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Characterization of the Factors Influencing Retained
Austenite Stability in Q&P Steels via In Situ EBSD

D. ADAMS, M. BEHLING, M.P. MILES, E.R. HOMER, A.K. SACHDEV, E.V. WHITE,
and D.T. FULLWOOD

The current work studies the correlations between microstructure and retained austenite (RA)
transformation, in a single-quenched and partitioned (Q&P) 1180 steel microstructure, through
in situ tensile tests combinedwith electron backscatter diffraction (EBSD) analysis. This allows the
study of RA stability across a limited range of morphological characteristics to be studied in the
absence of confounding factors introduced by varying the entire steel microstructure. Among the
microstructural attributes of interest, RA grain aspect ratio is found to have the largest influence
on transformation rate, where globular-shaped grains transform more slowly than those with a
more lenticular shape. Furthermore, by tracking individual grains during deformation, it is
apparent that larger grains transformedmore slowly than smaller grains; a purely statistical study
of grain size vs strain might conclude that smaller grains are more stable, but in reality, the smaller
grains transform faster and are simply statistically replaced by partially transformed larger grains.
These conclusions are in contrast to relationships that might be inferred from previous studies
where the entire steel microstructure was varied, along with the morphology of the RA.
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I. INTRODUCTION

IN the automotive industry, improving fuel efficiency
of vehicles and decreasing greenhouse gas emissions are
major objectives. One of the main strategies for achiev-
ing this goal is through lightweighting the body struc-
ture, while maintaining necessary strength and safety
requirements. Lightweighting can be achieved by sub-
stituting light metals like aluminum for steel, or by
downgauging—using stronger steels to provide the same
structural integrity with thinner gage sheets. Third-gen-
eration advanced high strength steels (AHSS) use
various tricks to provide higher strength, while retaining
sufficient ductility to be formed into typical automotive
components. One specific approach involves transfor-
mation induced plasticity (TRIP), where retained
austenite (RA) is present in the room-temperature steel
and facilitates higher ductility when it transforms to
martensite during deformation. Recently, the develop-
ment of quenched and partitioned (Q&P) steels,[1–6] a
third generation TRIP-based AHSS, has shown a very

promising balance between ductility and high strength,
making it a candidate to replace some more traditional
AHSS, like dual-phase (DP) steel. However, even higher
gains might be possible if the microstructure-level
contributors to rate of RA transformation (and related
ductility increases) were better understood.
Q&Psteels possess a complexmicrostructure, including

RA grains, achieved through a unique heat-treating
process. This process begins with the complete austeni-
tization of the steel and then proceeds with the quenching
of the steel below the martensite start temperature but
above the martensite finish temperature. The alloy is held
at this temperature, called the partitioning step, where
carbon from the supersaturated martensite diffuses to
surrounding austenite grains.[2,7,8] The increased amount
of carbon in the austenite gives it stability when the metal
is then cooled to room temperature, resulting in various
amounts of RA in the microstructure.[9]

The presence of metastable RA, which transforms to
martensite during subsequent deformation, has been
correlated to an increase in alloy ductility via the TRIP
effect. Furthermore, a gradual transformation of the RA
with increasing strain is assumed to be ideal. Too rapid of
a transformation of all the austenite would not contribute
to ductility at later stages of deformation; on the other
hand, incomplete transformation of theRAwould reduce
its effectiveness.[10] Understanding the microstructural
features that control the rate of RA transformation is,
therefore, critical to improving ductility.
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Various factors have been found to play a significant
role in the stability of RA during deformation processes.
These factors include (i) carbon content of the RA
grains,[10–18] (ii) RA grain size and morphol-
ogy,[10–15,17–22] (iii) crystallographic orientation,[13,17]

(iv) neighboring phases and grains,[10,11,16,17,21–23] and
(v) temperature at which the steel is strained.[24,25]

However, in most of these studies, characteristics of the
RA are not varied independently of that of the sur-
rounding phases; hence, relationships between RA
properties and transformation rate can often not be
inferred independently of the rest of the microstructure.
For example, a majority of studies suggest that a higher
carbon content increases the stability of the austenite
grains,[12,16,22,26] while another study that reviewed
transformation in a single Q&P material found that
lower carbon content within austenite can correlate with
increased stability.[18] While studying RA transforma-
tion in a single microstructure, across a range of
deformation levels, may not provide data across the
full range of possible RA characteristics, it does provide
a much more controlled study of the influence of various
traits on transformation rate.

This study seeks to identify correlations between
transformation behavior and key characteristics of
austenite grains within a single microstructure of Q&P
1180, observing the same region across a range of strain
levels. Electron backscatter diffraction (EBSD) images
of the samples are taken, and several hundred RA grains
are tracked during in situ tensile deformation. Statistical
analysis is performed to identify correlations between
microstructural characteristics and RA stability. Linear
regression is used to quantify the influence of the
dominant attributes on the transformation rate, where
an approximately linear relationship exists. Identifying
these attributes and their influence on transformation
rate will guide optimization of these AHSS for
lightweighting applications.

II. METHOD

The material used in this study was a Q&P 1180 steel
provided by Bao Steel, with composition given in
Table I. The predominant phases are martensite, ferrite,
and austenite. The original sheet had a nominal thick-
ness of 1.2 mm; dog-bone-shaped tensile specimens,
with gage length of 10 mm and width of 2 mm, were cut
from the sheet keeping the tensile axis parallel to the
rolling direction. Due to the force limitations of the
in situ tensile stage used in this study, it was required
that the dog-bone samples are grounded down to
approximately 0.4 mm thickness, which was done using
60 grit polishing paper. Once final thickness was
obtained, the samples were subsequently polished on
the opposite side, to a grit size of 1200 fine following
standard mechanical procedures. Each sample was then
polished to a final state for EBSD using electro-polish-
ing. For the electro-polishing, a solution of 125 ml
methanol, 75 ml Butanol, and 25 ml Perchloric acid,
kept at 10 �C,[27] was used and samples were polished at
approximately 20 V and 1.0 A for 24 seconds.

After polishing, fiducial marks were made on the gage
length of the samples using a Focused Ion Beam (FIB)
to mill-distinguishing features on the surface of the
sample. This allowed the same area to be found easily
and quickly for multiple scans at different strain steps.
The EBSD data were acquired using a square scan

grid at an accelerating voltage of 20 kV, working
distance of 17 mm, tilt angle of 70 deg, and a magni-
fication of 98000. Scan sizes were typically
17.5 9 17.5 mm, with a step size of 80 nm. Scans in
each series were taken close to fiducial marks at the
unstrained condition and in the same area for each
strain step afterwards. To obtain concurrent local strain
data, forescatter images were also obtained at each
strain step and used for digital image correlation (DIC)
as outlined in Reference 28.
A cleanup routine was applied to the resulting EBSD

data to reduce the amount of noise being interpreted as
austenite grains. Figure 1 shows an original phase map
compared to the cleaned map, where red is austenite and
green is ferrite/martensite. The cleanup routine utilized
was the neighbor pattern averaging re-indexing (NPAR)
using OIM Analysis v 8.1, followed by grain dilation.[29]

NPAR improved the indexing success rate of the scans,
and grain dilation eliminated grains of size 3 pixels or less.
The same routine was applied to all scans in this study. As
can be seen from Figure 1, many points along grain
boundaries (GBs), which are the strings of small red dots
on the pre-cleanup phase map, appear to have been
misindexed in the original scan on the left—a common
occurrence due to mixed patterns arising at GBs.
RA grains that remained after the initial cleanup were

tracked during subsequent tensile strain steps. The
transformation rate for each grain was determined by
measuring the percent transformation for a given strain
step, i.e., the grain’s original area minus its current area,
divided by its original area, all multiplied by 100, and then
dividing this by the amount of strain undergone for the
current strain step. This was done for four total scan
areas, using three different samples, resulting in 303 grains
for detailed investigation to determine microstructural
features that correlatewithRAgrain transformation rate.
However, the smaller grains were still susceptible to
noise—misindexing due to carbon buildup on the surface,
sample surface deformation, and other factorsmeant that
tracking the size of grains smaller than around 0.1 lm2

resulted in a signal-to-noise ratio that was unacceptable.
Hence, grains in the original samples smaller than this size
(i.e., less than around 16 pixels) were not included in the
statistical analysis, leaving 167 grains that were tracked at
various strain steps up to 14 pct strain. Since there is a
significant possibility that thin RA lathes occur in the
same regions that are susceptible to noise (i.e., along grain
boundaries), RA grains with such thin morphology are
unlikely to be captured using the current approach.

Table I. Q&P 1180 Chemical Composition (Percent Weight)

Supplier Grade C Mn Si

BAO 1180 Q&P - uncoated 0.19 2.8 1.6
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The grain data produced subsequent to cleanup were
exported to a text file and a MATLAB script was used
to extract the shape, orientation, size, surrounding
phase, and Taylor factor, as reported by OIM. The
distribution of size and aspect ratio of the 167 RA grains
tracked in the rest of the study are shown in Figure 2.
High-resolution EBSD was used to determine geomet-
rically necessary dislocations (GND) density. The set of
attributes used in the statistical studies was selected from
a larger set used in a preliminary machine learning
model, as reported in Reference 30; the six most
promising attributes from that study are shown in
Table II. RA grain orientations were approximately
evenly distributed across orientation space, and GND
content follows an approximately normal distribution
around the mean of 277 9 1012 m/m3, and standard
deviation of 66 9 1012.

Even with the cleanup routine described above, not
every RA grain that was tracked displayed a monotonic
increase in percent transformation due to noise in the
EBSD data; however, the trends across the full dataset
were generally clear. In order to observe the correlation

between material attribute and transformation rate
(transformation rate being equal to percent transforma-
tion divided by strain), a linear regression was performed
on strain vs percent transformation. The ranges of
selected features of RA grains (such as grain aspect ratio)
were binned, and the fraction of total RA area in grains
within a given bin was plotted against strain. A best-fit
straight line was determined for the data from 0 to 10 pct
strain using Matlab linear regression tool ‘fitlm’[33]; since
full transformation occurred for many grains by this
strain level, the trend often became nonlinear beyond 10
pct. This resulted in a rate of transformation being
measured for each bin of each feature. The standard error
of regressionwas also calculated, and anypoints thatwere
more than 2 standard errors away from the regression line
were removed as outliers. Only two outliers were
removed, and since they did not greatly affect the
observed trend, it was assumed that they were mostly
the result of misindexing as discussed earlier. The slopes
of these regression lines are the transformation rates,
having units of percent over strain. Regression analysis
was then performed (again using the fitlm algorithm) to

Fig. 2—Distribution of RA grain areas (left) and aspect ratios (right) for the 167 RA grains tracked in this study.

Fig. 1—Example effect of cleanup method on a phase map of one sample area. (Left) Phase map prior to cleanup. (Right) Phase map after cleanup.
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determine the correlation between a given attribute and
the transformation rate, and to quantify P andR2 values.

III. RESULTS

Figure 3 shows the Inverse Pole Figure (IPF), phase,
and forescatter detector (FSD) maps subsequent to
cleanup for one of the samples scanned. The IPF maps
show the gradual change in orientations of the grains as
the sample is pulled in tension; the FSD images on the
bottom show how the surface of the sample changed
during deformation. Most relevant to this study, the
phase maps show the transformation of the austenite
grains as the strain is increased and the austenite
disappears. Based on these images, transformation seems
to occur in three different ways: gradually with deforma-
tion (see circled grains), rapidly at higher strains (see
boxed grains), or not at all (see grains in triangles).Results
of the regression analysis performed for various attributes
vs transformation rate are presented in Table III.

The P value represents the probability that there is no
correlation between the attribute and transformation
rate given that the data collected are true. Thus, a P
value below 0.05 indicates that a correlation between an
attribute and transformation rate can be affirmed with
95 pct confidence. The R2 value represents how much
variation in transformation rate is explained by the
attribute. Thus, a higher R2 value indicates a stronger
correlation between the attribute and transformation
rate. Along with these values, the plots of transforma-
tion rate vs attribute provide visual insights into the
relationships, as shown in Figure 4. Best-fit regression
lines are shown for the attributes with significant
correlations with the rate of transformation.

Figure 4(a) shows the results for the grain aspect ratio
(GAR) attribute. As grain aspect ratio increases, the
rate of transformation tends to decrease. Since the P
value for this data is less than 0.05, a negative
correlation between GAR and transformation rate can
be confirmed at the 95 pct confidence level. This suggests
that lamellar grains are less stable and transform more
readily than the more globular-shaped grains, a conclu-
sion also reached in Reference 13, but contrary to that
found in References 10, 12, 16, 20, and 34. This apparent
contradiction may be at least partially resolved by a

closer look at the studies. The paper by de Knijf et al.
that agrees with the current study looks in detail at RA
grains with a range of aspect ratio values, while the
opposing studies generally categorize RA as having
either a thin-film morphology or a blocky shape. For
example, the thin-film RA grains in Reference 16 appear
to have an aspect ratio of less than 0.1 which is lower
than the range considered in this study. Furthermore,
the thin films are likely to be associated with different
relative positions within the microsctructure, compared
with blocky RA found in other steels—once again
highlighting the issue of comparing behavior of RA
across various microstructures. One potential explana-
tion for lower stability of RA grains with low GAR is
that the more slender grains have a higher probability of
intersecting with a strain band, compared with more
spherical grains. This is discussed in the context of the
major axis orientation (MAO) of RA grains below.
Based upon the high level of confidence arising from the
statistics in the current study, it appears that, at least for
the current Q&P steel, RA stability reduces with GAR,
all other things being equal.
One way to quantify the impact each attribute has on

transformation rate is to consider the slope of the
regression line shown in Figure 4. Since each attribute
has a significantly different range, the most meaningful
measure relates to the difference between the transfor-
mation rates at the extreme values of the range for a
given attribute. A larger difference indicates that, across
the observed range of an attribute, there will be a larger
change in transformation rate. The relevant values are
shown in Table IV. As seen from the table, the
transformation rate change across the range of observed
GAR is 523 pct/strain; i.e., by this measure, GAR has
more than twice the impact on transformation rate than
the other significant microstructure attributes (area and
Taylor factor).
The most common attribute related to transforma-

tion, as studied in the literature, is grain size. Typically,
large grains (greater than 1 lm2) are found to be
unstable and transform quickly; small grains (less than
0.1 lm2) are the opposite and have a much higher
stability, possibly not transforming at all.[10,13,22,26,34] In
this study, very small grains (less than 0.1 lm2) were not
tracked, and hence, the stability of these grain cannot be
ascertained. However, Figure 4(b) indicates fairly

Table II. List of Attributes Included in the Dataset with Corresponding Descriptions

Attribute Description

Area area of the grain in lm2[31]

Grain Aspect Ratio (GAR) ratio of the minor axis to the major axis of the ellipse fit to the
grain[31]

Major Axis Orientation (MAO) angle in degrees of the major axis of the ellipse fit to the grain with
respect to the tensile direction[31]

RA Taylor Factor (TF) Taylor factor of RA grain calculated in OIM analysis relative to the
tensile direction

Taylor Factor Difference (TF difference) difference between the average Taylor factor of neighboring grains
and the Taylor factor of the RA grain[32]

RA Grain GND Content (GND) average GND value within an RA Grain at zero strain and
calculated in OIM analysis. Units of 1012
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convincingly that, in general, as area increases, trans-
formation rate tends to decrease. Since the P value for
this data is 0.08, a negative correlation between area and
transformation rate can be concluded with only 92 pct
confidence, and hence, should be considered with care.

One potential reason for the difference in trends
regarding area vs transformation rate between this and
previous studies is illustrated in Figure 5. The plot
quantifies the fraction of RA grains within each grain
size bin as strain increases from 0 to 10 pct. Looking at

this figure, one might conclude that the larger grains
transform most rapidly since the percentage of larger
grains decreases with strain (in general the fraction of
grains in the bins above 0.4 mm2 reduces with strain).
However, in reality, the smaller grains transformed
more rapidly but were statistically replaced by partially
transformed larger grains. This would not be apparent if
individual grains were not tracked during the entire
deformation. Most studies in this area do not track
individual grains but monitor the statistics of grain size.

Fig. 3—IPF (top), Phase (middle), and FSD (bottom) maps of sample 1 area scanned using EBSD and strained in situ; three of the seven total
strain steps are shown. Phase images are after cleanup routine described previously. The circled RA grains transform evenly with strain; those
enclosed in a square are stable for low strains and transform rapidly at higher strains; those in triangles undergo negligible transformation.

Table III. P and R2
Values for Given Attributes vs Transformation Rate Across All Strains

GAR Area Taylor Factor MAO GND TF Difference

P 0.01 0.08 0.02 0.55 0.343 0.125
R2 0.63 0.42 0.78 0.06 0.0642 0.303
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It should also be noted that the EBSD data obtained
for this study provide only 2D images of the microstruc-
ture, meaning only a slice of the material’s microstruc-
ture is analyzed. Therefore, it is impossible to tell which
slice of a 3D grain has been captured, so the grains that
are small enough to be considered stable and unlikely to
transform could in reality be only the tip of a large grain
underneath, in which case transformation should

happen quite readily. The problem of drawing conclu-
sions about a 3D microstructure based on 2D results
should, therefore, be considered throughout. Due to the
large number of grains considered in the study and the
statistical unlikelihood of this misrepresentation of grain
size, however, this phenomenon is unlikely to signifi-
cantly influence these results.

Fig. 4—Plots of rate of RA transformation vs (a) Grain Aspect Ratio, (b) Area, (c) Taylor Factor, (d) Major Axis Orientation, (e) Geometrically
Necessary Dislocations, (f) Nearest Neighbor Taylor Factor Difference.
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Taylor Factor also heavily influences transformation
rate. Taylor Factor is similar to the Schmid Factor and
gives the propensity of a crystal to slip, essentially becoming
amultiplication factor on the yield stress; grains with lower
Taylor Factor could, therefore, be termed ‘‘soft.’’

Figure 4(c) supports this conclusion, indicating a
negative correlation between Taylor Factor and trans-
formation rate. Since the P value for this data is less
than 0.05, a negative correlation can be concluded
between transformation rate and Taylor Factor at the
95 pct confidence level. A microstructure consisting of
RA grains with a higher Taylor Factor will, therefore,
transform more slowly.

According to Table III, the normalized transforma-
tion rate difference for Taylor Factor is 246, the second
largest difference of the attributes studied. In addition to
the strong negative correlation between Taylor Factor
and transformation rate, Taylor Factor has a strong
effect on transformation rate.

There is no noticeable correlation between major axis
orientation (MAO) and transformation rate as seen in
Figure 4(d). The high P value suggests that a linear
correlation cannot be concluded with any significant
amount of confidence. Despite not suggesting a linear
correlation, the data in Figure 4(d) suggest the possibility
of a bimodal correlation between transformation rate and
major axis orientation. The decision similarly predicted
transformation below 41 and above 57 deg but not
between the two.A potential explanation for this bimodal
trend lies in shear bands. These occur at 45 deg from the

loading direction, and the intersection of these bandswith
the austenite grain is typically assumed to provide
nucleation sites for the transformation event. Therefore,
when the grains are oriented at 45 deg to the loading
direction already, the number of intersections, or nucle-
ation sites, is less than when the grain is at 0 or 90 deg.
Figure 6 helps illustrate this hypothesis, where the lines
represent the shear bands and the ovals represent the RA
grains. The grain with MAO of 0 deg has 43 shear band
intersections with the grain boundarywhile the grain with
MAO of 45 deg has 30 shear band intersections.
As shown in Figure 4(e), there appears to be a weak

negative correlation between RA Grain GND and
transformation rate. However, since the P value for this
data is very high (0.343), no correlation can be con-
cluded between them with any significant amount of
confidence. A previous study found a positive correla-
tion between percent transformation and GND[35] but
did not consider transformation rate.
The effect of neighboring grains’ ‘‘hardness’’ on RA

transformation, quantified in the attribute TFDifference,
has been studied in past research, but the conclusions
reached are different. Some suggest that harder surround-
ing phases prevent transformation by limiting the volume
increase accompanied by transformation,[10,16,18] while
others say that the harder phases propagate stress directly
to the RA, causing it to transform quicker.[22,36,37] It is
important to note that in this study, a negative value for
Neighboring Grain Taylor Factor Difference means that
the grain that is being observed has a higher Taylor
Factor, or is harder than the neighboring grains; in other
words, TF difference is calculated by subtracting Taylor
Factor of the observed grain from the average Taylor
Factor of the neighboring grains.
Figure 4(f) indicates that there is not a linear corre-

lation between TF difference and transformation rate.
The graph shows a general upward trend, but the P

Fig. 6—Illustration of shear bands (lines) and the difference in
number of intersection points between grains oriented at 0 and
45 deg to the horizontal, or loading direction. The grain on top
(MAO = 0 deg) has approximately 43 intersection or nucleation
points and the other grain (MAO = 45 deg) has only about 30.

Fig. 5—The fraction of RA grains within each grain size bin as
strain increases.

Table IV. Change in Transformation Rate Across the Range

of each Attribute with a Significant Correlation

Material Attribute
Transformation Rate
Change (Pct/Strain)

GAR 523
Area 176
Taylor Factor 246
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value of 0.125 is too high to conclude a positive
correlation with 90 pct confidence or more. In other
words, a positive correlation between Nearest Neighbor
Taylor Factor Difference is possible but cannot be
concluded in this research.

IV. CONCLUSIONS

The goal of this work was to assess the influence of
microstructural characteristics on transformation rate of
near-surface RA grains in Q&P 1180 steel. Individual
grains were tracked by EBSD in a single material during
in situ tensile deformation. Hence, correlations between
microstructural attributes and RA stability could be
inferred without the complication of modifying the
surrounding microstructure to arrive at different RA
morphologies, as has been done in many previous
studies. Furthermore, this allowed more accurate assess-
ment of transformation rate compared with other
studies; if individual grains are not tracked, then it will
not be clear whether smaller grains are more stable, or
(as is apparent from the current study) small grains
transform first, but are statistically replaced by partially
transformed larger grains.

One hundred and sixty seven grains with size above
0.1 mm2 were analyzed; the aspect ratios observed did
not include fine lathes that have been studied in several
previous publications. Furthermore, the 3D morphol-
ogy was not captured by the surface EBSD, potentially
leading to some of the noise in the data. Nevertheless,
the statistical trends will be valid.

A statistical analysis was performed on these same
attributes by quantifying the transformation rate of
grains across the range of values of a given character-
istic. The key findings at the 90 pct confidence level are
the following:

1. Increases in RA grain aspect ratio, grain area, and
Taylor Factor all have the effect of slowing trans-
formation rate.

2. GAR has the strongest effect on transformation
rate, followed by Taylor factor, and then RA grain
area.

3. No linear correlations were found between transfor-
mation rate and RA grain major axis orientation,
GND content, and TF difference with neighboring
grains, although nonlinear relationships may exist.

These observations suggest characteristics of
microstructures for Q&P 1180 that might be explored
in order to increase ductility.
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