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ABSTRACT

The martensitic transformation (MT) lays the foundation for microstructure and performance tailoring
of many engineering materials, especially steels, which are with > 1.8 billion tons produced per year
the most important material class. The atomic-scale migration path is a long-term challenge for MT dur-
ing quenching in high-carbon (nitrogen) steels. Here, we provide direct evidence of (112) body-centred
tetragonal (BCT) twinned martensite in carbon steels by transmission electron microscopy (TEM) investi-
gation, and the increase in tetragonality with the C content matches X-ray diffraction (XRD) results. The
specific {112}gcr twin planes which are related to the elongated c axis provide essential structural details
to revisit the migration path of the atoms in MT. Therefore, the face-centred cubic (FCC) to BCT twin to
body-centred cubic (BCC) twin transition pathway and its underlying mechanisms are revealed through
direct experimental observation and atomistic simulations. Our findings shed new light on the nature of
the martensitic transition, thus providing new opportunities for the nanostructural control of metals and

alloys.

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

Martensite is both an important transformation mechanism and
an essential microstructure ingredient. It forms one of the main
pillars of hardening steels and several other alloy classes and is
thus widely used in materials science since it was first identified
in steels in the late 19th century [1-7]. The martensitic transfor-
mation (MT) belongs to the category of displacive crystalline struc-
tural phase transformations [8-11]. The most basic and important
MT is the formation of a metastable body-centred tetragonal (BCT)
phase in steels. Although the first scientific investigations on the
MT date back only about 130 years, it was used in steels already
about 2800 years ago as an important strengthening mechanism
[8-13]. The ambition to understand the atomistic nature of this
transformation in its immense importance in engineering has mo-
tivated huge efforts to explore the associated mechanisms, includ-
ing such seminal works as those related to the Bain mechanism
[14], the K-S orientation relationship (OR) [15], the Pitsch OR [16],
the BBOC model [17,18], and many others [19-27].

Due to the high rate of the MT (close to the speed of sound), it
is difficult to observe the transformation process directly. Most cur-
rent interpretations of the MT mechanism are based on the struc-
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ture characteristics of the material in its face-centred cubic (FCC)
initial state and in the final body-centred cubic (BCC) or BCT state
after the transformation [17-27]. The martensite appears as a BCT
lattice structure in X-ray diffraction (XRD) experiments, and the
double peaks that are characteristic of the BCT structure are in-
creasingly separated from each other with increasing carbon (or ni-
trogen) content [28,29]. However, when aiming at obtaining more
detailed structural insights on martensite by transmission electron
microscopy (TEM), the results were often disappointing, in contrast
to XRD experiments [30-34]. The reason is that BCT martensite can
lose some of its typical structure characteristics (such as the de-
gree of tetragonality) in TEM observations as some of the frozen-in
interstitials can relax upon specimen preparation. However, other
features such as twins remain visible after exposing the steels to
TEM preparation. Twins occur as a very important substructure
feature of martensite in steels with 0.1 wt.% to 1.6 wt.% C, and
these have long been identified as {112}<111>-type BCC twins, as
in other BCC metals and alloys [30-34]. The contradiction between
TEM and XRD results, therefore, has made it often more difficult
to comprehend the MT process. Additionally, due to the different
possible arrangements of the interstitials in the martensitic lattice
and the effect of Zener ordering [20,35], the exact positioning and
migration paths of the atoms involved during the phase transfor-
mation process are unclear. Also, even if recent theoretical progress
provides a clearer picture of the ordering preferences of interstitial
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Fig. 1. Overview figure for the twinning and transformation processes in steels and related alloys. There are two possible pathways for the phase transition from FCC to
BCC: the deformation pathway, with a transition from FCC to HCP and then to BCC (the BBOC model) [17,18] and the quenching pathway, with a transition from FCC to a

BCT/BCT twin and then to a BCC/BCC twin.

C atoms in martensite [36-39], the processes during the transition
remain unclear.

To resolve these basic issues associated with the MT, we anal-
yse the individual transformation steps here one by one, using
theoretical and experimental methods. We use electron diffraction
through reciprocal space probing and atomistic modelling as tools
for a pseudo-in-situ investigation on the dynamics of the marten-
sitic transformation process. The methodology refers to the recon-
struction of the individual process steps by obtaining the relevant
information in different states from a series of stepwise experi-
ments and their atomistic analysis. We start by revisiting the core
contradiction mentioned above and clearly show that BCT twins do
indeed exist in high-carbon steels by TEM and electron diffraction
analysis. By identifying the unique structural characteristics and
evolution of the intermediate state BCT twin, we are further able
to validate the entire phase transformation process. More specific,
a transformation from BCT twin to BCC twin is directly observed,
and based on this finding we propose a new phase transforma-
tion mechanism following the sequence FCC to BCT twin to BCC
twin which is different from the BBOC model usually observed in
deformation-driven transformation processes [17,18,40-42] (Fig. 1).
The BBOC model was proposed in 1960-1970 [17,18], and veri-
fied and developed in recent years [40-42]. Using the informa-
tion about the symmetry of the BCT twin and the orientation rela-
tionships (OR) among these three structures, we introduce a new
transformation model and explain the underlying atomic migration
paths during the MT. We do not only discuss the positions of the
Fe atoms but also clarify the transition pathway of the interstitial
C atoms from their initially disordered to an ordered arrangement
in the host lattice during the course of the phase transition pro-
cess. The proof of the existence of a BCT twin and its formation
mechanism shed new light on the MT. This provides knowledge-
based access to improved structural control of steels and other al-
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loys, such as high entropy alloys that contain interstitial atoms in
solid solution. It can also serve to tune specific functional prop-
erties, such as magnetic anisotropy, in addition to the mechanical
properties of alloys [43-48].

2. Experimental procedure

Fe-C ingots with different C contents (0.8 wt.% (3.58 at.%), 1.0
wt.% (4.45 at.%), and 1.4 wt.% (6.14 at.%)) were prepared in a high
vacuum induction furnace under argon atmosphere and hot forged.
Plates (50 mm x 20 mm x 2 mm) were mechanically sectioned
and austenitized at 1473 K for 1 h under an argon atmosphere, fol-
lowed by ice-water quenching. Quenched samples were detected
by an XRD diffractometer (Rigaku SMARTLAB) equipped with Cu-
Ka radiation, operated at 45 kV and 200 mA. The specimens for
TEM observation were prepared by mechanical grinding and pol-
ishing to a thickness of approximately 50-70 um and then sub-
jected to twin-jet electropolishing. The electrolyte consisted of 5%-
HClO4, 75%-H,0, and 20%-C3Hs(OH);. The microstructural obser-
vation was carried out with a JEM 2100F instrument operated
at 200 kV. The heating rate during the in-situ TEM observations
was approximately 15 K/min. Electron diffraction and XRD anal-
yses were performed using CrystalMaker (CrystalMaker Software
Ltd) and JADE (MDI) softwares.

The needle-shaped specimens required for atom probe to-
mography (APT) were fabricated by lift-out and annular milling
in an FEI Scios focused ion beam/scanning electron microscope
(FIB/SEM). APT characterization was then performed in a local elec-
trode atom probe instrument (CAMECA LEAP 5000 XR). The speci-
mens were analysed at 50 K in voltage mode at a pulse repetition
rate of 200 kHz, a pulse fraction of 20%, and an evaporation detec-
tion rate of 0.5% atoms per pulse. Imago Visualization and Analysis
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Fig. 2. XRD (a) and APT results (b-d) of as-quenched Fe-C specimens with different nominal bulk C contents (0.8 C, 1.0 C, and 1.4 C (wt.%)). The results show that C atoms
are not uniformly distributed inside the martensite, and the average C contents of the entire APT tips are far below these nominal values. The black scale bar in (b-d) is

20 nm.

Software (IVAS) version 3.8 was used to create the 3D reconstruc-
tions and for data analysis.

3. Results and discussion
3.1. Observation of the BCT twin

Fe-C Specimens with different C contents (0.8 wt.% (3.58 at.%),
1.0 wt.% (445 at.%), and 1.4 wt.% (6.14 at.%)), quenched from 1473
K, were examined by XRD, as shown in Fig. 2(a). In the XRD re-
sults, martensite is the main structure, and some retained austen-
ite exists in the 1.0 C and 14 C (wt.%) specimens. The double
peaks (002), and (200),- of BCT martensite become more distinct
and also slightly more separated from each other with increasing
C content, consistent with earlier reports [8,9,28,29]. The c/a ra-
tios of martensite in these specimens were calculated from the
XRD peaks as 1.031, 1.046, and 1.056 (BCT: a < c) by JADE soft-
ware, respectively. To confirm the C content that contributes to the
tetragonality of the martensite, APT experiments were carried out
(Fig. 2(b-d)). For the three alloys, the APT results indicate an aver-
age C content of approximately 0.6 wt.% (2.73 at.%), 0.89 wt.% (4.01
at.%), and 1.08 wt.% (4.83 at.%), respectively, when integrated over
the entire APT tips. The data also reveal that the distributions of
the C atoms (from about 1 at.% to 9 at.%), which are shown in the
insets of Fig. 2(b-d), are not as uniform as Fe atoms. The APT data
show that (i) the real C content inside of the martensite is substan-
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tially lower than the alloys’ nominal C content, and (ii) the C atoms
are not uniformly distributed inside the martensite. Many stud-
ies have pointed out that C partitioning from martensite into (re-
tained) austenite can occur during cooling [49]. Also, short-range
motion and segregation of C atoms to lower energy positions in-
side the martensitic microstructure occur during water-quenching,
as C can conduct a few atomic jumps prior to being frozen in [47].
Inside the martensite, C atoms tend to segregate to dislocations,
lath boundaries, grain boundaries, and other lattice defects [50-
52]. Therefore, the true C content inside the martensite is below
the nominal one due to C partitioning into austenite and trapping
of C atoms at high-angle grain boundaries [49,50]. Also, the C dis-
tribution shows substantial variations inside the martensite. C dec-
orates dislocation cores and dislocation boundaries, and the excess
of C at these defects increases with increasing dislocation density
[51]. The C content on the interstitial positions of the martensite,
thus contributing to its tetragonality, therefore remains below the
average content, as a substantial fraction of C is located at dislo-
cations or substructure boundaries [50-52], as shown in Fig. 2(b-
d). C atoms have also been suggested to cluster on the intersti-
tial sublattice, following a spinodal mechanism [53-55]. In this
process, C atoms redistribute and form compositional waves but
maintain their adherence to the same interstitial sublattice, and
thus the martensitic lattice remains in a state of tetragonal dis-
tortion [53]. As shown in Fig. 2(b-d), nanocarbides have not been
observed. To proof and evaluate the precision in the analysis of
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Fig. 3. TEM images of twinned martensite in the Fe-1.4C specimen. (a) SAED pattern of BCT twinned martensite along the [110] ZA. Diffraction spots from the matrix and
twin are indicated by the white and red dashed lines, respectively. (b) SAED pattern of BCC twinned martensite along the [110] ZA as reported in previous studies. (c)
SAED pattern of BCT twins along the [131] ZA tilted from (a). (d) SAED pattern of BCC twins along the [131] ZA as in previous studies. (e) HRTEM image of BCT twinned
martensite. (f) FFT pattern of the region outlined by the dotted frame in (e). (g) FFT pattern of the region outlined by the dotted-dashed frame in (e). (h) Inverse FFT image
of (e) displaying the twin lattice. The white row of lines, the black row of lines, and the white dotted-dashed line indicate the (110),, planes, (110), planes, and (112)m,t

twin boundary, respectively. (Subscripts m and t indicate matrix and twin.)

the C distribution inside the martensite, the mass-to-charge spec-
tra of all three alloys are shown in Fig. S1 in the Supplementary
Materials.

In previous investigations [28-32], the structure of marten-
site has been widely studied. The selected area electron diffrac-
tion (SAED) pattern of twinned martensite observed in the current
study (Fig. 3(b)) is consistent with that of {112}<111>-type BCC
twins found for other BCC metals and alloys [33,34] and with the
corresponding simulation (Fig. S3(b)). However, since the aspect ra-
tio of the BCT structure is different from that of the BCC structure,
the SAED spots obtained for the BCT structure deviate from the
positions of those that are obtained for the BCC lattice. Therefore,
some diffraction spots which overlapped in BCC twins could be
separated in BCT twins, and this separation of the diffraction spots
would become more distinct and thus detectable with increasing
c/a axial ratio.

To shed light on the contradiction between the martensite’s BCT
structure as observed by XRD [28,29] and that observed in TEM as
BCC twin in previous studies [30-34]|, detailed TEM observations
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and electron diffraction analyses were carried out on several spec-
imens of the three Fe-C alloys. In order to reduce the influence
of the heat treatment and preparation process on the TEM ob-
servation, a high homogenization temperature (1473 K) and a fast
quenching rate were selected. TEM foils were prepared via double-
jet electropolishing on freshly quenched specimens to avoid the in-
fluence of ion beam damage on the martensite. Due to the symme-
try of the twin, the difference between the BCC and BCT structures
can be readily distinguished by electron diffraction analysis, and
the c/a ratio can also be revealed in TEM. The specimen with the
highest c/a ratio (Fe-1.4wt.%C) was at first selected for probing, and
more detailed observations of martensite were carried out along
the zone axes (ZA) (<110>, <131>, and <120> families) where
twin diffraction spots can be observed.

Fig. 3(a) shows a SAED pattern of twinned martensite along
the [110] ZA which is different from that of the BCC twin shown
in previous studies (Fig. 3(b)) [30-34]. To further confirm the
twin structure, the specimen was tilted approximately 30° from
the [110] ZA to the [131] ZA. The corresponding SAED pattern
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(Fig. 3(c)) is also different from that of the BCC twin taken along
the [131] ZA (Fig. 3(d)) [31,33]. Diffraction spots (303)y, and (411)
are separated in Fig. 3(c), while they overlap in the BCC twin
(Fig. 3(d)). To reduce the influence of foil thickness on the SAED
signal and further confirm the SAED pattern observed, additional
high-resolution TEM (HRTEM) observations were carried out as
shown in Fig. 3(e). The Fourier-filtered transformed (FFT) diffrac-
tion pattern (Fig. 3(g)) from the matrix and the twin region is the
same as that in Fig. 3(a). Fig. 3(f) from the matrix region is used
as a reference structure for comparison with Fig. 3(g). According
to this observation (Fig. 3), the twin structure can reasonably be
considered a BCT twin where one of the {112} planes is the twin
plane, confirming the general picture of the MT. (For the morphol-
ogy of the BCT and BCC twins, see Fig. S2)

To further study the twinned martensite observed in Fig. 3, a
detailed electron diffraction analysis of the BCC twin and the BCT
twin has been conducted as shown in the Supplementary Mate-
rials and in Fig. S3. The diffraction spots (Fig. S2(f)) overlap very
well between the simulation pattern of the BCC twin (Fig. S3(b))
and the TEM observation (Fig. 3(b)). The simulated diffraction pat-
tern of the BCT twin shown in Fig. S3(d) also matches the TEM ob-
servation (Fig. 3(a)) very well, and the overlapped image is shown
in Fig. S2(c). Based on this TEM observation (Fig. 3) and the elec-
tron diffraction analysis (Fig. S3), several differences can be identi-
fied in the diffraction patterns along the [110] ZA between the BCC
and the BCT twin. A trapezoidal shape is formed by the matrix and
twin diffraction spots in the BCT twin, and only the gradient direc-
tion of the trapezoid shown in Fig. 3(a) could be observed. More-
over, diffraction spots (222)y, and (222) differ from each other in
the BCT twin, while they overlap with each other in the BCC twin,
due to the structure’s higher symmetry. In addition, extra diffrac-
tion spots between (112) and (000) are located at the 1/3 and 2/3
(112) positions in the BCC twin, while they deviate from these po-
sitions in the BCT twin.

3.2. Characteristics of BCT twins for different c/a ratios

The c/a ratio of the BCT structure increases with the C content,
as revealed by the XRD results (Fig. 2(a)), in agreement with the
general understanding of the MT and the associated Zener ordering
of the C [20]. This macroscopic result motivated us to probe this C
dependence also by TEM. The experimentally observed diffraction
patterns of BCT twinned martensite with different C contents (1.4
C, 1.0 C, and 0.8 (wt.%) C) are shown in Fig. 4(a-c). With an in-
creasing c/a ratio, the structural features of the BCT twin become
more obvious. The higher the c/a ratio is, the larger the gradi-
ent of the trapezoidal shape in the diffraction patterns is, and the
larger the separation of the {222} diffraction spots are. In other
words, with decreasing C content, the trapezoidal shape of the BCT
twin changes into a rectangular shape as that in the BCC twin.
The calculated diffraction patterns (Fig. 4(g-i)) with c/a ratios of
1.056, 1.046, and 1.031, respectively, match those obtained from
the TEM observations (Fig. 4(a—c)). Therefore, the TEM observations
(Fig. 4(a-c)) are consistent with the XRD results (Fig. 2(a)), when
considering the TEM instrument error, minor differences in local C
concentration among different martensite regions probed in TEM
and the statistics associated with XRD probing.

3.3. Phase transformation from BCT twin to BCC twin

In the common view, BCT Fe-C martensite forms from FCC
austenite during quenching and subsequently decomposes into BCC
ferrite and carbides during tempering [8,9]. Therefore, an FCC to
BCT twin to BCC twin transformation sequence can in principle ex-
ist during the course of the MT process, as confirmed by the BCT
twin martensite observation in the present study. Fig. 4(a) shows
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the SAED pattern of the BCT twin at 300 K. The virgin Fe-C marten-
site is unstable, and phase separation will occur by a spinodal
mechanism prior to carbide precipitation [53-55]. The spinodal de-
composition is characterized by a redistribution of the C atoms
on their octahedral interstitial sites in the martensite, an effect
that produces diffuse electron scattering [53-55]. Fig. 4(d) shows
clear diffuse scattering around the diffraction spots, which means
that spinodal decomposition occurred in specimens after ageing at
room temperature (RT) for 3 days. In-situ heating experiments con-
ducted in the TEM (Fig. 4(a, e, f)) show that the c/a ratio of the
BCT twins decreases with increasing temperature. The gradient of
the trapezoidal shape decreases, while the (222),, and (222); spots
shift closer to each other. Finally, the trapezoid changes to a rect-
angle, and the (222),, and (222); spots overlap with each other at
673 K, as in a BCC twin. Some weak diffraction spots are grad-
ually produced in the SAED patterns (Fig. 4(e, f)), indicating that
carbides have formed during tempering. Comparing the insets in
Fig. 4(e, f), the thickness of the twin structure is obviously increas-
ing, indicating that the de-twinning process occurs concurrently. In
addition, it is found that the c/a ratio is still above 1 in the mate-
rial’s state shown in Fig. 4(e) but smaller than that in Fig. 4(a). The
morphology and thickness of the twin structure (insets in Fig. 4(a,
e)) exhibit only minor changes. This means that C atoms diffuse
from the BCT crystal lattice and begin to form nanoscale carbide
particles. With increasing temperature, the c/a ratio of the BCT lat-
tice finally decreases to 1 (at 673 K), and nanoscale carbide par-
ticles further develop into cementite. To further confirm the BCT
twin to BCC twin process, in-situ heating experiments on another
reference specimen of the same state (1.4 wt.% C) have been con-
ducted and probed along the [131] ZA, and the same conclusion
was reached.

3.4. Martensite transformation stage from FCC to BCT twin

The atomic-scale migration processes from FCC to BCT are dif-
ficult to observe directly, due to the near-sonic transformation
rate. Yet, the observation of the BCT twin provides sufficient ex-
perimental evidence to revisit this step of the MT process, espe-
cially the existence of a specific (112)gcr twin plane related to the
elongated c axis. As mentioned in the section about the electron
diffraction analysis (Supplementary Materials), the twin plane is
the (112)ger plane, but this brings the question of what the cor-
responding matching plane in the hosting FCC structure is. In pre-
vious studies, numerous orientation relationships (ORs) between
austenite and martensite were studied (Table S2). Several theoret-
ical models have been proposed to interpret both the underlying
ORs and the habit planes, such as the phenomenological theory of
martensitic crystallography [14-16,21-23] and the O-lattice theory
[56]. As in the Bain correspondence [14], the {112}gcr plane cor-
responds to the {110}gcc plane during the MT and has been in-
vestigated in numerous studies [16,21]. If the c/a ratio is assumed
to be 1.056, the [110]pcc and [111]gcr directions are very similar
in length and they also have a similar atomic arrangement as they
are the close-packed directions in austenite and martensite, respec-
tively. This match of the <110>gcc /| <111>pcr directions has al-
ready been determined in previous studies about the systems Fe-C
and Fe-N [15,16]. Therefore, the Pitsch OR [16] is a suitable basis
for the interpretation of the data presented in this work.

In martensite, a simple [111]gcr shear is generally considered
to occur on the (112)gcr plane [16]. This brings the question of
whether a corresponding, i.e., matching [110]zcc shear exists on
the (110)gcc plane in the FCC lattice. Such an FCC-to-FCT (cubic-
to-tetragonal) transformation has indeed been reported for sev-
eral alloy systems with martensitic transformations [57,58], e.g., in
In-T1 [57] and Fe-Pd [58]. The underlying kinematics can be ex-
plained in terms of a double <110>{110} shear mechanism which
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martensite aged at room temperature for three days. (g, h, and i) calculated diffraction patterns of BCT twins with c/a ratios of 1.056, 1.046, and 1.031 without considering

the double diffraction of twins.

triggers a cubic-tetragonal transition (FCC to FCT) [57]. With de-
creasing Pd content in Fe-Pd alloys, the phase transformation was
reported to change from FCC-FCT to FCC-BCT and finally to FCC-
BCC after quenching [58]. As in the Bain model, the FCC lattice
can be understood as a special BCT lattice, with a c/a ratio equal
to +/2. Therefore, the FCT lattice (c/a < 1) [58] could also be re-
garded as a BCT lattice with a c/a ratio below ~/2. The FCC-to-
BCT-to-BCC process can then be regarded as a sequence of step-
wise transformation processes in the BCT lattice during which the
c/a ratio approaches 1, hence finally matching that of the BCC lat-
tice. Following the Pitsch OR and the consecutive <110>{110}gcc
shears, we devised a model of the atomic motions as plausible
shuffling pathways during the MT (See the shuffling model in Sec-
tion 3.4.1 that follows), Fig. 5. The FCC to BCT or BCT twin trans-
formation includes a [110](110)gcc shear, which involves a slip of
partial dislocations 1/12 [110]gcc on the (110)pcc planes (a non-
ideal BCT lattice (BCT’) formed from FCC), and a pure distortion
which is determined by the final structure. The term ‘pure dis-
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tortion’ is used here, in accord with Refs. [16,22], to describe an
overall shape change between the BCT' and the ideal BCT lattice of
about 3.9% volume change. A set of Molecular Dynamics (MD) sim-
ulations with the atomic nature of the phase transition processes
have been performed (Fig. 6) (see the Supplementary Materials for
details), which strongly supports the atomic shuffling model sug-
gested in Fig. 5.

If a full dislocation 1/2 [110]pcc slips continuously on the
(110)gcc plane (Fig. 5(a)), then the atomic arrangements in the FCC
lattice (a = 3.61 A) will not be changed. When a partial disloca-
tion 1/2n [110]gcc (n > 1) continuously slips on the (110)pcc plane,
the atomic arrangements in the FCC lattice get distorted and the
relative spacing among the atoms changes. The distorted FCC lat-
tice elongates along either the [100]gcc or the [010]gcc directions
and shrinks in the other direction after the (110) shear, known
as the first shear in the double <110>{110}pcc shear mechanism
[57]. Considering the FCC lattice as a special case of a BCT lat-
tice, the [110](110) shear mechanism is a process during which the
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Fig. 5. Sketches of the atomic shuffling pathways for the individual atoms, as gathered from the experiments and considerations related to the underlying shear and
distortion, to better explain the atomic position shifts from FCC to BCT and BCT twin (¢/a = 1.056). (a) Atomic arrangement projection of the FCC lattice (a = 3.61 A) along
the [001]pcc direction; the illustration on the right is the stereogram of one FCC crystal cell. Blue and red dots indicate the atoms in two subsequent atomic layers (A and B
layers), and the red dotted-dashed line indicates the Oth (110)pcc plane. (b) Atomic arrangement projection of FCC to BCT" with a [110](110)pcc shear; the illustration shows
the stereogram of the BCT’ structure. (c) Projection of FCC to BCT' twin. (d) Projection of BCT' growth. (e) Pure distortion of BCT' to BCT. (f) Inverse FFT image of an HRTEM
image of the BCT twin lattice. (g) Atomic arrangement projection of the BCT’ lattice as it is formed by the [110](110) shear from the hosting FCC lattice under consideration
of the occupation distribution of the C atoms. The stereogram of BCT' shows that the C atoms are located at the c-octahedral site of the BCT lattice. (h) Symmetric double

shears on the (110)gcc and (110)pcc planes in the FCC lattice.

c/a ratio in the BCT lattice is reduced when the size of the vector
1/2n [110]pcc is very small. Also, the FCC lattice can transform into
the BCT' by a continuous slip of partial dislocations 1/12 [110]gcc
on (110)gcc planes as shown in Fig. 5(b). According to the shear-
ing process, the lattice parameters and angles of the BCT’ lattice
cell are calculated as a = b ~ 2.79 A, c ~ 3.068 A, o ~ 92.43°,
B ~ 87.57°, and y ~ 99.4°. This lattice is already very similar to
the ideal BCT lattice with a c/a ratio of 1.056 (c ~ 3.01 A, a ~ 2.85
A). Furthermore, the BCT" lattice can be twinned or grown by the
(110) shear in the positive or negative [110] direction, as shown in
Fig. 5(c, d). The total atomic displacements in the MT include an
inhomogeneous shear [16,22] and a pure distortion [16,21,22] as
has been suggested in several preceding works. The [110](110)cc
shear is considered the inhomogeneous part of the MT [16,22].

~
~
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Therefore, to form the ideal BCT structure from BCT’, pure distor-
tion should occur. Fig. 5(e) shows a schematic diagram of the BCT’
transformation into an ideal BCT structure (c/a = 1.056). By com-
paring their lattice parameters, the BCT lattice could transform
into the ideal BCT lattice after (i) an expansion in the [001]gcc
and [001]pcc directions of approximately 11.6% of the atomic dis-
tances, (ii) a contraction in the (110)gcc plane distance of approx-
imately 5.4%, and (iii) a decrease in the [110]pc direction of ap-
proximately 1.5%. After this pure distortion, the c/a ratio decreases
from 1.1 in BCT' to 1.056 in BCT. The c/a ratio of BCT could be
variable with different pure distortions and further decrease with
the reduction of the (110)gcc plane distance. Fig. 5(f) shows a non-
ideal BCT (BCT”: x = 3.05 A, y = 4.06 A, 6 = 87°) twin lattice im-
age (Fe-1.4C) for comparison with the above transformation model.



T Liu, L. Liang, D. Raabe et al.

Ideal-BCT

Journal of Materials Science & Technology 134 (2023) 244-253

.....
.....
....................

I [117]

-2
[110]pec

-------------------

Fig. 6. MD simulation of the phase transition process for comparison with experiments. (a) Atomic arrangement projection of the BCC, ideal BCT, BCT’, and FCC lattices along
[110]ccjper and [001]pcc. (b) MD simulation image of crystal lattices after the first relaxation step viewed along [001]gcc//[110]pcc using EAM potential. (c) MD simulation
image after the second relaxation step. (d) HRTEM image of the BCT twin lattice for comparison with (c). The white scale bar in (d) represents 1 nm. (e and f) MD simulation
images after two relaxation steps considering C atoms (Fe;sC, 5.9 at.% (1.33 wt.%)) in octahedral interstitial sites using the MEAM potential. (Large yellow circles in (e and f)

denote C atoms)

The white line frame in Fig. 5(f) indicates a projection of the BCT”
lattice cell similar to the red dashed line frame in Fig. 5(b). One
stacking fault (SF) along the [111] direction on the (112) plane is
marked by an arrow. By comparison with Fig. 5(e), the BCT” lattice
in Fig. 5(f) indicates that the lattice is in the pure distortion transi-
tion process. The atomic-scale TEM image provides direct support
for the transformation model.

In order to describe the transformation process more accurately,
lattice distortion matrixes are given as follows:

In the reference basis Brcc (spanned by the vectors [100]gcc,
[010]gcc, and [001 Jgcc),

(a) The [110](110)gcc shear process from FCC to BCT’ can be de-
scribed as:

7/6

1 0 0 16 1/6 0 16 0
o 1 o|l +|-16 -1/6 0| —|-1/6 5/6 0
0 0 1 FCC 0 0 0 FCC 0 FCC

0 1
(1)

1/6 1/6 0 )
-1/6 -1/6 0 which refers to a 1/6 [110]gcc shear on
0 0 0 pec

basic axes [100]gcc and [010]cc.

(b) The ‘pure distortion’ process includes three steps: (i) a con-
traction in the (110)gcc plane distance of approximately 5.4%, (ii)
a decrease in the [110]pcc direction of approximately 1.5%, (iii) an
expansion in the [001]pcc and [001]pcc directions of approximately
11.6% of the atomic distances (c/a = 1.056).

-1/36 -1/36 0
The contraction of (i) is: | -1/36 —-1/36 0 , which
0 0 0 pec

equals a 1/36 [110]gcc shear on basic axes [100]pcc and [010]gcc.
Then, the BCT’ lattice changes to BCT}:

7/6 1/6 0 ~1/36 -1/36 0
~1/6 5/6 0| +|-1/36 -1/36 0
0 0 1 0 0 0]
4136 5/36 0
~|-7/36 29/36 0 (2)
0 0 1
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-1/30 -1/50 O
The decrease of (ii) is: | 1/30 1/50 O , which means
0 0 Tgec

that the lattice decreases the atomic distance of [110]pcc to fit that
of [1 11 ]BCT'
Then, the BCT; lattice changes to BCT}:

4136 5/36 0 ~1/30 -1/50 0
~7/36 29/36 0| +| 1/30 1/50 0
FCC FCC

0 0 1 0 0 1
199,180 107,900 O
— | —29/180 743/900 O (3)
0 0 1 e
1 0 0
The expansion matrix of (iii) is: [0 1 o |
0 0 48/43
Then, the BCT, lattice changes to BCT:
199,180 107/900 O 1 0 0
—29/180 743/900 O 0 1 0
0 0 1 {0 O 48/43
199,180 107,900 0
— | —29/180 743/900 0 (4)
0 0 48/43 | ¢

The ‘pure distortion’ process is determined by the final struc-
ture with different C contents. Therefore, the distortion matrix of
this process is not a fixed value. However, different ‘pure distor-
tion’ processes can perform similar operations.

In summary, the matrix transformation from FCC to BCT

(c/la = 1.056) is:
1 0 O N 7/6 1/6 0
0 1 0 T -1/6 5/6 0
0 0 Tlpc 0 FCC

0 1
_,[199/180 107/900 0
—|-29/180 743900 0

0 0 48/43 | 1

1: The first shear process from FCC to BCT'. 2: The second ‘pure
distortion’ process from BCT’ to BCT.

3.5. BCT martensite and ordering of C atoms

The BCT structure and its degree of tetragonality are signifi-
cantly dependent on the specific ordering of the C atoms on the
octahedral sites of the BCC lattice [35,39,52,54]. C atoms prefer-
entially occupy the octahedral interstitial sites at 1/2 <100>pgcc
along one of the three sublattices in the BCC lattice [35,39,52,54].
If the C atoms are randomly distributed across the three types
of octahedral sites, the lattice assumes a state of hydrostatic ex-
pansion, realized by the symmetric elongation along all the three
basic axes, so that the structure maintains its BCC lattice [52].
Conversely, the lattice assumes increasing tetragonality when one
of the basic axes has a higher degree of occupation by C atoms
(turning it into a BCT lattice). The c/a ratio of such a BCT lattice
reaches a maximum in tetragonality when the C atoms completely
occupy only one type of octahedral sites [35,52,54]. In austenite
(FCC lattice), the C atoms assume a regular solid solution with
a disordered distribution of the C across all octahedral sites. The
MT realized by quenching then leads to the transformation of
these C atoms into an ordered distribution in their new structure
[35,39,54]. Fig. 5(g) shows the sketched atomic arrangement pro-
jection along the [001]gcc direction of FCC to BCT' under consid-
eration of the positions of the C atoms. An assumption here is
that one FCC crystal cell contains one C atom located at an oc-
tahedral site (Fe4C). When the FCC structure transforms into BCT’
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after the [110](110) shear, the originally disordered distribution of
C atoms in the FCC lattice becomes inevitably ordered in the BCT’
lattice (Fig. 5(g)). In contrast, a pure distortion of BCT’ to BCT does
not change the positions of C atoms in this specific arrangement.
Therefore, the inhomogeneous shear is the controlling process that
explains the ordering of the C atoms, as revealed by the atomic
motions during the MT (Fig. 5(g)).

Of course, the C content for the case of the here assumed Fe,C
composition (Fig. 5(g)) has been exaggerated, even for the case of
high-carbon steels [59]. When the C content is between 0.9 wt.%
(4.02 at.%) to 1.8 wt.% (7.79 at.%), approximately six to three FCC
cells contain one C atom (Fep4C to Fe;C). C atoms can affect the
2-3 interlayer spacings of the slip planes in FCC [60]. Therefore,
4-6 slip planes around the C atoms could be affected. This is gen-
erally consistent with our atomic shuffling model (Fig. 5) which
assumes a 6-layer sequence of (110) planes as the reconstruction
period. This is roughly equal to one C atom affecting three to six
FCC cells, and it is consistent with the C content in high-carbon
steels. The decrease of the c/a ratio is considered to be related
to the order-disorder transition of C atoms [35,54]. As in a pre-
vious study, the disordering of C atoms can occur in two ways
[35,39,52,54]: lattice conjugation and coherence between different
variants of martensite [35,54] and short-range diffusion of C atoms
[35,39,52]. Fig. 5(h) shows a double shear scenario on the (110)gcc
and (110)gcc planes, and two BCT’ variants are generated accord-
ingly. The ordered arrangements of the C atoms in two BCT vari-
ants are perpendicular to each other along the [001]gcc projection.
Considering the three basic axes <001>gcc, a total of 12 BCT’ vari-
ants could form after multiple <110>{110} shears. Multiple shears
could introduce disorder in the occupation positions of C atoms
along the three mutually perpendicular axes. Vice versa, activa-
tion of only a single prevalent <110>{110} shear system can intro-
duce maximum ordering of C atoms, and the ordering of C atoms
decreases with the occurrence of multiple shears in the FCC lat-
tice. In the case of a symmetric double shear scenario (Fig. 5(h)),
the atomic arrangements of the so deformed lattice in the re-
gion where the two shears add up remain in a perfect FCC struc-
ture, similar to that of the region unaffected by shear (purple line
frames in Fig. 5(h)). Two twinned martensite variants perpendic-
ular to each other induced by double shears (Fig. 5(h)) are also
observed in the TEM experiment (Fig. S4) and provide important
support for this kinematic picture. The short-range diffusion of C
atoms is considered as another important order-disorder process
[35,39,52]. During ageing at RT, C atoms remain on their octahe-
dral sites but undergo spinodal decomposition prior to carbide pre-
cipitation, reducing the tetragonality of the BCT lattice only mod-
estly during the first decomposition stages [53,55]. With increasing
temperature, some diffusing C atoms begin to form nanoscale car-
bides, which decreases the lattice’s tetragonality and extra diffrac-
tion spots appear in the SAED pattern (Fig. 4(e)).

4. Conclusion

We propose a new phase transformation mechanism based on
TEM observation and a corresponding transformation analysis of
(112) BCT twinned martensite in carbon steels. An atomic shuf-
fling model is developed to explain the atomic motion process dur-
ing the MT by considering both, the symmetry features of the BCT
twins and OR studies between martensite and austenite. The pro-
cess step transforming the lattice from FCC to BCT or rather to
BCT twins includes an inhomogeneous <110>{110}scc shear and
a pure distortion, which follows the Pitsch OR. The degree of C
atomic ordering in the BCT structure can reach a maximum af-
ter a single <110>{110} shear in FCC, and this ordering decreases
with the occurrence of multiple shears. Elucidating the underlying
phase transformation mechanism and atomic motions behind this
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probably most important metallurgical transformation can guide
the structural control and material design of a wide class of metals
and alloys.
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