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Abstract: In this work, the variant selection of martensite in a stainless maraging steel was inves-
tigated by electron backscattering diffraction and a new protocol of parent phase reconstruction.
The reconstruction protocol enables digital austenite reversion into prior austenite microstructure
and provides information of variant selection from a large number of austenite grains. It was found
that strong variant selection occurred when the prior austenite grains were significantly refined in
annealing or severely deformed by ausforming. When the prior austenite grain size was finer than
20 µm, it was found that a pair of twinned variants dominated in one packet, which dominates the
prior austenite grain. This finding is explained by the inefficient space left by the early transformed
martensite in the dominant packet. In contrast, variants with the same Bain orientation occupied
most of the space of the austenite when the strain of the austenite exceeded 50%. The accumulated
microbands on the {1 1 1} plane acted as nucleation sites of specific variants of martensite. This
work provides statistical results to revisit the variant selection of martensitic transformation with the
assistance of computational crystallography.

Keywords: variant selection; martensite; austenite reconstruction; electron backscattering diffraction

1. Introduction

In steels, it is always important to optimize the mechanical property performance by
controlling different kinds of matrices such as ferrite, martensite and bainite in steels [1].
Martensitic steel and tempered martensitic steel are widely used for structural applications
including tool, energy engineering, automotive and aerospace. The transformation from
austenite (parent) to martensite (daughter) is usually achieved by quenching or rapid
cooling from a high temperature. In martensitic transformation, there are 24 equivalent
variants of martensite able to form in one prior austenite grain based on transformation
crystallography, or said orientation relationship (OR). Ideally, these 24 variants should
occupy the prior austenite grain in the same volume fraction [2,3]. However, austenite can
be engineered by a series of thermal or thermo-mechanical processes at high temperature.
Prior austenite grains under different conditions such as grain size, texture or stored strain
will give rise to non-equal fractions of these variants. Only a portion of these 24 variants
contribute to the final microstructure, producing a strong transformation texture. This
phenomenon is called variant selection [4]. It has been known that the microstructure
of martensite affects mechanical properties including strength [5,6], toughness [7–9] and
susceptibility to hydrogen embrittlement [10–12]. It is essential to revisit variant selection
for a better understanding of the relationship between the condition of austenite and
product microstructure.

There have been many studies on effects of ausforming on variant selection [13–20].
As the strain in austenite increases, martensite shows a stronger transformation texture and
the variant selection is dominated by variants from the same packet [15]. It was proposed
that the {1 1 1} slip plane in the deformed austenite serves as a nucleus of martensite
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transformation, and the product variants prefer to select the packet group of the same
{1 1 1} plane. Hence, the variants of the packet group with the habit plane parallel to the
primary or secondary slip plane tend to form first and occupy a large volume of prior
austenite grain (PAG). The variant selection of martensite also appears when the prior
austenite grain size (PAGS) is fine. It is proposed that variants with the habit plane almost
parallel to the boundaries parallel to the rolling direction were preferentially selected [21].
In addition, the PAGS affects the packet size and the packet size determines the appearance
of the sub-blocks [3]. Moreover, variant selection is observed under a coupled effect by
grain size and deformation [22,23]. In the study of variant selection, the relationship
between austenite and martensite is necessary. However, crystallographic information
of prior austenite is frequently not accessed after martensitic transformation. Today, the
digital data of crystallography mapping from electron backscattered diffraction (EBSD)
makes it possible to explore the crystallographic information of the parent phase. The OR
between austenite and martensite can be applied to compute backward the crystallographic
status of prior austenite from the crystallography mapping of bainite and martensite. This
technique is called parent phase reconstruction (PPR).

Humbert et al. first reported a series of reconstruction methods and applied them
to study titanium alloys [24]. Cayron et al. developed a method based on “neighbor-
to-neighbor” reconstruction, which was successfully applied to steels. This method
uses a groupoid structure to analyze martensite variants, and their orientation opera-
tors are used to reconstruct parent grains [25–27]. Blaineau et al. also published a similar
approach [28,29]. It uses four adjacent daughter grains, which obey the given OR, to form
an initial group and then the group is expanded if the neighbor grains hold the same
OR. This method allows automatic and large-area reconstruction. However, incorrect
reconstruction frequently occurs in these methods. A direct and automatic approach was
developed by Miyamoto et al. [30]. In this approach, the orientation of prior austenite is
determined by optimizing the OR matrix through the minimization of the average recon-
structed deviation over a local region. The algorithm repeats the above process region by
region to accomplish global reconstruction. It has been successfully applied to reconstruct
the orientation of ausformed austenite from the EBSD data of martensite [16,17]. However,
the orientation of austenite might not be determined when the region covers two PAGs.
Hence, there will be a loss of reconstruction near the PAG boundaries. In this work, we will
apply a PPR protocol modified from our previous work to study the effects of grain size
and ausforming on the variant selection of martensitic transformation. The reconstruction
protocol enables statistical analyses on a large number of austenite grains.

2. Materials and Methods
2.1. Materials and Experimental Procedure

The material mainly discussed in this work is Custom 475 steel, which is a maraging
stainless steel, designed by Carpenter Technology Corporation (Philadelphia, PA, USA) [31].
The chemical composition of Custom 475 is shown in Table 1 and details about the material
preparation are given in our previous work [32]. Austenite is a face-centered cubic (FCC) crys-
tal. Martensite, in this alloy, can be regarded as a body-centered cubic (BCC) crystal because
its lattice constant ratio c/a is extremely close to 1 due to a low carbon content. Therefore, the
martensitic transformation in this work is close to the FCC-to-BCC transformation.

Table 1. Chemical composition of Custom 475.

Element C Ni Cr Co Mo Al Mn S P Fe

wt.% <0.02 8.0 11.0 8.5 5.0 1.25 <0.5 <0.5 <0.02 Bal.

To discuss the variant selection phenomenon for different grain sizes and deformed
structures, the experiment was divided into two stages. The first stage was the importation
of different prior austenite grain sizes in each specimen, for which the heat treatment was
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designed as shown in Figure 1a. Four distinct austenization temperatures were expected to
create different results of prior austenite grain size. To simplify these conditions of heat
treatment, we hereafter denote them as 900 ◦C, 1000 ◦C, 1150 ◦C and 1280 ◦C. The second
stage was the deformation of the prior austenite to introduce an ausformed martensite
structure. The heat treatment is shown in Figure 1b. The 1 h of austenization was expected
to produce the proper grain size of austenite, and the 30% and 50% hot rolling could
introduce different levels of deformation into the material. To simplify these conditions of
heat treatment, we hereafter refer to them as sample A (30%) and sample B (50%).
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Figure 1. Process of heat treatment for examination of the variant selection phenomena of (a) different
grain sizes and (b) deformed structures.

The EBSD technique was used to explore the microstructure in this work, especially
the crystal orientation. The specimens were ground mechanically using SiC sandpaper.
The EBSD experiments were conducted on an FEI Nova450 FEG-SEM (Hillsboro, NH,
USA) equipped with EBSD detector manufactured by EDAX (Pleasanton, CA, USA). The
operating condition was a working distance of 10 mm with 20 keV voltage and a spot
size of 5.5. The step size was set to 0.2 µm and the scanning area was 100 µm × 100 µm.
However, this parameter was changed when the grain size was too large. The results were
analyzed using TSL OIM Analysis 7.3 (Pleasanton, CA, USA).

2.2. New PPR Protocol

The PPR protocol, i.e., the digital austenite reversion, is briefly introduced here. When
the orientation of austenite (A) is known, 24 variants of martensite can be generated by:

JSvA = Mv (v = 1−24), (1)

where J is the transformation matrix (orientation relationship) from austenite to martensite;
A and M are the orientation matrices of austenite and martensite, respectively; S is the sym-
metry operation matrices; and v denotes the number of variants. Austenite reconstruction
can be governed by the equation:

Ai = J−1SiM (i = 1−24), (2)

where Ai is a potential solution to the orientation of prior austenite corresponding to the
symmetry operation matrices, Si. Hence, when each martensite variant gives 24 potential
solutions, there will be, at most, 576 austenite orientations. In fact, austenite reconstruction
is a process to find the correct Si for every pixel of martensite. In practical calculations, we
can assume that the reconstructed orientation deviates from the real orientation of PAG.
Therefore, the governing equation can be:

Ai = DSjJ−1SiM (i = 1−24), (3)

where D is the deviation matrix and Sj is the symmetry operation matrices. Miyamoto et al.
used Equation (3) to develop an accurate reconstruction approach [30]. Recently, Huang
and Yen established a protocol of austenite reconstruction, which enables a rapid and
automatic reconstruction using three steps: orientation refinement, orientation coalescence
and regional voting [33]. In this protocol, Equation (3) is used to refine the OR and J,
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and pixels of martensite of similar orientation are grouped to increase the computation
speed. A voting process is executed to determine Sj and, finally, the global reconstruction
is done by Equation (2). This protocol was implemented into AztecCrystal, which is the
EBSD software developed by Oxford Instruments (Abingdon, UK). However, particularly in
ausformed austenite, the orientations of martensite are scattered due to misorientation in the
austenite interior. Hence, austenite reconstruction becomes even more difficult. In this work,
we modify the original protocol by replacing regional voting with boundary voting. In
addition, a new step, solution tuning, is added to correct wrong reconstruction. Orientation
refinement and orientation coalescence are still the first two steps in the new protocol.

The “boundary voting” algorithm calculates the pixels along both sides of the group
boundary and accumulates the votes. For this purpose, Equation (3) can be further de-
rived into:

J−1 Si PX, A = DSk J−1 Sj PY,B ( i, j, k = 1−24 and A 6= B ), (4)

where PX, A and PY, B are two pixels from the group boundary in Group A and Group
B, respectively, as shown in Figure 2a. A potential orientation calculated from PX, A is
marked by AA, i = J−1 Si PX, A and a potential orientation calculated from PY, B is marked
by AB, j = J−1 Sj PY, B. The deviation angle, ∆θ, between two orientations is the minimum
deviation angle obtained from 24 deviation matrices, DSk. Now, any of the 24 orientations
from PX, A can be taken as the trunk of a tree, and its deviation angles with 24 orientations
from PY, B are calculated using Equation (4). Only the orientations with deviation angles
lower than θB=5◦ are taken as branches, where ∆θB is the branch angle [33]. Votes are
calculated by a voting function:

V(∆θ) = (∆θB − ∆θ), (5)

where ∆θ is the deviation angle between the branch orientation and the trunk orientation.
Every orientation solution of every group has the chance to be a trunk, and votes will be
accumulated for each Si of Group A along the boundary. In each individual group, the
solution Si accumulating the most votes is determined to be the group solution, S∗(A). This
solution will be applied for every pixel in Group A. When the group solution of every
group is determined, the global reconstruction is executed pixel-by-pixel by:

An = J−1S∗(M)Pn (pixel n belong to Group M) (6)

where An is the orientation of austenite reconstructed from the pixel n. Boundary voting
emphasizes the relationship along the boundaries of groups. This would make the algo-
rithm more sensitive to the orientation variation that results from the martensite variant or
plastic deformation. Details about the tree–trunk–branch relationship can be found in our
previous publication [33].
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In fact, reconstruction is completed in boundary voting. However, misorientation in
prior austenite due to ausforming can still cause incorrect reconstruction. To solve this



Metals 2022, 12, 1511 5 of 16

problem, the “Solution Tuning” algorithm was used to optimize the results. The first step of
this algorithm is to determine the “stable” and “unstable” austenite, as shown in Figure 2b.
The criterion is a minimum area of reconstructed austenite grain, which is denoted as
“Areamin”, and it is set as 100 pixels in this work. Here, the austenite grain is defined by
a disorientation larger than 10◦. A reconstructed austenite grain is marked as unstable
when its area is smaller than Areamin and marked as stable when its area exceeds Areamin.
The solution, S∗(M), of the unstable grain will be replaced by one of the other 23 potential
solutions when its new orientation exhibits a similar orientation (∆θ < 5

◦
) with the adjacent

stable austenite grain. The solution giving the minimum disorientation will be applied in
the solution tuning when multiple candidates exist. Figure 2b shows the practical effect
of solution tuning. It should be noted that solution tuning is not Wild Spike Removal in
AztecCrystal or Cleaning in OIM software. Solution tuning finds a reasonable solution for
incorrect reconstruction based on 23 potential solutions. If there is no reasonable one, it
keeps the original solution.

Figure 3 shows a comparison between the previous protocol and the new protocol in
the reconstruction of ausformed austenite, as seen in Figure 3a. As shown in Figure 3b, there
are many tiny austenite islands, which are incorrect reconstructions. They are prevented by
the synergetic effects from boundary voting and solution tuning in the new protocol, as
shown in Figure 3c. However, some incorrect or uncertain reconstructions are still observed,
even in the new method. In this work, these grains will be manually skipped in statistical
analyses. In all of our tests, the new protocol shows better quality in reconstructed results
for both ausformed and non-ausformed austenite. However, its reconstruction speed is
much lower because of boundary voting.
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Figure 3. Comparison between the previous protocol and the new protocol in the reconstruction of
ausformed austenite: (a) the raw IPF-Z of martensite; (b) the IPF-Z of austenite reconstructed by the
previous protocol; and (c) the IPF-Z of austenite reconstructed by the new protocol. Same scale for
three figure panels.

3. Results
3.1. Effect of Prior Austenite Grain Size

After the austenization at different temperatures, the experimental results were sum-
marized and are presented in Figure 4. The typical structure of fully lath martensite could
be seen in each condition, and there was no strong texture of martensite. It should be noted
that the phase fraction of the retained austenite was less than 5%, which could be neglected
in the current study.
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Figure 4. EBSD analysis results after applying different austenization temperatures. The IPF-Z
of martensite showed the orientation distribution and lath morphology of (a) 900 ◦C; (b) 1000 ◦C;
(c) 1150 ◦C; and (d) 1280 ◦C conditions. The boundaries were not applied to (d) to avoid too many
lines of boundaries.

To obtain further crystallography information, the method of parent phase reconstruc-
tion was applied to these martensitic raw data of EBSD. The results are shown in Figure 5.
Equiaxed austenite grains with annealing twins were found in each condition. The prior
austenite grain size could be determined by the line intersection method. As expected,
higher austenization temperatures led to larger prior austenite grains, as shown in Table 2,
and the corresponding harnesses were also measured. It should be noted that the grain
size at 1280 ◦C was too large to be determined precisely.

Table 2. Prior austenite grain sizes and corresponding hardness under four different austeniza-
tion temperatures.

Condition As-Received 900 ◦C 1000 ◦C 1150 ◦C 1280 ◦C

Grain size (µm) - 15.2 20.7 115.8 >300

Hardness (HV) 246 352 ± 8 333 ± 20 262 ± 25 251 ± 19

To show the distribution of the variants, the variants in the same packet were marked
with the same color, e.g., V1–V6 in red, V7–V12 in blue, and so on. It should be noted that
the four packets in the austenite have the same equivalence, and different choices of initial
austenite orientation may lead to different packet colors (but they are equivalent). In this
work, since the number of packets in a reconstructed grain could vary, we categorized
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the distribution of variants into four types: four-packet, three-packet, two-packet and
one-packet dominant grains. Examples of each type are shown in Figure 6. Considering
the noise and mis-indexed variants, packets with fractions < 5% were recognized as minor
packets and not categorized as dominant packets.
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austenite showed the orientation distribution and grain morphology of the (a) 900 ◦C; (b) 1000 ◦C;
(c) 1150 ◦C; and (d) 1280 ◦C conditions.

Here, 130 reconstructed non-deformed grains were collected and analyzed to deter-
mine their numbers of dominant packets. The collected prior austenite grain sizes ranged
from 4 µm to more than 300 µm. It should be mentioned that the grains from the 1280 ◦C
condition were so large that their grain size could not be calculated precisely.

The distributions of sub-blocks (variants) in the packets were also examined in a
similar way. However, the variants in one packet had a more complex relationship with
one another than those in the two-packet relationship, with two examples being the Bain
orientation in V1 and V4 or the twinning relationship in V1 and V2. To analyze these
differences, the numbers of each variant should be added up instead of simply showing
“n-variants dominant”. As a result, all of the variants were transformed into V1 to V6
equivalent variants, and the variant that covered the largest area was assigned as “V1”.
Otherwise, the fluctuation of variants would be canceled out. In the end, 170 packets
from different austenization temperatures were calculated, and the statistical results are
presented in the discussion.
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Figure 6. Examples of non-deformed reconstructed grains with different numbers of dominant
packets. (a–d) The IPF-X, IPF-Y and IPF-Z raw data of martensite from coarse to fine prior austenite
grains; (e–h) the reconstruction results of packet distribution from coarse to fine prior austenite grains.
Red, blue, green and white represent different packets instead of orientation.

3.2. Effects of Ausforming

The EBSD analysis results of sample A and sample B are displayed in Figures 7a and 8a.
The reconstruction results for sample A and sample B are shown in Figures 7b and 8b.
As one can see, most of the austenite had transformed into martensite in both conditions.
The reconstruction results showed that the grain shape of the deformed austenite was
pancake-like. As the level of applied deformation increased, the austenite was further
flattened. The orientation gradient in the deformed austenite grain was also remarkable.
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Some microstructures could be elucidated in the reconstruction results. As shown in
Figure 7b, the small region X contained many little island-like austenite grains enclosed
by high-angle grain boundaries. They might have resulted from severe deformation or
recrystallization during the hot rolling. The other small region, Y, was likely twinning
austenite before deformation. After hot rolling, the twinning plane collapsed and was
distorted. Evidence in Figure 9 indicates that the crystal morphologies of the left and right
ones were very similar, and the deviation angles between these grains were 56◦ and 53◦,
which were very close to the twinning relationship 〈1 1 1〉 60

◦
.
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Figure 9. Region cropped from Figure 6b, region Y, to show the collapse of the twinning plane in the
reconstruction results.

The deformed structure was also examined with a similar procedure to show the
distribution of the variants. As shown in Figure 10, an ausformed martensite region from
sample A was reconstructed and then variant analysis was applied. In total, 80 grains were
chosen from a non-deformed sample, sample A (30%), and sample B (50%) and calculated
in the same way. In addition, the distribution of sub-blocks in the 80 packets was analyzed
to show the tendency. All of the results are summed up in the next section.
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Figure 10. Example of the deformed reconstructed grain from sample A. (a) The IPF-Z raw data of
martensite; (b) the reconstructed results of (a); (c) the reconstructed results of packet distribution. Red,
blue and green represent different packets instead of orientation; and (d) the distribution numbers of
packets in this grain.

4. Discussion
4.1. Effect of Prior Austenite Grain Size on Variant Distribution

To demonstrate the tendency of distribution, we divided the grain sizes into four
groups. The results are shown in Figure 11. In the 1280 ◦C group, it was obvious that
one could find nearly all four packets in each grain with a grain size larger than 300 µm.
However, in the 1150 ◦C group, there were two types, namely, four-packet and three-packet
dominant grains. The grains tended to share fewer variants to complete the martensitic
transformation. In the 1000 ◦C group, the grains were dominated by three- and two-packet
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types. In this range, the grain size was smaller than 40 µm. Finally, the 900 ◦C group was
dominated by two-packet grains and had small fractions of three- and one-packet types.
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Figure 11. Statistical bar charts showing the numbers of dominant packets under the four heat treat-
ment conditions. The 1280 ◦C group was only dominated by four packets, and the 1150 ◦C, 1000 ◦C
and 900 ◦C groups were dominated by the distribution of two or three distinct types of packets.

As for the distribution of the sub-blocks in one packet, the results are shown in
Figure 12. When the prior grain size was large, the six variants tended to share the same
frequency. As the grain size became finer, the fractions of V1 and V2 increased. Finally, in
the 900 ◦C condition, with an average grain size of 15.2 µm, the fraction of V1 reached 28%,
and that of V2, 25%, which were much larger than those of the other four variants.
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The trend shown above could lead to the conclusion that the number of packets
appearing in the grains would decrease as the corresponding grain size became finer. This
phenomenon might result from the nature of martensitic transformation: the transformation
starts from the prior austenite grain boundaries, and only one habit plane participates
at first and forms the first packet. The interfaces between martensite and austenite act
as the new nucleation sites to form other packets in different habit planes from the non-
transformed region. However, if the grain size is so small that the remaining space is not
sufficient for another packet to form or the size of the newly formed packet is too small, the
resulting martensite might contain the variants from only a few packets.

As for the trend toward variant selection on the packet scale, the results showed
that only V1 and V2, which had a twinning relationship to each other, would dominate
in one packet. This dominance might also have resulted from the formation process of
martensite. When the first packet with one Bain orientation formed, another variant with a
twinning relationship from another Bain orientation would be produced simultaneously to
compensate for the strain, known as self-accommodation [34]. Under normal conditions, all
six variants would participate in a packet to compensate for the strain as much as possible.
However, when the finer grain size constrained the packet size, only the variants that could
compensate for the largest strain tended to form at first, and the other variants would be
absent due to the insufficient residual space. As a result, only a pair of twinned variants
dominated the prior austenite grain when the grain sizes were sufficiently fine.

4.2. Effect of Ausforming Level on Variant Distribution

The analyzed results of the variant selection of the deformed structure are shown
in Figures 13 and 14. As shown in Figure 13, the distribution of the packets in the non-
deformed structure was the same as that for the 1000 ◦C condition in Figure 11, which
was two- or three-packet dominant. As the applied strain increased, only one packet was
dominant in a prior austenite grain. This result is very similar to those of another study [15].
As for the distribution of sub-blocks, the results in Figure 14 show that two kinds of Bain
orientation were dominant in non-deformed structures. However, in the 50% deformation
condition, only V1 and V4, which were from the same Bain orientation, tended to form. A
very strong variant selection phenomenon could be seen in the deformed structure.

The above results can be explained by the interaction between the slip bands and
habit planes. The severe deformation would lead to dislocation sliding on the {1 1 1}
plane of austenite. The habit plane of martensite is the {5 5 7} plane, which is very close
to that of austenite, the {1 1 1} plane. The accumulated microbands on the {1 1 1} plane
would act as nucleation sites of the martensite, which had a similar orientation to the habit
plane [17]. As a result, specific variants would form at the beginning of the martensite
transformation. For example, V1 and V4, having the same Bain orientation, would tend
to form from this microband on the austenite {1 1 1} plane. Since these variants came
from the same packet, they only led to one-packet dominance. Other packets would only
form when the residual non-transformed space accumulated tangled dislocations and huge
strain, which provided new nucleation sites for the other packets. The self-accommodation
phenomenon in the deformed structure was not very obvious because the prior austenite
grain had sufficient strain.
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A schematic illustration showing the general results of this study is presented in
Figure 15. The grain size of the prior austenite grains affects the number of packets that
form after martensitic transformation and also the selection of variants with the twinning
relationship. This is explained by the spatial restriction effect, in which the space of
austenite grains will be occupied early by the initial packets when grain size is fine [35,36].
This makes the accommodation of transformation strain difficult and eventually suppresses
martensitic transformation. Based on this study, a packet of twinned variants is a critical
unit at the early stage of transformation. On the other hand, applied deformation may
influence the variant selection phenomenon such that only one packet with one Bain
orientation (e.g., V1 and V4) tends to occur. Under this circumstance, the transformation
strain and applied deformation are mutually accommodated [17,36]. Therefore, variant
selection is driven by plastic deformation.
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5. Conclusions

In this work, we have revisited the effects of austenite grain size and ausforming on
the variant selection of martensite transformation in Custom 475 maraging steel. A newly
developed protocol was used to provide statistical analyses on this phenomenon based a
large number of austenite grains. Several important points are listed below:

1. The new protocol, modified with boundary voting and solution tuning, greatly im-
proved the quality of the reconstruction.

2. Fewer packets tend to form when the grain size of prior austenite is finer, or when
large deformation is applied to the austenite.

3. When the grain size of the prior austenite is very fine (<20 µm), twinning sub-blocks
(e.g., V1 and V2) tend to form at first to compensate for the strain. The insufficient
space left by the early transformed martensite causes these two variants to dominate.

4. When the applied strain is large (≥50%), the accumulated microbands on the {1 1 1}
planes act as nucleation sites, at which only variants from the same Bain orientation
(e.g., V1 and V4) tend to form.

This work contributes to the understanding of the transformation and microstructure
of lath martensite in steels through austenite engineering.
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