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Abstract: In this article we discuss the effect of different test parameters on the analysis of retained
austenite in TRIP590, TRIP780 and X90 steels, by means of Electron Backscattered Diffraction (EBSD)
and X-ray Diffraction (XRD), respectively. By analyzing the measuring retained austenite content
under different conditions, the optimal test parameters were obtained. The retained austenite content
measured both by the EBSD and XRD methods were also compared. The results showed that the test
parameters had a great influence on the measured results of retained austenite content in steel by the
EBSD method. The higher the indexing rate, the better the precision of the measured results. The step
size used for EBSD analysis should not exceed 1/5 of the average grain size of retained austenite.
The scanning area for EBSD retained austenite analysis in TRIP and pipeline steels should be no less
than 0.068 mm?, which is recommended to be performed by multiple small fields.

Keywords: test parameter; retained austenite; electron backscattered diffraction (EBSD); indexing
rate; step size

1. Introduction

In recent years, retained austenite has been widely used in many steels, such as transformation
induced plasticity (TRIP) steel, quenching and partitioning (QP) steel and so on [1-4]. When subjected
to external force, the retained austenite in these steels will transfer into martensite to induce high
plasticity, namely TRIP effect [5-9]. At present, the retained austenite content in steel is mainly
measured by the XRD method [10-12], which is performed according to the standards YB/T
5338-2006 [13] and ASTM E975-13 [14]. Both standards have some limitations in the process of
use: Firstly, the measured result is greatly affected by the crystallographic orientation or texture in
steel [15-17]; secondly, the shape and distribution of retained austenite cannot be characterized; thirdly,
the lower detection limit is high (1% or more [14]) and the trace retained austenite cannot be measured
by the XRD method. Considering the limitations of the XRD method, EBSD method is a good solution
to perform the quantitative analysis of retained austenite in steel [18-22]. Firstly, the EBSD method is
not influenced by the crystallographic orientation or texture in steel. Moreover, it can provide not only
the content of retained austenite, but also the distribution and morphology of the austenite phase.

Many studies have shown that the EBSD method could be used to serve the purpose of
microstructure characterization for both quantitative and qualitative analyses in TRIP steels and other
advance high strength steels (AHSS), which mainly focused on the substructure and microstructures
characterization [23-27] and the subgrain and grain characterization [28-30]. About retained austenite
characterization and quantification, previous research [3,5-8,18-20,26,31,32] showed that EBSD test
parameters had a vital impact on the test results: High indexing rates, small step sizes and more
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field number are necessary for the analysis of retained austenite content in steel by the EBSD method.
However, little research by far showed the specific quantitative results, such as the critical index rate,
the relationship between step size and grain size of retained austenite, and the needed filed number
for different magnifications and retained austenite contents. Furthermore, the retained austenite
analysis is very complicated due to its small size, its various morphologies, its distribution and the
microstructures of matrix [16,23-27]. Main parameters used to identify these complicated structures are
the image quality (IQ) factor. The IQ factor represents a quantitative description of the sharpness of the
bands in the EBSD pattern. A lattice distorted by crystalline defects, such as dislocations and sub-grain
boundaries affect Kikuchi pattern quality leading to lower 1Q values [7,25,33,34]. Moreover, when
EBSD is used at high resolution, it shows the instabilities in the specimen stage and electron beam
during the long periods of measurements. Poor diffraction means that the beam has to dwell for
a longer period at the same position and any instability will make the results useless [24]. That is
why there are no international standards for measuring retained austenite by the EBSD method by
far. Therefore, it is very necessary to further study different test parameters on the EBSD analysis of
retained austenite for different steels. In this case, in future maybe we can set up a general guideline on
how to select optimal test parameters in the analysis of retained austenite in steel by the EBSD method.

Thus, the objective of this paper is to first study different test parameters for three types of
steels (TRIP590, TRIP780 and X90 steels) on the measured results of retained austenite content,
and then obtain the optimal test parameters for the EBSD analysis of retained austenite in TRIP
and pipeline steels.

2. Materials and Methods

The materials used in this study were three types of steels, which had different retained austenite
content level: High (TRIP780 steel), medium (TRIP590 steel) and low (X90 steel). The steel sheet
experienced cold rolling annealing treatment for TRIP590 and TRIP780 steels and hot rolling treatment
for X90 steel, respectively. The chemical compositions of test steels are shown in Table 1. The size
of specimen for all steels was 10 mm x 10 mm x 1 mm. Prior to the experiments, the surface of the
specimen was first mechanically polished by silicon carbide (SiC) paper from 150 grit progressively up
to 2000 grit and then mechanically polished with 7 pum polishing paste and finally electrolytic polished
to remove the surface residual stress. LectroPol-5 electrolytic polishing instrument (Struers Aps,
Ballerup, Denmark) was used to perform electrolytic polishing for different specimens. The electrolyte
was 20% perchloric acid alcohol solution. The electrolyte temperature was between 4 °C and
7 °C. The voltage, current and polishing time were 9~12 V, 0.5~1 A and 7~10 s, respectively.
Then, the specimen was carefully washed with deionized water, cleaned with alcohol and finally dried.

Table 1. The chemical composition of test steels (wWt%).

Steel C Si Mn P S Al Cu Cr Mo + Nb + Ti

TRIP590 0.11-0.13 1.1-1.3 14-1.6 0.009 0.003 0.03-0.06 - - -
TRIP780 0.15-0.20 1.2-14 1.5-1.7 0.006 0.004 0.05-0.08 - - -
X90 0.05-0.06 0.2-0.4 1.8-2.0 0.010 0.003 0.03-0.05 0.1-0.2 0.2-0.3 0.15-0.35

JSM-7001F Field Emission Scanning Electron Microscope (FE-SEM, JEOL, Tokyo, Japan) equipped
with NordlysF400 EBSD accessory from Oxford Instruments (UK) were employed for EBSD analysis.
The HKL Fast Acquisition software (Oxford Instruments, Oxford, UK) was used to acquire the EBSD
data under different experimental conditions. After the test, the retained austenite was analyzed by
Project Manager Channel 5 software (Oxford Instruments, Oxford, UK). The working parameters of
the microscope and EBSD patterns acquisition parameters are shown in Table 2. The indexing rate
in this paper is defined as the percentage of the indexed area to the total scanning area. The distance
between adjacent EBSD data acquisition points is defined as step size in this paper.
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Table 2. The parameters used in this study for Electron Backscattered Diffraction (EBSD) analysis.

Items Value
Accelerating voltage(kV) 15

Beam current (nA) 10~15

Working distance (mm) 15~18
Hough resolution 80

Number of bands detected 6~10

Time per frame (ms) 5~15

Binning 2x2or4 x4
Gain 10~12

X-ray Diffractometer from Bruker Corporation (Ettlingen, Germany) equipped with one-dimensional
array detector was used for XRD test, with a type of D8 ADVANCE. Cobalt target K radiation was used
with a tube voltage of 35 kV and a tube current of 40 mA. The step size, scanning speed and the scanning
angle range were 0.02°, 2° /min and 45~115°, respectively. After the experiment, the retained austenite
content was analyzed by TOPAS software (V5, Bruker Corporation, Ettlingen, Germany).

3. Results and Discussion
3.1. Effect of Indexing Rate

3.1.1. TRIP590 Steel

In our previous research [18], the optimal parameters for the analysis of retained austenite in
TRIP590 steel by the EBSD method are summarized in Table 3. It could be found that high indexing
rate, small step size and more field number (In this paper, the field number is defined as the number of
the scanning maps) were necessary for the EBSD analysis of retained austenite content in TRIP590 steel.

Table 3. The optimal parameters for analyzing retained austenite in TRIP590 steel (reproduced from [18],
with permission from Springer, 2019).

Item Indexing Rate, % Step Size, um Field Number
Optimal value >88.9 <0.12 >5

3.1.2. TRIP780 Steel

Figure 1 shows the morphology and distribution of the retained austenite in TRIP780 steel
at different indexing rates under other conditions unchanged (the same field of view, the same
magnification 2000 (scan area 64 pm x 44 um for each field) and the same step size 0.08 um). In this
paper, the indexing rate was changed by changing camera settings, such as binning, gain, time per
frames, number of bands detected and so on. Normally, for the same area, long time scanning will cause
the surface contamination which results in the indexing rate decrease for the same camera settings [24].
Therefore, in order to study the effect of indexing rate in the same area, the high indexing rate was
performed first and then low indexing rate, in order to obtain as high as possible of indexing rate.

It can be seen from Figure 1 that as the indexing rate increased, the morphology and distribution
of retained austenite became more and more clean and clear. However, due to too much retained
austenite in TRIP780 steel, its morphology and distribution did not show much difference for different
indexing rates.



Metals 2019, 9, 94 4 0f 19

(a) 81.4% (b) 84.7%

(c) 86.3%

() 90.0% (f) 93.0%

Figure 1. The morphology and distribution of retained austenite in TRIP780 steel at different indexing
rates (a: 81.4%; b: 84.7%; c: 86.3%; d: 87.5%; e: 90.0%; f: 93.0%).

In order to characterize the variation of the calculated retained austenite content with the increase
of indexing rate in Figure 1, the increasing rate of retained austenite content is defined as the following
Equation [18]:

Aj— A .

GRi]’ = Tl X 100%, (1)
where, A; and A, are the calculated retained austenite contents under the indexing rate i (IR;) and
J (IR;), respectively; GR;; is the increasing rate of retained austenite content when the indexing rate
increases from IR; to IR;. Here, two adjacent measuring data points are used to calculate the increasing
rate of retained austenite content, i.e., j = i + 1. If the calculated content of retained austenite decreases
when the indexing rate increases, the absolute value of GR;; is defined as the decline rate of retained
austenite content. In this paper, the increasing rate and the decline rate of other parameters are also
calculated according to Equation (1).
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According to Equation (1), the curves of the measured retained austenite content in TRIP780 steel
and its increasing rate with indexing rate are shown in Figure 2. It can be seen from Figure 2a that as
the indexing rate increased, the measured retained austenite content increased rapidly first and then
increased slowly. In theory, as the indexing rate increases, the percentage of non-indexing area decreases.
The measurement precision is mainly depending on the percentage of non-indexing area. The lower
the percentage of non-indexing area is, the higher the measurement precision is. If the indexing rate
is 100%, the measurement results for many times in the same area should be the same theoretically.
Therefore, the curves of retained austenite content show typical saturation behavior as the indexing rate
increases. As shown in Figure 2b, when the indexing rate was 81.4%, the increasing rate of retained
austenite content was about 10%. As the indexing rate increased, the increasing rate of retained austenite
content decreased. When the indexing rate reached 86.3% or more, the increasing rate of retained austenite
content became very small (<0.5%) and tended to be stable. Therefore, in order to obtain stable and reliable
data, the indexing rate for the EBSD analysis of retained austenite in TRIP780 steel should be no less
than 86.3%.
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Figure 2. Curves of the measured retained austenite content (a) in TRIP780 steel and its increasing rate
(b) with indexing rate.

3.1.3. X90 Steel

The morphology and distribution of retained austenite in X90 steel at different indexing rates are
shown in Figure 3. It can be seen that as the indexing rate increased, the morphology and distribution
of retained austenite became more and more clear, and the amount of retained austenite detected in the
field of view became more and more. When the indexing rate was equal or less than 85.1%, the retained
austenite was not visible in the area surrounded by a blue circle in Figure 3. When the indexing rate
was 88.6%, the retained austenite began to appear in the area surrounded by a blue circle. When the
indexing rate reached 90.5% and more, the retained austenite in the area surrounded by a blue circle
became very noticeable.

I -5 Vi BC+GB;S©p=0.08 tm ;G ri321x221 -5 ' i BC+GB ;S ®p=0.08 im ;G rid321x221

(a) 80.7% (b) 85.1%

Figure 3. Cont.
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Figure 3. The morphology and distribution of retained austenite in X90 steel at different indexing rates
(a: 80.7%; b: 85.1%; c: 88.6%; d: 90.5%; e: 92.1%; £: 93.1%; g: 94.2%).

The measured retained austenite content in X90 steel and its increasing rate at different indexing
rates are shown in Figure 4. It was obvious from Figure 4a that as the indexing rate increased,
the measured retained austenite content gradually increased. As the indexing rate increased,
the increasing rate of retained austenite content decreased first rapidly, then slowly, then rapidly,
then slowly again and finally tended to be stable, as shown in Figure 4b.

When the indexing rate was 80.7%, the increasing rate of retained austenite content was very large,
exceeding 80%. The increasing rate of retained austenite content decreased rapidly for the indexing
rate ranging from 80.7% to 85.1% while it decreased slowly as the indexing rate was between 85.1% and
88.6%. Starting from 88.6%, the increasing rate of retained austenite content decreased rapidly again.
When the indexing rate increased to 92.1% and higher, as the indexing rate increased, the increasing
rate of retained austenite content nearly did not change and became stable. Therefore, in order to
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obtain stable and reliable data, the indexing rate for the EBSD analysis of retained austenite in X90 steel
should be no less than 92.1%.
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Figure 4. Curves of the measured retained austenite content (a) in X90 steel and its increasing rate
(b) with indexing rate.

3.1.4. Minimum Indexing Rate for EBSD Retained Austenite Analysis

From the above discussion, it could be concluded that:

(1) In the curves of the retained austenite content and its increasing rate with indexing rate, there
was a critical indexing rate. Below the critical indexing rate, as the indexing rate increased, the measured
retained austenite content increased rapidly. Once the indexing rate reached the critical value or higher,
the increasing rate of retained austenite content became very small and tended to be stable.

(2) The critical indexing rate was related to the content of retained austenite in steel. As the
retained austenite content decreased, the critical indexing rate increased. The critical indexing rates for
the TRIP780, TRIP590 and X90 steels were 86.3%, 88.9% and 92.1%, respectively.

In theory, the higher the indexing rate, the lower the zero solution (non-indexed area), the better
the quality of EBSD scanning data and the more accurate the test results. Therefore, in order to improve
the measurement precision, the appropriate specimen preparation method should be chosen to obtain
as high as possible of the indexing rate.

3.2. Effect of Step Size

As we know, it is not reasonable to select a step size that is too small or too large for EBSD
analysis, because too small step size will result in too long test time while it is easy to miss small grain
information when the step size is too large. Therefore, the appropriate step size for EBSD retained
austenite analysis is necessary.

3.2.1. TRIP590 Steel

From Table 3, the suitable step size for EBSD analysis of retained austenite in TRIP 590 steel
should be no more than 0.12 um.

3.2.2. TRIP780 Steel

Figure 5 shows the morphology and distribution of retained austenite in TRIP780 steel at different
step sizes. It was obvious that when the step size was 1.0 um, the grain boundary of ferrite was very
ambiguous, and only a small amount of retained austenite could be seen. As the step size decreased,
the ferrite grain boundary gradually became clear. At the same time, more retained austenite could be
seen in the field of view. When the step size decreased to 0.25 um, the ferrite grain boundary has become
very obvious, and the amount of retained austenite became more and more. Continuing to decrease
step size from 0.25 pm to lower, the distribution of retained austenite did not change substantially.
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Figure 5. Cont.
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(i) 0.05 um

Figure 5. The morphology and distribution of retained austenite in TRIP780 steel at different step sizes
(a: 1.0 pm; b: 0.5 pm; ¢: 0.4 pm; d: 0.3 pm; e: 0.25 pm; f: 0.20 um; g: 0.15 um; h: 0.10 pm; i: 0.05pum).

The variation curves of the measured retained austenite content in TRIP780 steel and its decline
rate with the step size are shown in Figure 6. It could be clearly seen from Figure 6a that as the step
size increased, the measured content of retained austenite gradually decreased, showing a downward
trend of the “S” type. As the step size increased, the retained austenite content decreased slowly in the
initial stage, then rapidly and finally slowly again. As shown in Figure 6b, when the step size was
equal or less than 0.25 um, the decline rate of retained austenite content was very small (<2.2%) and
changed little with the increase of the step size, while it increased gradually when the step size was
greater than 0.25 um. The decline rate of retained austenite content has exceeded 30% at a step size of
0.5 um. Therefore, in order to obtain stable and reliable data, the step size for the EBSD analysis of
retained austenite in TRIP780 steel should be no more than 0.25 um.
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Figure 6. Curves of the measured retained austenite content (a) in TRIP780 steel and its decline rate
(b) with step size.

3.2.3. X90 Steel

For X90 steel, the morphology and distribution of retained austenite in it at different step sizes are
shown in Figure 7. It can be obviously seen that when the step size was 0.3 pm, the grain boundary
of the matrix was unclear and no retained austenite was observed. Till the step size was reduced to
0.2 um, the retained austenite began to appear in the field of view. Thereafter, with the decrease of step
size, the grain boundaries of the matrix gradually became clear, the overall appearance of the image
becomes clearer and clearer, and more retained austenite could be seen in the field of view. When the
step size declined to 0.06 um or less, the grain boundary of the matrix has become very obvious, and at
the same time the distribution of retained austenite was no longer changed substantially.
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(b) 0.2 um

S um
]
(c) 0.15 pm (d) 0.12 pm

(e) 0.10 um (f) 0.08 pum

(g) 0.06 pm (h) 0.04 um

Figure 7. The morphology and distribution of retained austenite in X90 steel at different step sizes
(a: 0.3 pm; b: 0.2 pm; ¢: 0.15 um; d: 0.12 pm; e: 0.10 um; £: 0.08 pm; g: 0.06 pm; h: 0.04 um).

Figure 8 shows the measured retained austenite content in X90 steel and its decline rate as a
function of the step size. It can be clearly seen from Figure 8a that as the step size increased, the retained
austenite content gradually decreased, similar to the variation curve (“S” type) of the TRIP780 steel in
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Figure 6a. It can be seen from Figure 9b that as the step size was no more than 0.06 um, the decline
rate of retained austenite content changed little with the increase of the step size, while the retained
austenite gradually increased with the increase of the step size when the step size was greater than
0.06 pm. When the step size increased up to 0.2 um, the decline rate of the retained austenite content
has reached 100%. Therefore, the step size for the EBSD analysis of retained austenite in X90 steel
should not exceed 0.06 pm.

0.8

120
( b)
0.6 100
80 -

0.4+
60 -

Content of retained austenite, %

Decline rate of retained austenite content, %

I/
0.24 401 06 um
\- 20
0.04
o] —
T T T T T T T n
0.04 008 012 016 020 024 028 032 004 008 012 016 020 024
Step size, pm Step size, pm

Figure 8. Curves of the measured retained austenite content (a) in X90 steel and its decline rate (b) with
step size.

3.2.4. Maximum Step Size for EBSD Retained Austenite Analysis

In order to find the relationship between the maximum step size allowed for the EBSD analysis
and the retained austenite grain size, 10 fields with a magnification of 1000x (scan area 128 um X
88 um for each field) were first randomly taken for each steel. Then, the grain size (or called grain
diameter) of retained austenite in all fields for three types of steels was counted, as shown in Table 4.
It was obvious that the variation rule for the proportion of retained austenite with different grain sizes
for different steels were similar, that is small grains account for the majority (more than half). Table 5
shows the statistical results of the average grain size and maximum grain size for different steels in
Table 4. It could be found that the average grain size of retained austenite in three steels were very
small (less than 1.2 um). The average grain size of retained austenite in X90 steel was only about 1/2 of
TRIP590 steel and 1/4 of TRIP780 steel.

Table 4. The proportion of retained austenite (P) with different grain sizes (d).

TRIP590 TRIP780 X90
d, um P, % d, um P, % d, um P, %
<0.5 66.91 <0.5 51.48 <0.3 77.88
0.5~1.1 26.10 0.5~2.5 43.11 0.3~0.5 18.23
>1.1 6.99 >2.5 5.41 >0.5 3.89

Table 5. The statistical results of average grain size and maximum grain size.

Steel Average Grain Size (Standard Deviation), yum  Maximum Grain Size (Standard Deviation), um
TRIP590 0.524 (40.049) 3.780 (+0.285)
TRIP780 1.195 (£0.094) 7.987 (£0.652)

X90 0.297 (£0.019) 1.097 (+£0.089)

In order to clearly show the relationship between the maximum step size (5Zy,) for the EBSD
retained austenite analysis in different steels discussed above and the average grain size (d) of retained
austenite in Table 5, the ratio of which are calculated, as shown in Table 6. It can be seen that for each
steel, the ratio (%) of the maximum step size to the average grain size of retained austenite was
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between 0.20 and 0.25, i.e., the maximum step size for the EBSD analysis was between1/5 and 1/4 of
the average grain size of the retained austenite.

Taking the minimum value 0.202 in Table 6 as the most suitable ratio. That is to say, the maximum
step size allowed for EBSD retained austenite analysis is about 1/5 of the average grain size of retained
austenite, shown as follows:

SZu < 0.202d ~ 0.2d. )

Table 6. The relationship between the maximum step size and the average grain size of retained austenite.

Steel Average Grain Size 1;1, um Maximum Step Size SZ,,, um %’"
TRIP590 0.524 0.12 0.229
TRIP780 1.195 0.25 0.209

X90 0.297 0.06 0.202

3.3. Effect of Scanning Area

3.3.1. TRIP590 Steel

As shown in Table 3, in order to obtain stable and reliable data, the needed field number should
be equal or higher than 5 for TRIP590 steel at a magnification of 1000 x.

In order to study the field number required to obtain stable and reliable data for different
magnifications, 20 fields were randomly tested at a magnification of 2000 x. The average value of the
measured retained austenite content and the relative accuracy corresponding to the 95% confidence
interval are shown in Figure 9. It could be seen that with the increase of the field number, the average
value of the retained austenite content and the relative accuracy of the 95% confidence interval
converged, that is, the fluctuation amplitude decreased, but the convergence amplitude decreased as
the field number increased. When the field number was small, the relative accuracy of the average
retained austenite content and the 95% confidence interval were relatively large. As the field number
increased, the fluctuation range of both decreased rapidly and then decreased slowly.
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Figure 9. The average value of retained austenite content (a) and the relative accuracy of 95% confidence
interval (b) for different fields.

Referring to Equation (1), the average value of the 95% confidence interval relative accuracy
corresponding to different field number in Figure 9b and its decline rate are calculated, as shown in
Figure 10. It can be seen from Figure 10a that as the field number increased, the relative accuracy
of 95% confidence interval gradually decreased. As shown in Figure 10b, when the field number
was 4, the decline rate of the 95% confidence interval relative accuracy was relatively high and it
decreased rapidly with increasing field number from 4 to 6. The decline rate of the 95% confidence
interval relative accuracy gradually decreased for the field number ranging from 6 to 14 while it
quickly decreased again when the field number is between 14 and 17. Since the field number reached
17 and higher, the decline rate of the 95% confidence interval relative accuracy almost did not change
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and tended to be stable. In this case, it could be considered that the fluctuation enters the steady state,
and it is meaningless to continue to increase the field number. Therefore, the needed field number for
TRIP590 steel was equal or greater than 17 at a magnification of 2000 x.

5 20] (a)

84 \k.
6 \-\l—l~.§.

4 T T T
2 4 6 8 10 12 14 16 18 20 22

Average value of relative accuray of 95% CI, %
a o oo
S N &
Decline rate of relative accuray of 95% CI, %
3 ]
/l
/.’

Field number Field number

Figure 10. The variation curves of the average relative accuracy of 95% confidence interval (a) and its
decline rate (b) with different fields for TRIP590 steel.

3.3.2. TRIP780 Steel

In the same way, the average value of the measured retained austenite content in TRIP780 steel
and the relative accuracy corresponding to the 95% confidence interval are also calculated, as shown in
Figure 11. It can be seen from Figure 11a that as the field number increased, the relative accuracy of the
95% confidence interval gradually decreased, with a rapid decrease at the beginning and thereafter slow
decrease. As shown in Figure 11b, when the field number was 2, the decline rate of the 95% confidence
interval relative accuracy was very high (about 65%), while it decreased rapidly for the field number
increasing from 2 to 4. As the field number was equal or higher than 4, the decline rate of the 95%
confidence interval relative accuracy nearly did not change and tended to be stable. Therefore, the needed
field number for TRIP780 steel was equal or greater than 4 at a magnification of 1000 x.
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Figure 11. The variation curves of the average relative accuracy of 95% confidence interval (a) and its
decline rate (b) with different fields for TRIP780 steel.

3.3.3. X90 Steel

Figure 12a,b shows the average value of the measured retained austenite content in X90 steel and
the relative accuracy of the 95% confidence interval, respectively. It can be seen from Figure 12a that as
the field number increased, the relative accuracy of the 95% confidence interval gradually decreased,
showing a trend of rapid decline first and then slow decline. When the field number was 2, the decline
rate of the 95% confidence interval relative accuracy was very high (about 70%, as shown in Figure 12b)
and it decreased rapidly when the field number increased from 2 to 3. As the field number increased
from 3 to 6, the decline rate of the 95% confidence interval relative accuracy decreased first slowly,
then rapidly and finally slowly again. When the field number was equal or higher than 6, the decline
rate of the relative accuracy of the 95% confidence interval did not change substantially and became
steady. Therefore, for X90 steel, 6 or more fields were necessary for obtaining reliable results.
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Figure 12. The variation curves of the average relative accuracy of 95% confidence interval (a) and its
decline rate (b) with different fields for X90 steel.

3.3.4. Minimum Scan Area for EBSD Retained Austenite Analysis

Based on the above discussion, for TRIP590 steel, the required field number to obtain stable and
reliable data varies from magnification. Even at the same magnification, the necessary field number is
also different for different steels, as shown in Table 7. In view of the choice of magnification and the
uncertainty of the field number required, the total scanning area is used in this study instead of the
different magnifications and field number. The scanning area for each field and total scanning area for
obtaining stable and reliable data are also listed in Table 7.

Comparing the results at a magnification of 1000, the required field number for different steels
was between 4 and 6, with the least for TRIP780 steel and the highest for X90 steel. That is to say,
the lower the retained austenite content in steel, the more fields required to obtain stable and reliable
data, and the larger the total scanning area required.

Taking the maximum value of the total scanning area in Table 7 as the lowest scanning area,
namely the scanning area for EBSD retained austenite analysis should be no less than 0.067584 mm?.
For the purpose of easy calculation for multiple fields, the minimum scanning area is selected as
0.068 mm?. As we know, for certain total scanning area, one large field can be selected, or multiple
small fields can be added together. Generally, with the field number increases, the relative error
reduces, so in order to reduce the accidental error, scanning multiple fields are recommended.

Table 7. The needed field number and scanning area for different steels.

Steel Magnification Needed Field Number Scanning Area for Each Field, mm? Total Scanning Area, mm?
1000x >5 0.011264 >0.05632
TRIP590 2000 >17 0.002816 >0.047872
TRIP780 1000x >4 0.011264 >0.045056
X90 1000 x >6 0.011264 >0.067584

3.4. Analysis of Retained Austenite by EBSD Method

3.4.1. Optimal Parameters for EBSD Retained Austenite Analysis

Based on the above discussion, high indexing rate, small step size and large scanning area are
necessary in order to obtain high precision of the retained austenite content in steel. The indexing
rate should be larger than the critical value, the higher, the better. The maximum step size for EBSD
analysis should be no more than 1/5 of the average grain size of retained austenite. The total scanning
area for EBSD retained austenite analysis should be no less than 0.068 mm?, which can be performed by
one large field of view or multiple small fields. It is recommended to scan multiple fields for inducing
accidental error.
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3.4.2. Analysis of Retained Austenite in Three Types of Steels

According to the optimal parameters discussed in Section 3.4.1, the retained austenite content in
three types of steels were analyzed, with the test parameters shown in Table 8. The morphology and
distribution of retained austenite in three types of steels for one field are shown in Figure 13. As the
morphology and distribution of retained austenite in all fields are similar, here shows only one field
for each steel. In Figure 13, the gray phase was the matrix and the red phase was the retained austenite
which is mainly distributed on the grain boundaries of the matrix, in the form of a block or long strips.

Table 8. The test parameters for analyzing retained austenite in three steels.

Steel Indexing Rate, % Step Size, um Field Number Total Scanning Area, mm?
TRIP590 94.2 0.10 6 0.068
TRIP780 91.5 0.12 6 0.068

X90 92.8 0.05 6 0.068

It can be seen from Figure 13 that the content and grain size of the retained austenite in three steels
are significantly different. The amount and the size of retained austenite observed in TRIP780 steel was
most and largest, while the X90 steel had the lowest content and the smallest size of retained austenite,
which can only be seen faintly. The average retained austenite content, 95% confidence interval (95%
CI) and the relative accuracy (%RA) for three steels are calculated, as shown in Table 9. The content of
retained austenite for TRIP780 steel was highest while it is lowest for X90 steel, which is in accordance
with the distribution of retained austenite in Figure 13.

e SRR

(a) TRIP590

Figure 13. The morphology and distribution of retained austenite in three steels (a: TRIP590; b:
TRIP780; c: X90).
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Table 9. The measured retained austenite content in three steels by the EBSD method.

Steel Average Retained Austenite, %  95% CI, % %RA, % A:‘:950/0CI
TRIP590 5.32 0.36 6.6 5.32 £ 0.36
TRIP780 20.02 1.37 7.0 20.02 + 1.37

X90 0.42 0.06 13.7 0.42 £+ 0.06

3.5. Analysis of Retained Austenite by XRD Method

In order to verify the correctness of EBSD test results of retained austenite content, the XRD
method was employed and the measured XRD patterns are shown in Figure 14. It was obvious that
three diffraction peaks of ferrite and four diffraction peaks of retained austenite could be clearly
observed for TRIP780 and TRIP590 steels. Relatively speaking, the intensity of the diffraction peaks of
retained austenite in the TRIP780 steel were higher than that in TRIP590 steel. However, only three
diffraction peaks of ferrite (or other phases with bcc structures) were observed in the XRD pattern of
X90 steel, and the diffraction peak of retained austenite was not observed.

80,000
g
L =
» 60,000 s
. °
g S| - -
=S o S -1 =
£ FH 8 =
g A =
= A TRIP780,
- I
20,000 - A J TRIP590
A X90
0 T T T T T

40 50 60 70 8 90 100 110 120 130
2theta, deg

Figure 14. The measured XRD patterns for different steels (o, ferrite or other phases with bec structures;

v, retained austenite phase).

For each steel, 10 positions were tested at the center and at the edges (the XRD pattern for each
position was similar to Figure 14, therefore here only gives one XRD pattern). Due to texture in
presence of TRIP590 and TRIP780 steels, both standards YB/T 5338-2006 [13] and ASTM E975-13 [14]
are not applicable for them, therefore, the “Rietveld Refinement Method” was used to calculate the
retained austenite content in both steels [18,32,35-37]. The average retained austenite content for
10 test positions, 95% confidence interval and the relative accuracy are listed in Table 10. It can be seen
from Table 10 that the retained austenite content in TRIP780 steel was the highest. As the retained
austenite content in X90 steel was too low (no retained austenite diffraction peaks were detected in
Figure 14), it cannot be measured by the XRD method.

Table 10. The measured retained austenite content in three steels by XRD.

Steel Average Retained Austenite, %  95% CI, %  %RA, % Ai%%a
TRIP590 5.49 0.28 5.8 5.49 4+ 0.28
TRIP780 19.55 0.39 2.0 19.55 £+ 0.39

X90 0 0 0 0

Comparing Tables 9 and 10, it could be found that the measured retained austenite content in
TRIP590 and TRIP780 steels both by the EBSD and XRD methods were close, indicating that both
methods are applicable for the analysis of retained austenite content in steel, which is also confirmed
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by the research results of Zhang et al. [18], Grajcar et al. [23] and Parish et al. [38]. Moreover, it can be
also seen that the trace retained austenite in X90 steel could not be measured by the XRD method (see
Table 10 and Figure 14), while it could be measured by the EBSD method (see Table 9 and Figure 13c).
Furthermore, the EBSD method can not only provide the content of retained austenite (see Table 9),
but also provides its morphology, distribution and grain size (see Figure 13). Therefore, EBSD is a
comprehensive method in the analysis of retained austenite in steel, which has been already confirmed
by the previous studies from Zhang et al. [18], Godet et al. [19], Lomholt et al. [20], Nakajima et al. [21]
and Li et al. [22].

4. Conclusions

In this paper, the effect of different test parameters on the analysis of retained austenite in
TRIP590, TRIP780 and X90 steels by means of the EBSD and XRD methods, respectively. The following
conclusion can be drawn:

(1) The critical indexing rate was related to the content of retained austenite in steel. As the
retained austenite content decreased, the critical indexing rate increased. The critical indexing rates for
the TRIP780, TRIP590 and X90 steels were 86.3%, 88.9% and 92.1%, respectively.

(2) The step size used for EBSD analysis should not exceed 1/5 of the average grain size of
retained austenite.

(3) The scanning area for EBSD retained austenite analysis for TRIP and pipeline steels should be
no less than 0.068 mm?. It is recommended to scan multiple fields for inducing accidental error.
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