, other areas of the 
initial state were subjected to EBSD scans followed by clas-
sification procedures. Subsequently, nano-indentation using 
a Hysitron TI750L nano indenter was performed on these 
areas to evaluate the nano hardness of the constituent phases. 
Manual as well as automated indentation processes were 
performed to assess the mechanical response of individual 
phases. The automated one produced a large set of data on a 
regular square grid of 10 ⋅ 10 pixels. However, only a small 
part that was within the single-phase domains was usable. 
For more accurate data on the desired grains, the manual 
process was implemented with the aid of scanning probe 

Fig. 1   a Deformation stage and 
b dimensions of small tensile 
specimen (RD: rolling direc-
tion, TD: transverse direction, 
ND: normal direction, X & Y: 
horizontal and vertical direction 
of micrographs)
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microscopy (SPM), in which the individual phase domains 
revealed on the EBSD maps could be directly located and 
subsequently indented. All measurements were conducted in 
the load control made with a constant loading and unloading 
rate of ± 400 µN s−1 and a maximum load of 4000 µN.

2.3 � Estimation of Local Strain via DIC

During the in-situ tensile test, the local strain on the observa-
tion surface was estimated using a DIC technique. Conven-
tional DIC methods depend on artificial markers printed on 
the surface of the specimen [27, 29–33], which limits the 
use of various microscopy tools such as EBSD. Therefore, 
a computer vision technique that can find the correspond-
ences between varying micrographs by deformation would 
be helpful. In this study, the regular sparse correspondence 
method [34] was applied to track the displacement field on 
the FSD images. This method utilizes regularly spaced con-
trol points with features described by scale-invariant fea-
ture transform [35]. In the absence of artificial markers, the 
deformation of the specimen surface was efficiently recog-
nized on successive FSD images.

Using this method, the displacement along the horizon-
tal (X) and vertical (Y) directions could be mapped onto 
the initial micrograph (i.e., reference frame), as illustrated 
in Fig. 2. The displacement maps were resized to the size 

of the EBSD maps (497 × 373 pixels) and smoothed using 
a Gaussian filter with a kernel size of 31 × 31 pixels and a 
standard deviation of 5 [36].

For each pixel on the displacement map, eight sur-
rounding pixels were used for strain calculation (Fig. 3). 
To determine strain, a deformation gradient tensor was 
obtained from the displacement map as follows.

 where X, Y, Z are the coordinates before deformation, and x, 
y, z are those after deformation. Additionally, DIC analysis 
was performed for an arbitrary deformation in two dimen-
sions along the X and Y directions, as shown in Fig. 3. The 
following relationships hold [37].
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Fig. 2    A schematic illustration 
of the DIC procedure
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Thereafter, considering the condition that det(�) = 1 
[38], which assumes that the unit lattice of each pixel is 
incompressible and that there is no shear strain in the Z 
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direction, FZZ is calculated to obtain a 3D deformation gra-
dient tensor. Additionally, the polar decomposition with a 
rotation matrix and stretch tensor is given by 

From this, the strain tensor considering rotation is cal-
culated as 

From this strain tensor, the strains in X-, Y-, and Z-direc-
tions, i.e., �XX , �YY , and �ZZ , respectively, and the shear strain 
�XY can be calculated [39, 40]. In this study, the maximum 
shear strain (MSS), an appropriate metric for analyzing 
strain localization [41] was evaluated as follows.

3 � Results

3.1 � Microstructure and Phase Classification

Figure 4 shows the initial microstructure of the examined 
surface with the region of interest (ROI) for the local strain 
measurement. Figure 4a shows the surface topology revealed 
by FSD, while Fig. 4b shows the morphologic information 
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Fig. 3   Displacement of unit cell (Blue: original, Red: deformed). 
(Color figure online)

(a) (b) (c)

Fig. 4   Initial microstructure prior to the tensile straining: a FSD image, b band contrast (BC) map, c phase map (The region of interest (ROI) for 
the strain measurement is boxed, while in c a mesh is drawn with the coordinates of some pixels)
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revealed by the band contrast (BC) of EBSD patterns 
(EBSP), which is affected by defect distribution [42, 43]. 
Figure 4c shows the raw phase map of the ROI, which dif-
ferentiates the face-centered cubic (FCC) phase from the 
body-centered cubic (BCC) phases. The latter includes 
body-centered tetragonal (BCT) phases of small tetragonal-
ity, which conventional EBSD fails to detect. In Fig. 4c, an 
additional mesh was drawn on the phase map with the coor-
dinates of some pixels.

Four types of constituent phases were identified in the 
given microstructure. The FCC phase shown in Fig. 4c cor-
responds to the retained austenite (γ). The remaining regions 
of the BCC phase or regions having no crystallographic 
index were divided into the acicular ferrite phase (α1), bai-
nitic ferrite phase (α2), and martensite (αm). In this study, 
the procedures used by Kang et al. [44] were partly adopted 
to reduce the noise in the raw data and to differentiate αm 
from the other phases. Phase classification was performed on 
clusters1 of pixels that were bound by misorientation angles 
of more than 5° or different phase indices. Then, αm was 
assigned to the clusters without a crystallographic index, and 
the small2 BCC clusters which were largely3 surrounded by 
other αm and γ clusters. To differentiate between α1 and α2, 
two criteria, namely, grain-average misorientation (GAM) 
and grain-average BC (GABC), were adopted in a com-
plementary manner. The former is defined by the average 
misorientation angles between all adjacent pixels within a 

grain; thus, it can be a measure of local plasticity due to 
phase transformation [45]. The latter is affected not only by 
plasticity, but also by all other types of lattice defects.

Figure 5 shows the distribution of GABC and GAM for 
the remaining regions of α1 and α2. It would be difficult 
to obtain a clear threshold for each of the two factors. If 
two populations of distribution are assumed, the separation 
between them is extremely small, as seen in Fig. 5a, while 
it is invisible in Fig. 5b. In this study, α2 was differenti-
ated from α1 with one having a larger GAM and a lower 
GABC than the respective averages. Thus, α2 would be a 
harder product phase than α1, having more lattice imperfec-
tions introduced by the transformation of parent austenite 
at a lower temperature. Figure 6 shows the new phase map 
reconstructed using the classification procedure for the ROI, 
described in Fig. 3. Most of the matrix was composed of α1 

Fig. 5   Histogram of a grain-average band contrast (GABC) and b grain-average misorientation (GAM) of the region excluding austenite (γ) and 
martensite (αm) with the mean values marked

Fig. 6   Reconstructed phase map of the initial microstructure by the 
classification procedure (Black lines are grain or subgrain bounda-
ries)

1  A cluster corresponded to a grain or a sub-granular area trans-
formed from a parent austenite grain.
2  The area is smaller than the average area of all BCC clusters.
3  More than 60% of the boundary is shared with αm and γ.
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with a considerable fraction of α2, while small amounts of 
αm and γ were dispersed in the matrix.

As the phase classification in this study was carried out 
statistically, with rather intuitive choices of criteria, the 
result could not be considered reliable. Thus, nanoindenta-
tion was used to verify the results. Figure 7a shows a few 
examples of the selective (i.e., manual) indentation on the 
surface area on which the EBSD mapping and the subse-
quent phase classification were performed previously. Fig-
ure 7b shows the average hardness of the phases calculated 
over all the indentations within the single-phase domains. 
The classification results confirmed that αm was the hardest 
phase and α1 was the softest phase.

3.2 � Evolution of Microstructure and Local Strain

With the help of the displacement maps in Fig. 2, the coor-
dinates of all the pixels within the ROI in Fig. 4b and c 
can be updated along the applied engineering strain (εN). 
Figure 8 shows the EBSD maps along εN with the updated 
(i.e., deformed) ROI. Thus, the effect of deformation on 
the microstructure can be described by the changes in the 
morphology and phases within the updated ROIs. The over-
all nature of the tensile strain, that is, the elongation along 
X and the contraction along Y, can be recognized by the 
change in the shape of the ROI. Additionally, the effect of 
the heterogeneous microstructure was reflected in the irregu-
lar borders of the deformed ROIs.

In the range of small εN in this specimen, the morpho-
logic changes revealed in the BC maps are not significant 
enough, as seen in Figs. 4b and 8a–c, to track the ROI and 

consequently check the validity of the applied DIC method 
qualitatively. There exist inevitable but minor errors due to 
the oscillation and distortion of images that originate from 
the instability of the SEM. Notably, the current DIC method 
utilizes the natural surface topography revealed by electrop-
olishing instead of an artificial marker or stable particles 
such as precipitates. The former is expected to be less inert 
against deformation, thus rendering accurate tracking more 
difficult. However, the results shown in Figs. 4 and 8 verify 
the overall validity of the current method. In contrast to the 
overall morphological variations, a clear change in contrast 
is observed in Figs. 4b and  8a–c, which is caused by the 
introduction of lattice defects. This contrast change is gener-
ally more pronounced around the hard phases, that is, near 
αm and γ, which indicates the localization of strain and the 
consequent defects around them.

The raw phase maps in Figs. 4c and 8d–f show more dras-
tic changes compared to those in the BC maps. It is apparent 
that the initial γ transformed gradually into αm, which was 
mostly unindexed in the raw phase maps. This transforma-
tion results in the degradation of BC around the sites of 
transformation and largely contributes to the aforementioned 
change in contrast in the BC maps. The second highest hard-
ness of γ in Fig. 7b is attributed to the strain-induced trans-
formation to the hardest αm during indentation.

The estimated displacement, as shown in Fig. 2, can be 
transformed into MSS according to the procedure described 
in Sect. 2.3. The MSS at each strain step was back mapped 
onto the initial microstructure and thus could be placed on 
the EBSD map shown in Figs. 4 and 6. Figure 9 shows the 
resulting MSS maps at εN for the EBSD scans. It is worth 

Fig. 7   Verification of phase 
classification via nano-inden-
tation: a a few examples of the 
selective indentation procedure, 
b mean hardness of the phases 
in descending order

(a)

(b)
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nothing that the overall levels of the estimated strain could 
exceed the nominal levels (i.e., εN), which is caused partly 
by the tendency of more strain accommodation on a speci-
men surface [46, 47] and also by the limited accuracy of 
strain measurement by DIC [48]. The heterogeneous nature 
of the plastic strain accommodation is shown in Fig. 9. 
Although the overall strain increased with εN, there was a 
consistent pattern of strain localization, regardless of εN. It 
is evident that most sites of strain localization extend across 
the boundaries. Some of the salient ones are marked with 
white arrows in Fig. 9c. In correlation with the phase map in 
Fig. 6, it is clearly noticeable that severe strain localization 
occurred around the boundaries of fine γ and αm with α1. 
Additionally, from correlation with Fig. 7b, it is understood 
that the strain localization was caused by the hard inclusion 
phase (i.e., γ and αm) surrounded by a soft matrix (α1). To 

examine the strain level more visually, the individual phase 
map is shown in Fig. 10.

4 � Discussion

Strain localization is inevitable when a microstructure con-
sists of multiple phases with different mechanical properties. 
To maintain continuity, a soft phase should develop regions 
of localized strain around interfaces with hard phases. The 
severity of the localization increases with the difference in 
the mechanical properties between adjoining phases [19, 21, 
49, 50]. Qualitatively, these typical features could account 
for the heterogeneous patterns of strain accommodation 
shown in Figs. 9 and 10.

BCC steel
FCC steel
Unindexed

RD

TD

ND10 μm 

(a) (b) (c)

(d) (e) (f)

Fig. 8   Evolution of the microstructure revealed by a–c BC maps and d–f) raw phase maps with applied tensile strain (εN) of a, d 0.02, b, e 0.04, 
c, f 0.06 (The deformation of ROI can be recognized by the boxes and the meshes which correspond to the initial ones in Fig. 4)

10 μm 

(a) (b) (c)

Fig. 9   MSS mapped on the initial microstructure with applied tensile strain (εN) of a 0.02, b 0.04, c 0.06 (black lines are grain or subgrain 
boundaries)
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A quantitative analysis through the correlation of Figs. 9 
and 10 with Fig. 6 was also possible. The distribution of 
plastic strain could be read separately on the individual 

phases and thus compared quantitatively. Figure  11a 
shows the mean MSS per pixel of the individual phases at 
εN = 0.06, while 11b shows their evolution and confirms the 

Fig. 10   MSS maps of individual phases at εN = 0.06: a α1, b α2, c αm, d γ

Fig. 11   Mean MSS of phases: a the values at εN = 0.06, b the evolution of the values with εN
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consistency with εN. The almost linear relationship, seen in 
Fig. 11b, supports the overall reliability and stability of the 
applied DIC method in the given range of εN. Although the 
two matrix phases, α1 and α2, exhibit a clear and rational 
strain partitioning between them, the large MSS of the other 
two phases, that is, αm and γ, contradict their higher resist-
ance to plastic straining as shown in Fig. 7. Thus, this may 
raise skepticism about the reliability of the applied method 
for strain measurement when considering a fine inclusion 
phase. Less than 20 and 31 pixels on average make up αm 
and γ, respectively, while more than 253 and 147 pixels on 
average constitute α1 and α2, respectively. Thus, the former 
group is much more prone to the issue of accuracy limit of 
the applied DIC method [51].

Apart from the probable inaccuracy due to small size, the 
large strain measured on αm and γ has a definite physical ori-
gin; thus, it would never oppose the validity of this study. As 
shown in Figs. 6 and 9, the mean MSS of the pixels adjacent 
to the phase boundaries can be calculated separately accord-
ing to the adjoining phases. Figure 12a presents the results at 
εN = 0.06, while Fig. 12b shows the consistency of the results 
with εN.4 It is clearly seen that a much larger strain was 
concentrated at the boundaries by the softest phase α1 with 
hard αm and γ, which clearly indicates a large incompatibility 
between these largely dissimilar phases. Thus, it can be con-
sidered that the large strain measured on αm and γ (Fig. 11) 
is attributed to the accuracy limit due to the small size, as 
well as to the large strain concentration at their boundaries 
with α1. Although the former factor is a type of numerical or 

experimental artifact, the latter is an intrinsic characteristic 
of a heterogeneous material under strain. In fact, the latter 
factor is expected to manifest and intensify the former. In 
Figs. 9 and 10, several local maxima of the MSS can be 
located within the α1 regions near small inclusions of αm and 
γ. It can be considered that the measurement of strain within 
these fine inclusions is strongly affected by interference with 
the local maxima.

The mechanically induced martensitic transformation 
(MIMT) of γ has been extensively utilized to improve the 
ductility of advanced steels [52–54]. As shown in Figs. 4, 
6, and 8, the investigated steel in this study also contained 
a considerable amount of retained austenite, which trans-
formed gradually during deformation. While MIMT is 
known to improve ductility through the delay of necking 
[52, 53], Fig. 12 indicates that it also provides sites of 
intense strain localization that can develop into cracks [55]. 
Meanwhile, as shown in Fig. 6, most γ grains were in con-
tact with αm such that the measured strain around them in 
Fig. 12 could be an overestimation due to the neighboring 
αm. Although the current results cannot confirm whether 
the positive TRIP effect prevailed in the investigated steel, 
additional investigations focusing more on αm and γ at a 
finer scale would expand the understanding of the progress 
of deformation in this type of advanced steel.

5 � Conclusions

In this study, an in-situ strain analysis of a hot-rolled TRIP-
aided steel with a multi-phase microstructure was per-
formed. Using an image registration technique (the regular 
sparse correspondence method), an efficient DIC method to 
track the local evolution of strain can be applied without the 

Fig. 12   Mean MSS at phase boundaries: a the values at εN = 0.06, b the evolution of the values only for those by α1 with εN

4  Figure  12b shows the data only for the phase boundaries by α1. 
This is only for better clarity of the figure, and the full set of data is 
consistent with Fig. 12a.
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introduction of an artificial marker, which enables a useful 
correlation with EBSD. The phase classification on EBSD 
maps, which was verified by nano-indentation, enabled a 
detailed and quantitative analysis of strain partitioning 
between the different phases.

Although the precision was limited for the small portion 
of martensite (αm) and austenite (γ), the overall correspond-
ence among the deforming region of interest and between 
the local and the overall variation of strain indicated that the 
present DIC method was reliable and helpful in the analy-
sis of materials with complex phases. For the two matrix 
phases, that is, acicular ferrite (α1) and bainitic ferrite (α2), 
it was able to capture the evidently larger strain partitioned 
into the former with lower hardness. Intense strain local-
ization was apparent around the interfaces of α1 with αm 
and γ, which could be quantified by an additional analysis 
exclusively on phase boundaries and accounted for the erro-
neously large strain partitioned within the small αm and γ. 
The metastable γ continued to transform into the hardest αm, 
while developing a large strain along their interfaces with α1. 
Currently, for the present steel, it could be considered that γ 
played a role comparable to that of αm in strain localization 
because of its metastability.
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