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Early Martensitic Transformation
in a 0.74C–1.15Mn–1.08Cr High Carbon Steel

THOMAS KOHNE, TUERDI MAIMAITIYILI, AIMO WINKELMANN,
EMAD MAAWAD, PETER HEDSTRÖM, and ANNIKA BORGENSTAM

The martensitic transformation in a high carbon steel was studied by a new experimental
approach focusing on the nucleation and growth as well as the variant pairing of the
early-formed martensite. A mixed microstructure with tempered early-formed martensite and
fresh later-formed martensite was achieved by a heat treatment with an isothermal hold below
the martensite start temperature. In-situ high-energy X-ray diffraction showed no further
transformation of austenite to ferrite/martensite during the isothermal hold. The tempered
early-formed martensite was characterized with a combination of light optical microscopy and
local tetragonality determination by electron backscatter diffraction. The characterization
allowed qualitative as well as quantitative analysis of the tempered early-formed martensite with
regard to the prior austenite grain boundaries (PAGB) and variant pairing. The early-formed
martensite was shown to grow predominantly along the PAGBs and clustering was observed
indicating an autocatalytic nucleation mechanism. The variant pairing of the early-formed
martensite had a stronger plate character compared to the later-formed martensite.
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I. INTRODUCTION

THE martensitic transformation is a contributor to
the large variety of applications for steels due to its high
hardness and strength. Extensive investigations of
martensite transformation mechanisms and kinetics[1–5]

have been necessary for continuous improvements of
heat treatments for optimal performance due to the
complex nature of the martensitic transformation. The
early stages of the transformation are of special interest
for an improved understanding of the nucleation and
growth mechanism that impacts the overall kinetics of
the transformation. The early-formed martensite pri-
marily forms at prior austenite grain boundaries
(PAGB) and then grows through the prior austenite
grain (PAG) in low carbon steel lath martensite[6] and in
Fe–Ni–C plate martensite.[7,8] This is called the

geometrical partitioning process[9] since it partitions
the PAGs into smaller volumes, which leads to a
mechanical stabilization of the austenite.[6,10–12] Van
Bohemen et al.[13] studied the early martensite formation
in high carbon steel in the bulk and at a free surface by
tempering the early-formed martensite. In the bulk, the
martensite seemed to form and grow along PAGBs, but
a definite conclusion was not possible due to experi-
mental limitations in PAG determination. The experi-
ments at a free surface showed the same behavior as
observed in the low carbon steel and Fe–Ni–C alloy with
geometrical partitioning of PAGs. Hence, the growth
behavior in the bulk for high carbon steel has not been
elucidated yet.
High carbon steels with a carbon content around 0.6

to 1.0 wt pct C are in the mixed martensite region
between lath and plate martensite.[1,14] Stormvinter
et al.[15] showed a gradual transition in the variant
pairing between lath and plate martensite and the mixed
martensite region has components typical for lath and
plate martensite as well as for the mixed region.
However, the variant pairing at different stages of the
transformation, e.g., early-formed and later-formed
martensite, has not yet been investigated. Therefore, it
is not clear if there are changes in the variant pairing of
the formed martensite during the transformation.
The development of prior austenite orientation recon-

struction algorithms[16–20] allows the determination of
PAGs and PAGBs via electron backscatter diffraction
(EBSD) for a detailed analysis of the early-formed
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martensite. The combination with local tetragonality
determination by pattern matching[21–23] enables new
possibilities of qualitative and more quantitative anal-
ysis of tempered martensite due to its lower tetragonal-
ity compared to fresh martensite.[24,25]

In this study, the early martensitic transformation in a
0.74C–1.15Mn–1.08Cr high carbon steel is investigated
and new approaches for quantitative analysis are used to
get a better understanding of the initially formed
martensite. A mixed microstructure of tempered and
fresh martensite is achieved by an isothermal hold below
the martensite start temperature (Ms) followed by
quenching. The combination of light optical microscopy
(LOM) and EBSD with local tetragonality determina-
tion allows the separate qualitative and quantitative
analysis of the tempered early-formed martensite. Based
on this, the nucleation and growth in regard to PAGBs
as well as the variant pairing of the early-formed
martensite are investigated.

II. EXPERIMENTAL METHODS

A. Material

A high carbon steel with a composition of
0.74C–1.15Mn–1.08Cr–0.19Si–Fe in weight percent
was studied. The samples were cast, hot rolled at 900
�C, homogenized under vacuum in a quartz tube at 1200
�C for 24 hours, and machined into rectangular, 10�
5� 2 mm, dilatometer samples.

B. Heat Treatment

The early martensitic transformation was studied by
carrying out two consecutive heat treatments in a
dilatometer DIL 805 A/D from TA Instruments. The
first heat treatment ‘‘Direct’’ consisted of austenitization
at 960 �C and subsequent cooling to room temperature,
see Figure 1. The cooling sequence was divided into
three steps with different cooling rates: 30 K/s to 550 �C,
15 K/s to 220 �C, and 5 K/s to room temperature. The
Ms temperature was determined to be 194 �C for the
‘‘Direct’’ sample by the offset method.[26]

In the second heat treatment ‘‘Hold,’’ the sample was
austenitized and cooled as in the first heat treatment
with an additional isothermal hold at 184 �C slightly
below Ms for 600 s followed by quenching to room
temperature with 5 K/s. 184� C was chosen as hold
temperature to study the martensite formed around an
additional maximum in the first derivative of expansion
for ‘‘Direct,’’ see Section III–A. The isothermal hold
was used to achieve a mixture of tempered and fresh
martensite, where the martensite formed before the
isothermal hold became tempered and the fresh marten-
site formed during cooling from the holding period was
untempered. The tempering allowed the separate inves-
tigation of early-formed martensite in the final
microstructure, see Section II–D.

C. In-Situ HEXRD

In-situ high-energy X-ray diffraction (HEXRD)
experiments were carried out at the beamline P07b,
DESY, Hamburg, operated by the Helmholtz–Zentrum
Hereon[27] to study any possible further martensitic
transformation during the isothermal hold. The used
experimental setup is described in detail in Reference 28.
The samples were heat treated as described in Sec-
tion II–B in combination with the recording of trans-
mission diffraction pattern with acquisition rates of 0.25
and 5 Hz. The use of a beam energy of 87.1 keV (0.14236
Å) in combination with a 2D PerkinElmer detector at a
distance of 1392 mm behind the samples allowed for
measurement of the first 4 martensite and 5 austenite
peaks. The recorded 2D diffraction patterns were
integrated over 360 � to 1D patterns using the Fit2D[29]

software. The phase fraction and tetragonality c/a of
martensite during the isothermal hold was evaluated by
Rietveld refinement using the software package
Topas-academic.[30] For comparison, the martensite
phase fraction was determined for the start of the
martensitic transformation, 160 �C to 195 �C, for the
‘‘Direct’’ heat treatment.
As overall diffraction patterns (or peak shapes) are a

convolution of background, sample, and instrument, the
standard lanthanum hexaboride NIST660C was mea-
sured under the same experimental configurations as the
samples for calibration and instrument profile function
extraction purpose. Further, the Rietveld refinements
were performed to determine the profile function. After
a satisfactory fit was obtained from the lanthanum
hexaboride data, the instrument profile function param-
eters were fixed together with zero error correction.
Finally, batch Rietveld refinements were carried out to
refine the structure of various phases to define best
possible unit cell parameters at a given temperature and
time.
The peak profiles were modeled with a modified

Thompson–Cox–Hastings pseudo-Voigt (pV-TCHZ)
profile function.[30] The background was fitted with a
Chebyshev function with seven coefficients. The Riet-
veld fitting was performed on the full diffraction pattern
range and one typical fit is shown in Figure 2. The
crystal structure information of the various phasesFig. 1—Temperature profile over time for ‘‘Direct’’ and ‘‘Hold’’ heat

treatments with isothermal hold at 184 �C.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 53A, AUGUST 2022—3035



needed for Rietveld analysis was obtained from the
Inorganic Crystal Structure Database (ICSD).[31]

D. Characterization of Tempered Martensite

The tempered early-formed martensite in the final
microstructure after the second heat treatment was
characterized with LOM as well as EBSD and imaging
using the forward scattering detectors (FSD).

The samples were prepared by mechanical grinding
and polishing using 9, 3, and 1 lm diamond suspension
with subsequent electropolishing at 12 V and 10 �C for
60 seconds with Struers A3 electrolyte for EBSD
investigation. The electropolishing resulted in a contrast
between tempered and fresh martensite units in FSD.
For confirmation, the surface was carefully repolished
and etched with Nital after the EBSD measurements to
obtain a clear contrast between tempered and fresh
martensite in LOM. The careful repolishing resulted in
minimal material removal and it was possible to study
almost the same microstructure as in EBSD. The
ImageJ[32] plugins for extended depth of field[33] and
image stitching[34] were used for the LOM images.

For the EBSD investigation, a FEI Nova 600
NanoLab dual-beam system with an Oxford Instru-
ments Symmetry CMOS detector with an acceleration
voltage of 20 kV, a current of 9.5 nA, and an acquisition
time of 10 ms was used and the data were analyzed using
the MTEX toolbox.[35,36] The raw EBSD patterns were
recorded with a resolution of 156� 128 pixels (8� 8
binning) for analysis by the projective Kikuchi pattern
matching algorithm from Winkelmann et al.[21,22] to
determine the local tetragonality c/a. Only data points
with a normalized cross-correlation coefficient r defined
in References 21, 22 above 0.5 were taken for the
tetragonality c/a analysis in order to exclude inadequate
matches of experimental and simulated patterns. A total
of three measurements were recorded with a step size of
150 nm and each having a size of 126� 111lm.

In addition to LOM and FSD imaging, the local
tetragonality c/a was used to determine the position of
tempered martensite units via threshold values of low c/a

in the EBSD data for quantitative analysis. This analysis
is based on the lower tetragonality of tempered com-
pared to fresh martensite.[24,25] Three different cut-off
values for low tetragonality c/a were chosen 1.01,
1.0125, and 1.015. The tempered martensite units were
determined for the conditions that the total average
tetragonality c/a ratio of the unit was below the
respective cut-off value and that the tetragonality
determination was successful for the majority of pixels
of the unit. The second condition was chosen to ensure
that the average tetragonality c/a was representative for
each unit. The resulting tempered martensite units were
compared with the corresponding FSD image as a
control and the best fit for the three threshold values was
used for more in-depth characterization of the variant
pairing and unit size.
Furthermore, the prior austenite orientation recon-

struction algorithm of Nyyssönen[19] was used. The
reconstructed orientation of austenite allows the calcu-
lation of PAGs in MTEX[36] and thereby the exact
determination of PAGBs. Additionally, Nyyssönen’s
algorithm[19] was used to calculate the variant pairing
between martensite units after the definition of Mor-
ito.[37] The analysis was expanded for the selection of
specific boundaries, e.g., between tempered martensite
units and calculating their variant pairing from the
complete data set. This allowed the comparison between
tempered and all formed martensite.
The determination of PAGBs and variant pairing in

combination with the local tetragonality c/a allows an
in-depth quantitative analysis of the tempered ear-
ly-formed martensite in addition to qualitative observa-
tions. The distance of each low tetragonality c/a pixel to
the nearest PAGB in comparison to all data points was
used to quantify the location of the tempered marten-
site. The variant pairing between the tempered marten-
site units was determined to study differences between
martensite formed at an early or later stage, respectively.
Finally, the unit size distribution of tempered martensite
was compared with the complete data sets. The statis-
tical analysis of variant pairing, distance to nearest
PAGB and unit size was summed up over all three data
sets. The results of the two additional data sets as well as
tetragonality c/a cut-off values are shown in the elec-
tronic supplementary.

III. RESULTS

A. Dilatometer

The dilatometer results during the heat treatments
‘‘Direct’’ and ‘‘Hold’’ (Figure 1) are shown in Figure 3.
For both heat treatments, the results show the same
behavior before the isothermal hold with a linear
decrease in length change DL above Ms and a sharp
increase at the onset of the bulk martensitic transfor-
mation around 185 �C. For ‘‘Hold,’’ a continuous length
increase is observed during the isothermal hold, further
discussed in Section III–B, followed by a nearly linear
contraction before the restart of martensite transforma-
tion on subsequent cooling. This results in a deviation in

Fig. 2—Typical measured diffraction data (purple) with
corresponding Rietveld fitting result (red) and their difference (gray)
(Color figure online).
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the dilatation behavior between the two heat treatments
after the isothermal hold.

The observed behavior of ‘‘Direct’’ can be seen more
clearly in the corresponding dilatation rate dDL=dT
with dT = 2.5 �C in Figure 3. The curve has two
maxima, the first at approximately 185 �C, which
coincides with the sharp increase at the transformation
onset. The second is the global maximum for the
complete transformation at around 140 �C. A local
minimum in expansion rate around 175 �C is observed
between the two maxima. The hold temperature of the
second heat treatment ‘‘Hold’’ was selected to be at a
temperature slightly below the first maximum of
dDL=dT to allow the study of the martensite formed
at the maximum.

B. In-Situ HEXRD

The martensite phase fraction from Rietveld refine-
ment, tetragonality c/a, and temperature evolution
during the isothermal hold are presented in Figure 4.
After a strong initial transformation no significant
further martensite formation is observed during the
isothermal hold, see Figure 4(a). This significant trans-
formation at the start coincides with the end of
temperature equilibration as can be seen in
Figure 4(b). The tetragonality c/a decreases continu-
ously until reaching a constant value around 1.01,
Figure 4(a). The final tetragonality c/a after quenching
to room temperature is around 1.029, which shows a
clear difference compared to the tetragonality of the
martensite formed before the isothermal hold. The
change in scatter and amount of data points at the
end of Figure 4(a) is due to the increase in acquisition
rate from 0.25 to 5 Hz. In addition, the martensite phase
fraction from Rietveld refinement and the dilatation DL
for the ‘‘Direct’’ heat treatment are shown in
Figure 4(c). The phase fraction shows a slower trans-
formation start compared to the dilatation DL until
around 180 �C, where a strong increase to approxi-
mately 10 pct of martensite is observed. This strong
increase can be seen more clearly in diffraction patterns
for the {110} martensite peaks from 191.7 �C to 171.3 �C
in Figure 4(d), where the early stages 191.7 �C to 182.4
�C show a very slow intensity increase followed by a
stronger increase between 182.4 and 178.9 �C. For lower

temperatures, the behavior of DL and phase fraction are
nearly identical upon further cooling.

C. Characterization of Tempered Martensite

1. Formation with respect to PAG
The tempered martensite units appear darker in LOM

than fresh martensite units and have a slight topo-
graphic contrast in FSD images as shown in Figures 5(a)
and (b). The FSD images show typical spatial distor-
tion[38–41] compared to LOM, but the tempered marten-
site units can be matched almost perfectly between the
two methods. The small differences between both images
can mainly be contributed to a different depth position
due to the polishing step between FSD and LOM as well
as the different contrast methods. For further analysis,
the FSD images are mainly compared with EBSD since
these two are from the same measurement.
The microstructure in Figure 5(c) shows multiple

large martensite units, up to 10s of lm, in combination
with small units. The majority of the tempered marten-
site units identified in Figures 5(a) and (b) can be clearly
seen in the EBSD map in Figure 5(c) with the exception
of a few smaller units.
The calculated local tetragonality c/a shown in

Figure 5(d) is only successful for part of the microstruc-
ture, but the majority of the tempered martensite units
in Figure 5(b) can be identified. These units generally
have a c/a value around 1.01, which is significantly lower
than the general c/a. Units with low tetragonality c/a are
observed dominantly along or close to PAGBs marked
in red, Figure 5(d). There are a few exceptions with units
growing within the PAGs, but no units clearly dividing a
PAG are observed. The tempered martensite units are
generally observed in groups consisting of multiple
units, where the groups in most cases are clearly
separated from each other. The clustering of tempered
martensite can be more clearly seen in the 200x LOM
image in Figure 6.
The reconstructed tempered martensite units with an

average tetragonality below 1.0125 as well as the local
tetragonality for values below 1.0125 are shown together
with PAGB in Figures 7(a) and (b). For Figure 7(b) only
pixels that are part of a reconstructed unit are selected.
The reconstructed units show an overall good agreement
for larger units with the tempered martensite in the FSD
and LOM image (Figure 5(b)) while the smaller units are
not clearly observed in the FSD or LOM images.
Additionally, there are larger units that cannot be
identified as tempered in FSD and/or LOM image or
vice versa, e.g., position 1 in Figures 5(a) and (b), which
according to FSD is untempered but in LOM appears as
tempered. These units are tempered martensite units
according to Figure 7(a) due to their low average
tetragonality c/a value that can be seen in Figures 5(d)
and 7(b).
The tempered martensite units in Figure 7(a) are

generally larger compared to Figure 7(b) since the
tempered martensite units are calculated through an
average as well as that only the majority of pixels of
each unit needs to have a successful c/a value for the
used definition in Section II–D. The threshold value of

Fig. 3—Length change DL vs temperature for heat treatments
‘‘Direct and ‘‘Hold’’ and dilatation rate dDL=dT for dT ¼ 2:5�C for
‘‘Direct’’ during cooling below 250 �C.
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1.0125 was chosen since it shows the best qualitative
agreement with the FSD image in Figure 5(b). The
results for tetragonality c/a values below 1.01 and 1.015
as well as the two additional data sets are shown in the
electronic supplementary Figures S3–S6.

In Figure 7(c), the distribution of the distance to the
closest PAGB is presented for the low tetragonality
pixels in Figure 7(b) and for all martensite data points.
It can be observed that the low tetragonality c/a pixels
have a higher probability to be closer to PAGB
compared to all data points.

2. Variant pairing
The variant pairing for all martensite units as well as

only between the tempered martensite units from
Figure 7(a) is shown in Figure 8. The tempered
martensite units show a stronger preference of V1–V16
pairing compared to all units. The V1–16 variant pairing
takes up around 6 pct of all martensitic units while it is
around 32 pct between tempered martensite units. It is
interesting to note that there is no significant change in
the amount of twin boundaries V1–V2.

3. Comparison with large units
The tempered martensite units make up a significant

part of the large units of the complete microstructure,
which can be clearly seen by comparing the unit size

colormaps for all and only tempered martensite units in
Figures 9(a) and (b). The large units (>1500 px) are
dominantly tempered with the exception of units 2 and
3, see Figure 9(a). These units as well as the largest single
observed unit, see electronic supplementary Figures S2d
and S9a, show a mixture of low and high tetragonality c/
a in Figure 5(d). The statistical comparison of units with
a size over 500 px in Figure 9(c) shows a good agreement
for the majority of large units between tempered and all
martensite units. This agreement can also be seen in
Figure 9(d) where the fraction of large martensite units
that are tempered is shown for the three tetragonality c/
a threshold values and the cut-off sizes 500, 750, and
1000 px. It can be seen that the fraction of tempered
martensite increases continuously for increasing cut-off
size and threshold value of c/a, e.g., c=a ¼ 1:0125 having
a fraction around 50 pct for 750 and 65 pct for 1000 px.

IV. DISCUSSION

The combination of dilatometer, in-situ HEXRD, and
microstructure analysis gives new insights into the early
stage of the martensitic transformation in a
0.74C–1.15Mn–1.08Cr high carbon steel. The early--
formed martensite can be distinguished from the
martensite formed after the isothermal hold since it

Fig. 4—(a) Martensite phase fraction (s) and tetragonality c/a ( ) vs time during the isothermal hold, (b) Martensite phase fraction (s) and
temperature ( ) vs time at the start of the isothermal hold, (c) Length change DL and martensite phase fraction vs temperature for ‘‘Direct’’
heat treatment at the initial stage of the transformation, (d) 1D diffraction pattern of {110} martensite peaks for ’Direct’ from 191.7 to 171.3 �C
with approximately 1 �C steps and a focus on 182.4 to 178.9 �C (Color figure online).
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becomes tempered during the isothermal hold and there
is no significant further transformation during the hold
as shown in Figures 4(a) and (b). Therefore, the
continuous volume increase during the isothermal hold
in Figure 3 cannot be connected to a phase transfor-
mation from fcc to bcc/bct and has to be due to another,
not yet understood, effect. Other effects like tempering
of martensite or reduction in martensite tetragonality
can be excluded as well since they result in a volume

decrease instead of an increase.[42] The initial phase
fraction increase with time observed in Figure 4(a) can
be best explained by an athermal martensitic transfor-
mation due to temperature equilibration, see
Figure 4(b). The effect of temperature equilibration is
further supported by the slower transformation onset in
the HEXRD phase fraction for the ‘‘Direct’’ heat
treatment compared to the dilatation DL in
Figures 4(c) and (d). The HEXRD results are limited
to smaller sample volumes compared to dilatometer and
are more susceptive to local temperature variations that
are known to be present for fast quenching experi-
ments.[43,44] Overall, no further transformation of
austenite to martensite is observed during the isothermal
hold allowing the differentiation of the martensite
formed before and after.
The tempered martensite is dominantly observed in

and along the PAGBs, Figures 5 and 7(c), which shows
that the transformation preferably starts and progresses
there. This observation is supported by the distances of
tempered martensite to PAGB in comparison to all
martensite in Figure 7(b). The preferred nucleation at
grain boundaries is known,[45,46] but the growth along
PAGBs is in contrast to the previously reported behav-
ior in low carbon steels[6] and Fe–Ni–C alloys,[7,8] where
geometrical partitioning[9] of the PAGs into smaller
grains by the early-formed martensite was observed.
This study does not show any significant evidence for
this behavior. Differences in the martensite structure,

Fig. 5—(a) 91000 LOM image of Nital etched surface, (b) forward scattered image from EBSD detector, (c) orientation map of martensite, (d)
tetragonality c/a colormap together with PAGB (red) and numbering of units 1–3; (Color figure online).

Fig. 6—9200 LOM image of Nital etched surface with circles
marking 2 examples of clusters of tempered martensite units (red,
bottom) and 1 area with no tempered martensite units (blue, top)
(Color figure online).
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lath/plate vs mixed,[14] due to the different carbon and
nickel content could be an explanation. Another expla-
nation could be that the start of the martensitic
transformation is separated into multiple stages, starting
with nucleation and growth along PAGBs observed in
this study and followed by geometrical partitioning.[6–9].
For clarification of this effect further investigations of
the bulk transformation at different hold temperatures

would be necessary. Van Bohemen et al.[13] studied the
early transformation behavior in a 0.8 wt pct C steel,
where the bulk behavior was not clearly identified due to
experimental limitations, but the free surface experi-
ments showed results similar to References 6 through 8.
The formation of large units at the start of the

transformation and smaller units at later transformation
stages is expected due to space restrictions[9] and

Fig. 7—(a) Plot of tempered martensite units with average tetragonality c=a<1:0125 together with PAGB (red), (b) local tetragonality c/a values
below 1.0125 with PAGB (red), (c) Distribution of the distance of pixels with a tetragonality c/a below 1.0125 and all martensite pixels to their
nearest PAGB (Color figure online).

Fig. 8—Variant pairing of (a) all martensite units and (b) tempered martensite units.
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mechanical stabilization of austenite.[13,47,48] Based on
this, a two-step transformation indicated by the presence
of two maxima in dilatation rate dDL=dT in Figure 3 is
proposed, with the large martensite units forming during
the first maxima followed by the formation of smaller
martensite units in the second step. This explanation is
supported by the tempering of the majority of large
martensite units in Figure 9 as well as the mixed
tetragonality c/a of the large martensite units in
Figure 5(d) that are not tempered according to
Figure 5(b). This mixed tetragonality c/a is typical for
martensite formed at higher temperatures due to
auto-tempering/-partitioning effects[49] and these units
should therefore be formed at the early stages of the
transformation directly after the isothermal hold.

The proposed two-step process is supported by the
variant pairing analysis in Figure 8 that shows a
significantly higher content of V1–V16 pairing between
tempered martensite units compared to the later-formed
martensite. This V1–V16 pairing is typical for high
carbon plate martensite[15] and therefore indicates that
the early-formed large martensite units have a stronger
plate martensite crystallographic character compared to
the later-formed units. The plate character of martensite
is expected from Ms calculation in Thermo-Calc[50–53]

for the used composition, where Ms is 198.4 �C for plate
and 187.3 �C for lath martensite. The later-formed

martensite has the typical character shown in the mixed
region between lath and plate martensite.[15]

The clustering of tempered martensite units in
Figures 5 and 6 indicates an autocatalysis mecha-
nism[9,54–56] with preferred nucleation close to the
already formed martensite. It is important to note that
no isothermal martensite formed during the isothermal
hold in Figures 4(a) and (b). The presence of autocatal-
ysis in Fe–Ni and Fe–Ni–C alloys is well docu-
mented,[54–56] but is experimentally not well
understood for Fe–C alloys with carbon contents
around 0.8 wt pct C. Van Bohemen et al.[57] found no
indication of an autocatalysis mechanism for the ather-
mal martensite transformation of a 0.80 wt pct C steel in
continuous cooling experiments, but discussed the
possibility of autocatalysis processes on very short time
scales that cannot be experimentally resolved in
dilatometer analysis. Guimaraes[56,58] has proposed
models with an autocatalytic part for the athermal
transformation in Fe–Ni–C and Fe–C alloys. Part of
this preferred nucleation can also be explained by the
elastic stress fields of the formed martensite and the
resulting preferred nucleation in neighboring PAGs[59]

since multiple clusters have PAGBs within them, see
Figure 7(a).
The quantitative analysis of the tempered martensite

is based on the correct determination of low c/a values.

Fig. 9—Size map for (a) all martensite units together with numbering of units 2–3 and (b) tempered martensite units, (c) Martensite unit size
distribution for large units over 500 px (inset over 1000 px) for all and tetragonality c=a<1:0125, (d) Fraction of large martensite units that are
tempered.
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The comparison with the FSD and LOM images shows
that this method works well for the majority of the
martensite units in Figures 5 and 7(a) with some
exceptions. Large units with mixed tetragonality c/a
that are not observed as tempered in the FSD image can
be seen. This discrepancy can be explained by the
auto-tempering/-partitioning observed in reference[49]

after the initial isothermal hold. Overall, the determi-
nation of tempered martensite via tetragonality c/a is a
powerful complementary technique for quantitative
analysis of tempered martensite in a mixed structure.

V. CONCLUSION

The early martensitic transformation in a
0.74C–1.15Mn–1.08Cr high carbon steel was studied
with a combination of dilatometer, in-situ HEXRD,
LOM as well as qualitative and new quantitative
microstructure characterization methods based on the
local tetragonality determination by EBSD.

The early martensitic transformation was shown to
start at the PAGBs and to predominantly grow along
them instead of growing through PAGs. The formation
of martensite seems to induce the preferred further
transformation leading to clusters of early-formed
martensite. This clustering indicates autocatalytic nucle-
ation of martensite at an early stage.

The transformation kinetics indicate a two-step trans-
formation where the early-formed martensite exhibits a
strong plate martensite character in their variant pairing
compared to the later-formed martensite and consists
mainly of the large units of the microstructure. The
expansion rate decrease after the first step could be
connected to the stop of formation of large martensite
units.

The results show a new perspective on the early
martensitic transformation in high carbon steel regard-
ing the nucleation and growth along PAGBs as well as
the mixed character between lath and plate martensite.
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