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INTRODUCTION

The most important issue for understanding the overall 
properties of the complicated phases steels is to clearly 
identify the all phases in microstructure. A typical example 
for complicated phases steels is transformation induced 
plasticity (TRIP) steels (De Cooman, 2004; Fischer et al., 
2000), which contain austenite, ferrite, bainite, martensite, 
carbide, etc. The quantity of each phase has a decisive effect 
on the mechanical properties, but it’s not easy to quantify. In 
order to distinguish the complicated phases, several methods 
have been proposed such as X-ray diffraction (XRD), color 
tint etching and light optical microscopy (LOM) and electron 

backscattering diffraction (EBSD) based on scanning electron 
microscopy (SEM). XRD provides the sufficiently accurate 
information about the volume fraction of each phase by 
calculating the intensity of diffraction peaks. However, it is 
the average information from a large area or volume. So, it 
is difficult to recognize the exact location of each phase and 
specific information about the local area. LOM based on color 
tint etching is very easy to characterize the microstructure of 
complex, multi-phases steels. However, color tint etching does 
not always show the precise difference because it depends only 
on the local carbon contents. Moreover, LOM has a relatively 
low resolution to observe the details of the fine microstructure 
such as TRIP steels containing sub-micrometer sized grains. 
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A new method was introduced to distinguish the ferrite, bainite and martensite in trans-
formation induced plasticity (TRIP) steel by using electron backscatter diffraction (EBSD) 
and transmission electron microscopy (TEM). EBSD is a very powerful microstructure 
analysis technique at the length scales ranging from tens of nanometers to millimeters. 
How ever, iron BCC phases such as ferrite, bainite and martensite cannot be easily distin-
guished by EBSD due to their similar surface morphology and crystallographic structure. 
Among the various EBSD-based methodology, image quality (IQ) values, which present 
the perfection of a crystal lattice, was used to distinguish the iron BCC phases. IQ values 
are very useful tools to discern the iron BCC phases because of their different density of 
crystal defect and lattice distortion. However, there are still remaining problems that make 
the separation of bainite and martensite difficult. For instance, these phases have very 
similar IQ values in many cases, especially in deformed region; therefore, even though 
the IQ value was used, it has been difficult to distinguish the bainite and martensite. For 
more precise separation of bainite and martensite, IQ threshold values were determined 
by a correlative TEM analysis. By determining the threshold values, iron BCC phases were 
successfully separated.
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EBSD is very sensitive to surface condition and needs to 
sufficient operation time but can provide quite accurate 
information on the crystal structure, phase distribution, etc., 
inside the specific local area.
In conventional TRIP steels, EBSD is a very useful technique 
to separate the retained austenite FCC phase from the other 
BCC phases since FCC and BCC phases have clearly different 
Kikuchi diffraction pattern (Herrera et al., 2011; Petrov et 
al., 2007; Zaefferer et al., 2004). However, separation of iron 
BCC phases is relatively difficult because they have similar 
crystallographic structure. Regarding that martensite has 
an almost the same crystallographic structure as BCC, low 
Kikuchi diffraction pattern quality and density of particular 
grain boundaries or dislocations are utilized to separate it 
from ferrite. A typical example is dual phase steel (Calcagnotto 
et al., 2008; Pinard et al., 2013). Both phases have been 
successfully distinguished because they show clearly different 
features. However, in TRIP steel, identifying the martensite 
is more difficult because of the existence of bainite structure, 
which indicates very similar characteristics to martensite 
in terms of morphology, crystallographic structure, carbon 
contents and dislocation density, etc. Therefore, traditional 
method has limitation for separating bainite and martensite 
in the steels having complex microstructure such as TRIP 
steel. 
Over the past decade, many studies have benefited from 
the various tools of EBSD to distinguish the bainite and 
martensite. One of them is image quality (IQ), the quality 
metrics of the acquired electron back-scattering Kikuchi 
pattern that are derived from Hough transformation (Petrov 
et al., 2007; Wilson & Spanos, 2001; Wu et al., 2005). IQ 
describes the intensity of the Hough peaks which is affected 
by elastically distorted lattices and density of crystalline 
defects or residual stresses (Humphreys, 2001). Normally, 
martensite has a very low IQ and confidence index (CI) since 
martensite contains a larger amount of lattice defects than 
bainite and ferrite. IQ can be a key to solving the question 
for the separation of bainite and martensite. However, the 
challenges are still remained; that is, in most cases, the IQ 
value of bainite is too close to that of martensite making 
their separation problematic. The IQ values of bainite and 
martensite are partially merged in IQ distribution. Therefore, 
effective separation of bainite and martensite IQ values in IQ 
distribution has been a challenging issue. Mujica et al. (2010) 
have performed the EBSD-IQ tool in conjunction with optical 
microscopy to characterize TRIP and TWIP steels joined by 
laser welding. IQ value allowed the quantification of ferritic, 
martensitic, and bainitic fractions produced by different 
combinations of laser welding and induction heating. In the 
base metal, BCC phases were easily separated since they show 
obviously distinct peaks in IQ distribution. On the other 
hand, in heat affected zone (HAZ), three different phases 

were completely merged as if there is a single phase. The 
author used the same threshold value as base metal in HAZ to 
separate ferrite, bainite and martensite. However, it may cause 
errors because IQ value is sensitive to either surface condition 
or contamination. Base metal and HAZ are completely 
different regions. It cannot be expected that these two regions, 
which may have different optimal etching condition, exhibit 
the same surface condition. So, care must be taken when using 
the same threshold value in different area. A more important 
problem is that we cannot verify the results only by using 
EBSD. In order to solve these problems, we need to apply a 
new method when IQ values of BCC phases are completely 
merged. Focused ion beam (FIB) and transmission electron 
microscopy (TEM) were applied to observe the detailed 
structure of each phase in the region of interest. By using 
FIB and TEM, we could find a more reasonable threshold 
value when bainite and martensite merge into one peak in IQ 
distribution and verify the EBSD phase identification results. 

MATERIALS AND METHODS

The starting material in this study is low carbon TRIP steel 
with a typical heat treatment procedure explained elsewhere 
(Matsumura et al., 1987a, 1987b, 1991). Austenitizing, which 
means the pearlite and ferrite transformation to austenite, 
occurs during heating and soaking up to intercritical 
annealing temperature, and the subsequent cooling triggers 
ferrite formation. The following holding at the bainitic 
transformation temperature promotes the austenite to bainite 
phase transformation, while parts of the austenite transforms 
to martensite during the last stages of cooling process. Hence, 
the final structure of TRIP steel contains FCC phases such 
as retained austenite and BCC phases such as ferrite, bainite 
and martensite. Carbon content (0.1 wt%) is slightly lower 
than commercial TRIP steel leading to a lower fraction of 
retained austenite. The sample was machined from the center 
of its width along the rolling direction-normal direction, 
and mechanical polishing was performed using 3 μ, 1 μ, 0.25 
μm diamond suspension. An area of 0.5 cm2 was electro-
chemically polished on the Struers Lectropol-5 using an elec-
trolyte of 10% perchloric acid/methanol solution at 60 V and 
room temperature for 10 s. SEM was carried out by using FIB, 
FEI Helios 600. The EBSD information was obtained using 
an EDAX-TSL EBSD system operating at 20 kV accelerating 
voltage and 22 nA probe current. The analysis area was 1,672 
μm2 scanned with the step size of 0.5 μm in a hexagonal grid 
at 3,500× magnification. Only ferrite (BCC) and austenite 
(FCC) crystallographic data was used from TSL database. 
The data were further processed in TSL-OIM software (version 
7, EDAX, USA). A CI value of more than 0.1 was used for 
phase identification to raise the confidence of the results. And 
tolerance angle of 15 degrees was applied for grain identi-
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fication. The “neighbor phase correlation” and “grain dilation” 
clean up algorithm was applied to the orientation data after 
their acquisition. Bright-field (BF) and dark-field (DF) TEM 
images as well as selected area diffraction patterns were 
obtained with a JEOL 2100F microscope (JEOL Ltd., Japan) 
operated at 200 kV. All images were post-processed using the 
Gatan Digital Micrograph (DM). In order to make correlative 
approach of TEM and EBSD, FIB (FEI Helios 600) lift out 
method (Giannuzzia & Stevieb, 1999) was employed. 

RESULTS AND DISCUSSION

Fig. 1 shows the microstructure of TRIP steel as observed 
by SEM after electro-chemical polishing with 10% per-
chloric acid. Due to its flat surface, ferrite phase is clearly 
distinguished from the other phases. Ferrite has a quick and 
regular etching speed during the electro-chemical polishing 
because of its smoothness and low carbon content. The re-
tained austenite, bainite and martensite are also visible in 
SEM images. The fraction of austenite is very small, while 
bainite and martensite have largely occupied the most parts 
owing to their low nominal carbon content. The martensite 
phase partly exhibits an evident difference with other phases 
since it has a clear lath structure. However, in most cases, it 
is impossible to entirely distinguish martensite from bainite 
based on SEM observation. 
The definitive method to distinguish the crystal structure 
of each phase over a large area is EBSD Kikuchi pattern 
technique. The EBSD is very useful to distinguish the BCC 
and FCC phase. As illustrated in Fig. 2, austenite is easily 
separated from BCC phases due to the clearly different 

crystallographic structure. Generally, TRIP steel should be 
carefully handled during preparation for EBSD because 
the retrained austenite is susceptible to mechanical stress, 
especially in the case of 0.1C TRIP steel. In this study, a 
smaller fraction of the retained austenite (3%) was detected 
as compared to conventional TRIP steels. This may be due to 
the stress induced martensitic transformation of the retained 
austenite during the mechanical polishing. The XRD analysis, 
performed to obtain the correct information about the 
retained austenite volume fraction, showed 5.0% austenite for 
the TRIP steel, which is slightly higher than EBSD result (3%). 
In the phase map, fundamentally separation of the bainite and 
martensite is impossible since the Kikuchi diffraction patterns 
of these phases are almost the same. On the other hand, IQ 
distribution could reveal the difference between bainite and 
martensite because of the different quality in Kikuchi pattern, 
but not in the shape. Martensite has higher lattice distortion 
than bainite; therefore, martensite exhibits a more blurred 
pattern image. In this study, the normalized grain average 
IQ value was adapted to reduce the grain boundary effect. 
Variations within the individual grains are lost, but the ability 
to compare the grains can be enhanced. Fig. 2C shows that all 
grains have different IQ value indicating the different lattice 
perfection; hence, each grain is easily separated not like the 
phase map. Each color points to the level of lattice distortion 
so that the closer color to blue signifies the higher lattice 
distortion. Although each grain has a unique value, the grains 
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Fig. 1. Scanning electron microscopy micrograph of transformation 
induced plasticity steel after electro-chemical polishing showing retained 
austenite, ferrite, bainite, martensite and carbides precipitate.
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Fig. 2. Comparison of the electron backscatter diffraction maps of 
transformation induced plasticity steel. (A) Inversed pole figure map 
showing crystal orientations. (B) Phase map showing crystal structure; 
ferrite (red), austenite (yellow). (C) Average image quality (IQ) map. 
Inversed pole figure map shows the grain boundaries but identifying each 
grains is impossible. In phase map, all BCC phases are looks like same 
phases. On the other hand, average IQ map indicate that each grains can 
be separated according to degree of lattice distortion.
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are difficult to be sorted into three-groups, ie. ferrite, bainite 
and martensite, because their IQ values were very close to 
each other (Fig. 3). Threshold values of ferrite, bainite and 
martensite are essential for separation when each distribution 
is indistinguishable. In Fig. 3, the grain average IQ value 
distribution is merged into a single peak because bainite and 
martensite have too close Gaussian distribution. Therefore, 
the most important issue is to find a threshold value by using 
additional method since intuitionally separation of BCC 
phases in IQ distribution is very difficult. 
A threshold value for separating ferrite from other phases is 
easy to be set because ferrite is easily divided from the other 
phases in SEM image with electro-chemical polishing as 
noted previously. The EBSD-IQ map was obtained in the 
same region of SEM observation. Ferrite has a very high 
IQ since it maintains the perfection of BCC crystal lattice. 
The map of ferrite grains can be roughly drawn by clipping 
the ferrite region in the grain average IQ distribution. Fig. 4 
shows the ferrite maps extracted from the IQ map (Fig. 2) 
by selecting the slightly different threshold value. Red color 
region indicates the ferrite phase, but white color region is 
unknown. The ferrite volume fraction gradually increases 
as the threshold value for separating ferrite from bainite is 
gradually deceased. To find the exact fraction of ferrite, the 
threshold should be adjusted until the ferrite fraction and 
morphology remain unchanged in IQ map and SEM image. 
Fig. 4C demonstrates the ferrite phase in IQ map when a 
threshold value of 0.6168 was chosen. The red color region 
(ferrite) shows a very similar morphology to the SEM image; 
thus, it can be concluded that the phases with IQ value of 
higher than 0.6168 are ferrite with a high probability. 
The threshold value of ferrite is relatively easy to find because 
of its simple morphology. On the other hand, finding the 
threshold values for bainite and martensite is very difficult 

in comparison to ferrite because these phases have very 
similar morphology and crystallographic structure. It is 
impossible to distinguish the bainite and martensite by using 
SEM or EBSD phase map. Therefore, TEM was employed 
to observe the detailed morphology and micro-structure of 
bainite and martensite. In order to study the specific grains 
by using TEM, FIB was used for sampling. After the EBSD 
analysis, specific grains, which were unknown to be bainite 
or martensite, were chosen to prepare TEM samples by using 
lift-out method (Giannuzzia & Stevieb, 1999). Sequences 
of the TEM sampling is as follows: First, an unknown grain 
which was very difficult to identify was chosen in SEM image. 
Then, EBSD information was obtained in the same region 
as SEM image. Subsequently, the average IQ distribution 
and individual average IQ value of each grain were obtained. 
Fig. 5A and B illustrate the SEM image of unknown grains 
(red line) and average IQ map in the same region. In Fig. 
5B, the grain had a value of 0.0544, which is very lower than 
the value in IQ distribution. This implies that this grain 
could be martensite with a high possibility since the lowest 
IQ value corresponds to highest lattice distortion. By using 
Ga+ ion beam, upper and lower regions of this grain were 
removed, the process which is called trench milling. Fig. 5C 
shows the cross-sectional ion beam image of the target grain 
after trench milling. From this process, the exact location 
of the target grain can be verified before lift-out. After the 
lift-out, ion beam milling process was performed at 20 kV 
for thinning and, finally, the ion beam damaged region was 
removed at 5 kV. Thickness of the sample was less than 100 
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Fig. 3. Normalized grain-average image quality (IQ) distribution of iron 
BCC phases. Separation of BCC phases is impossible without correct 
threshold value.
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Fig. 4. Scanning electron microscopy micrograph showing microstructure 
of transformation induced plasticity steel and corresponding grain-
average image quality maps showing ferrite regions according to different 
threshold value; (B) 0.7776, (C) 0.6704, (D) 0.5732. (C) shows the most 
similar image with (A).
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nm after the final milling. From the BF TEM image, the 
detailed structure of fine grains can be clearly observed. 
Fig. 5 reveals the lath type structure and the corresponding 
diffraction pattern. Diffraction pattern directly shows the 
Baker-Nutting orientation relationship with the retained 
austenite and BCC structure. Overall, this unknown grain is 
lath mar ten site which has IQ value of 0.0544. From this result, 
it can be inferred that the grains with IQ value of lower than 
0.0544 represent lath martensite. However, IQ value of lath 
martensite also has variation as plotted in IQ distribution. In 
order to raise the accuracy, it is necessary to repeat the analysis 
at around 0.0544 by the same way. 
The next step is to find the IQ value for bainite in IQ 
distribution. The threshold value to distinguish bainite and 
ferrite is already found. In order to identify the bainite region 
in IQ distribution, threshold value for separating bainite and 
martensite is needed. It is a natural idea that bainite is located 
just below the ferrite region and above the 0.6168 value in 
IQ value distribution. In order to determine the threshold 
value for bainite, the analysis should be repeated until bainite 
was found by the same method. As shown in Fig. 6, another 
unknown grains were chosen in different area. Grains have 

higher IQ value than lath martensite (0.0544) in Fig. 5 and 
lower than ferrite (0.6168). Fig. 6A and B depict the SEM 
image and IQ map of this unknown grain which is difficult to 
identify whether it is bainite or martensite, but it has higher 
IQ value than lath martensite. Similar to the previous method, 
FIB was used to make TEM sample of this unknown grain. 
Fig. 6C shows the cross-sectional image of the selected grain 
and corresponding diffraction pattern. The DF TEM image 
of the unknown grain in Fig. 6D is distinguished from the 
lath martensite image in Fig. 5. No carbide is observed and 
the retained austenite is located at the interface of granular 
shape BCC phases. Diffraction pattern could not show any 
kind of orientation relationship. Based on these evidences, 
one can conclude that the granular type grain is bainite. In 
the conventional TRIP steel, depending on the heat treatment, 
carbide free bainite can be included. Same experiment was 
repeated three times around 0.45~0.46 value. Results show 
that 0.456 is the most suitable value for threshold. From 
this result, it can be inferred that most of bainite will show 
higher IQ value than 0.456. From now on, we can distinguish 
the bainite, martensite and ferrite in the same sample by 
using only IQ value. Fig. 7 is a result of phase identification. 
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Fig. 5. Scanning electron microscopy 
image of interested region which contains 
unknown grain highlighted with red 
dot line (A) and average image quality 
map acquired by electron backscatter 
diffraction of same region (B). Ga+ ion 
beam image after trench milling (C). 
Bright-field transmission electron micro-
scopy image of uncertain grain with 
diffrac tion pattern indexed as [001]BCC//
[011]FCC (D).
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The ferrite, bainite and martensite can be separated in IQ 
distribution because the IQ value of each phase is already 
known. From this result, a new IQ map, which indicates the 
fraction and exact location of each phase, can be plotted.

CONCLUSIONS 

In this study, we attempted to solve the problem of determina-
tion of the volume fraction and location of BCC phases in 
conventional TRIP steel by using IQ distribution. Ferrite is 
relatively easy to separate from the other phases because of 
its distinguishing morphology in SEM after electro-chemical 
polishing. However, bainite and martensite are not separated 
on the SEM and EBSD phase map since both phases have 
similar surface morphology and crystallographic structure. 
A separation based on the IQ value is a reasonable way since 
IQ represents the lattice distortion, and martensite differs 
from bainite in terms of lattice distortion. IQ has limita-
tion to separate when bainite and martensite have a merged 
single peak. The threshold values are very essential when IQ 
is utilized for phase separation. As a result, a new approach 
was introduced to find the threshold value for bainite and 
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Fig. 6. Scanning electron microscopy 
image of interested region which contains 
unknown grain highlighted with red dot 
line (A) and average image quality map 
acquired by electron backscatter diffrac-
tion of same region (B). Ga+ ion beam 
image after trench milling (C). Bright-
fieldBF transmission electron microscopy 
image of unknown grain with diffraction 
pattern indexed as [–113]BCC zone axis (D).
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Martensite (0~0.0544)
Bainite (0.0544~0.6704)
Ferrite (0.6704~1)

Fig. 7. Result of phase identification by using average image quality map. 
Blue, green and red color indicate martensite, bainite and ferrite phases. 
Austenite is ignored due to very small fraction.
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martensite. 1. EBSD analysis was performed in a certain 
area which should have clean surface. Ferrite was easily 
separated from the other phases in SEM and EBSD average 
IQ map because of its distinguishing morphology in SEM. 
Bainite and martensite are very difficult to distinguish in 
SEM image; therefore, TEM sampling was carried out by 
lift-out method using FIB. 2. Unknown grains, which are 
difficult to identify whether they are bainite or martensite, 
were chosen for a detailed structural examination. By using 
FIB lift-out method, TEM samples were prepared to observe 
the cross-section of the chosen grains. TEM images showed 
a detailed morphology such as retained austenite along 
the lath boundary and crystallographic information about 
the fine particles. 3. From the TEM images and diffraction 
pattern, the origin of the phases could be determined. By 
repeating this process, we could find the reasonable threshold 

value for separation. Once the threshold value is detected 
for ferrite, bainite and martensite, these phases are easily 
separated only by using IQ value. 4. Threshold value could 
be changed depending on the sample because IQ value is 
very sensitive to the surface condition. We should find the 
threshold value again in different sample or etching condition. 
Nevertheless, this method is very useful to distinguish bainite 
and martensite in micro-scale. By applying this method, vast 
information about volume fraction and location of bainite 
and martensite can be quickly obtained. 
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