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In-Situ Synchrotron X-ray Diffraction Investigation
of Microstructural Evolutions During Low-Pressure
Carburizing

OGUN BARIS TAPAR, JEREMY EPP, MATTHIAS STEINBACHER,
and JENS GIBMEIER

An experimental heat treatment chamber and control system were developed to perform in-situ
X-ray diffraction experiments during low-pressure carburizing (LPC) processes. Results from
the experimental chamber and industrial furnace were compared, and it was proven that the
built system is reliable for LPC experiments. In-situ X-ray diffraction investigations during LPC
treatment were conducted at the German Electron Synchrotron Facility in Hamburg Germany.
During the boost steps, carbon accumulation and carbide formation was observed at the
surface. These accumulation and carbide formation decelerated the further carbon diffusion
from atmosphere to the sample. In the early minutes of the diffusion steps, it is observed that
cementite content continue to increase although there is no presence of gas. This effect is
attributed to the high carbon accumulation at the surface during boost steps which acts as a
carbon supply. During quenching, martensite at higher temperature had a lower ¢/a ratio than
later formed ones. This difference is credited to the early transformation of austenite regions
having lower carbon content. Also, it was noticed that the final carbon content dissolved in
martensite reduced compared to carbon in austenite before quenching. This reduction was
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attributed to the auto-tempering effect.
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I. INTRODUCTION

THE case hardening by carburizing and subsequent
quenching processes is currently a widely used surface
hardening treatment.!"! By carburizing, a high-strength
surface layer and a tough core is set, which in particular
has a positive effect on the wear and fatigue properties
of the component.”) Moreover, compressive residual
stresses are generated in the case, which also contributes
to an improvement of the fatigue strength. Among other
carburizing techniques, low-pressure carburizing (LPC)
has an increasing practical importance in today’s indus-
trial manufacturing since it leads to high carbon activity
which enables wide surfaces and also blind holes to be
uniformly carburized.® Compared to standard gas
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carburizing, during LPC the carbon donor is oxygen
free. This avoids any detrimental surface oxidization.
Because of the utilization of an oxygen free atmo-
sphere composed from hydro carbons, no equilibrium
reactions are involved in the carburizing reaction. Thus,
the carburization cannot be automatically controlled
based on the common approach in gas carburization
using an oxygen probe or gas-analyzers. LPC is,
therefore, a recipe-controlled thermochemical treatment
that is generally composed of several boost and diffusion
steps. Before the carburizing process, samples are
typically heated to around 800 °C in a nitrogen atmo-
sphere and then heated to final carburizing temperature
under vacuum, which is typically in the range of 920 °C
to 960 °C. Typical pressure of the atmosphere in
vacuum-phase is about 5 x 1072 mbar. Subsequently,
carbon donor gas is introduced into the furnace at low
pressure (1 to 30 mbar). During this step, dissociation
and adsorption of the acetylene molecules on the surface
and subsequently the absorption of carbon atoms into
the steel take place leading to an increasing carbon
content in the case of the workpiece.[”! This enrichment
of surface by carbon is often called boost step. After-
ward, the furnace is evacuated from the remaining gases
to let the carbon diffuses toward the core of the
workpiece. Thus, the carbon content close to the surface
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decreases and a carbon profile with increasing depth
results, so that in the next boost step the material can
absorb further carbon. This step is often called diffusion
step. This sequence of boost and diffusion steps can be
repeated several times until the desired carbon profile is
achieved. The process-related parameters such as tem-
perature, number and duration of boost/diffusion steps,
carburizing gas flow rate and pressure can be varied to
achieve the desired case profile. Different types of
process strategies can be found in industrial applica-
tions.”) When the desired carbon profile is reached,
samples are generally quenched, i.e., with high-pressure
inert gas such as helium or nitrogen, or in oil to get the
desired martensitic microstructure with a hardness
gradient toward the core. Several hydrocarbon gases
can be used as carbon donor gas such as propane,
ethylene or acetylene. However, LPC using acetylene is
particularl?/ economical and environmentally
friendly!®”; also more effective since acetylene directly
participates the carburizing reactions rather than
pyrolyzing other carburizing gases.®! Although the
LPC is established in industry, it still lacks some
detailed mechanisms of microstructural evolution and
basic understanding. Especially, local carbon enrich-
ment, which leads to successive carbide formation and
dissolution during different process steps, is still missing.
This lack of information exhibits the necessity of a
better understanding of the process.

Currently, there are several good approaches for
optimization of Jprocess parameters and understanding
of the process,” ' but common methods are often
limited to the characterization of initial and final stages or
interruption of the process by cooling. This especially
causes a change in the properties of materials because of
the multiple transformations occurring and a loss of
information. For this reason, it is of great interest to find
a description of the carburizing kinetics and description
of solid solution development as well as phase compo-
sition of the case that applies generally to all stages of the
process. This investigation is only possible by getting
real-time insights into the process and material transfor-
mations during LPC combined with a spatially resolved
analysis. In-situ X-ray diffraction methods, in particularly
synchrotron X-ray diffraction approaches, are excellently
suitable for obtaining information about microstructural
evolution!* ' and redistribution of interstitials.!'®!
Moreover, structure evolutions during other thermo-
chemical surface treatments such as nitriding could also
be observed successfully by in-situ synchrotron diffraction
techniques.'"” An investigation regarding LPC in this
aspect, as far as the authors know, was never done
previously. Therefore, the primary goal of this study is to
validate the employed methodology, and extend the

current state of knowledge and understanding of LPC on
the base of in-siru X-ray diffraction experiments. In this
manner, time-resolved qualitative and quantitative infor-
mation related to microstructures, present phases and
interstitials can be gathered during the entire process.

This paper describes the developed heat treatment
chamber and the related control system designed for in-situ
X-ray diffraction analyses in both transmission and
reflection mode. Moreover, it gives some initial results
about development of solid solution of carbon, microstruc-
tural evolution, carbide formation and carbon diffusion
during LPC process. For this, in-situ synchrotron X-ray
diffraction experiments in transmission mode were per-
formed during complete LPC including subsequent
quenching at the Deutsches Elektronen-Synchrotron
(DESY) in Hamburg, Germany. The microstructural
evolution was evaluated with high spatial and time
resolution, while additional metallographic investigations
were performed after the process to confirm the observa-
tions made at high temperature during process.

II. MATERIAL AND EXPERIMENTAL
PROCEDURE

A. Material and Sample Preparation

The in-situ diffraction analyses were performed using
samples made of case hardening steel AIST 5120 (EN
20MnCrS). Chemical composition of the steel is given in
Table 1.

Samples were machined to rectangular prism shape
with dimensions of 5 x 14 x 14 mm®. To eliminate
carbon diffusion from undesired sides, five surfaces,
except the surface that is aimed to be carburized, of the
samples were coated with a 5-8 um thick Zirconium
nitride (ZrN) layer by using the PVD method. The
effectiveness of the coating was proved by comparing
the carbon diffusion depth profiles of coated and
uncoated samples after carburization in an industrial
furnace according to the parameters given in Figure 2.
Depth profile measurements of the elemental distribu-
tions were done with GD-OES (glow discharge optical
emission spectrometry) and S-OES (spark optical emis-
sion spectroscopy). According to the measurement
results given in Figure 1, increased carbon content is
present in the first 5 um but after that carbon content
rapidly reduces to about 0.3 pct and then reaches the
base carbon content at a depth of approx. 180 um; on
the other hand, the carbon content of the uncoated
sample increased from about 0.2 pct up to about
0.8 pct. Therefore, diffusion of carbon from side sur-
faces was mostly suppressed with ZrN coating. Since
XRD measurements in transmission will give an

Table I. Chemical Composition in Mass Percent (All Compositions will be Given in Mass Percent Hereafter Unless Otherwise
Specified) of Case Hardening Steel AISI 5120 (EN 20MnCr5)

C Si Mn P S

Cr Mo Ni Al Cu

0.2 0.25 1.26 0.017 0.031

1.26 0.030 0.039 0.030 0.024
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integrated signal coming from the whole thickness of
5 mm (see Figure 2(b)), the increased carbon content
within the first 5 um represent roughly 0.1 pct of the
total signal which appears neglectable.

B. Chamber Design and Process Parameters

To produce a process chamber, the cylindrical body
and the top cover were cut from a stainless steel tube
and welded together. Two circular windows were
machined to allow the beam path for transmission
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Fig. 1—GD-OES and S-EOS results for depth profiles of carbon in
uncoated and ZrN coated samples. The carbon content of the
untreated sample is also shown as a reference.

measurement. Two extra longitudinal windows on the
left and right sides for reflection measurement were also
machined on the chamber body. Standard ISO-KF
flanges were welded to the circular windows to form a
viewport shape. These ISO-KF flanges and two longi-
tudinal window openings were then covered with Kap-
ton foils with 75 um thickness to allow easy penetration
of the X-ray beam.

Acetylene (C,H;) was used as carbon donor gas and
helium (He) was used as quench gas. Gas supplies of the
process were adjusted with two mass flow controllers,
which are controlled by a Protherm 510 process control
unit from United Process Controls GmbH/Germany.
The pressure was measured by using a capacitance
manometer and regulated by a remote-controlled elec-
tromagnetic valve. To avoid any damage caused by high
helium pressure during quenching in the case of failure
of a vacuum pump or electromagnetic valve, a safety
valve adjusted to an open pressure of 33 mbar was
connected to the chamber.

The sample was heated up using SiN ceramic heating
elements connected to an external power supply. The
voltage of the power supply was also adjusted by the
process control unit. The temperature was measured
using K-type mantle thermocouple inserted into a hole
at the side of the sample and data were recorded
by using a Eurotherm temperature controller from
Schneider Electric Systems Germany GmbH, Germany.
All electrical components inside the chamber were made
of copper-free material to eliminate any risk of acetylide
formation since acetylides are sensitive to temperature,
friction and bear a risk of explosion.!'®!

Process scheme and experimental set-up are presented
in Figure 2. The heaters were placed in such a manner
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Fig. 2—Experimental set-up for the in-situ XRD measurement during LPC: Process scheme («a); alignment of sample and heaters (b); picture of
chamber and 2D detector (c¢); picture of chamber (d). Number 1, 2, 3, 4 and 5 are beam in window, beam out window, gas inlet pipe, vacuum

outlet pipe and heated sample respectively.
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that a region in the center of the sample was accessible
for the measurements with scanning over the z-axis (see
Figure 2(b)). The gas inlet pipe was placed at the top
and the vacuum outlet pipe was placed at the bottom of
the cylindrical chamber ensuring that sample stayed in
the middle of the gas flow. One extra type-K thermo-
couple was also attached outside of the chamber to
measure the chamber temperature. At the beginning of
each process, the sample was placed between four SiN
ceramic heating elements (see Figure 2(b)) and the
chamber was evacuated until the pressure of 10~' mbar
was reached. The sample was then heated up to the
process temperature of 940 °C with an average heating
rate of 2 K/s in order to achieve a full austenitic state.
Such high temperatures are necessary for maintaining
higher solubility in austenite and an increased diffusion
rate. When the process temperature was reached, the
first boost step was started by introducing acetylene into
the chamber with 1.2 bar pressure and a rate of 10 mL/
min (8.4 m’/m?h) for 1 minute. In the presence of
acetylene, the pressure inside the chamber increased up
to 4 mbar. After the end of the first boost step,
remaining gases were evacuated from the furnace and
the temperature was kept on 940 °C for 20 minutes to
enable carbon diffusing in the sample to expand the
carburizing region. This was the end of one boost and
diffusion cycle (see Figure 2(a)). This cycle was repeated
two times more with varying boost and diffusion
durations to reach the desired carbon profile. After the
repetition of cycles, the temperature was slowly
decreased to 840 °C within 10 minutes and kept con-
stant at this temperature for further 15 minutes for
temperature homogenization, further diffusion and to
ensure a low carbon content in solution in the austenite.
This temperature decrease is necessary to reduce distor-
tion due to severe thermal gradients. When this step is
done, the sample is quenched down to less than 100 °C
using helium gas at 5 bar. The entire duration of this
final step was about 90 seconds.

Different experiments with various process parame-
ters were conducted and each experiment was repeated
at least once to prove the consistency of the newly
developed system. This paper focuses on one set of
process parameters since they are based on an industri-
ally proved simulation result to reach approximately
0.8 pct surface carbon content and a targeted case
hardening depth (CHD) of about 0.6 mm which is a
common case profile in industry. In the following
chapters, the results of two different samples (sample 1
and 2) carburized using the above-mentioned parame-
ters will be presented and discussed. The first sample will
be in the main focus but the results of the second sample
are given to support the outcomes.

C. X-ray Diffraction Measurements

The diffraction experiments were performed at beam-
line PO7-EH3 of the PETRA III Synchrotron at DESY/
Hamburg with a high energy monochromatic X-ray
beam (103.4 keV) which permits to work in transmission
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through the whole 5 mm thickness of the steel sample.
The primary beam height was adjusted to 20 um to
achieve a satisfying spatial resolution in the direction of
the carbon gradient, while the beam width was chosen as
1000 um to obtain good statistical conditions in terms of
diffracting domains.

Fundamental phenomena that should be clarified
were the microstructural evolution and carbide forma-
tion/dissolution taking place at the very surface region
of the sample. Therefore, for the samples examined in
this paper, the position of the beam was always kept
constant directly at the surface with an acquisition time
of 0.2-0.5 s/frame during the boost steps. The determi-
nation of the surface position was achieved by surface
entry scans, which were repeated several times during
the whole process to adjust the beam position if
required. During diffusion, hardening and quench steps,
the sample was either kept constant for beam to focus
directly on the surface with acquisition time of 0.5-1 s/
frame, or continuously moved along z-axis to scan over
the depth from the carburized surface. Continuous
scanning of the sample was made with 24 steps with
accusation time of approx. 3.75 seconds up to approx.
500 um depth. With this strategy, microstructural
evolution, carbide formations and carbon diffusion
could be successfully observed by using a 2D detector
(Perkin-Elmer with 2048 x 2048 px and a pixel size of
200 um) placed 1.325 m behind the sample. Full
diffraction rings were measured in the 20-range of 0 to
12 deg with a time resolution of 0.2-0.5 seconds.
Temperature information was received through a ther-
mocouple with a time resolution of 1 s/data. Special
attention was paid to combine the temperature and
diffraction data having different time resolution to
assure a perfect continuity in between different steps
without any artifacts.

The 2D patterns were full 360° azimuthally integrated
by using the fast PyFAI software of ESRF.'”! For a
detailed analysis of the evolution of lattice parameter
and phase fractions, the integrated diffraction patterns
were analyzed using the convolution-based Rietveld
refinement implemented in TOPAS 6.0 Academics
(Coelho Software, Australia).*” This way, the observed
diffraction peaks are modeled by convolution of various
functions that represent the instrumental and sample
contributions to the peak profiles.”!! The instrumental
contributions to the diffraction peak profiles were
determined using measurements of a 5 mm thick (same
as sample thickness) standard LaBs NIST SRM660C
powder sample. Determined fitting parameters were
then fixed and used as instrumental function of the data
analysis. Low background was achieved by systematic
and automatic dark-image correction of the detector
and therefore, only polynomial fitting of the low
background was necessary in the refinements. For first
approximation, during boost, diffusion and hardening
steps, only austenite and cementite (Fe,Cr);C were taken
into account. For the quenching step, the microstruc-
tural model containing austenite and martensite with a
tetragonal lattice was used.

METALLURGICAL AND MATERIALS TRANSACTIONS A



D. Post-Process Examination

At the end of the treatment, metallographic analysis
was performed on the sample to determine the present
microstructure and phases. After this examination,
electron micro probe analysis (EMPA) was employed
to verify the elemental distribution and micro-hardness
measurement were carried out to determine the hardness
distribution from the surface to the core. For metallo-
graphic investigation, cross-section of the samples were
ground, mechanically polished, and subsequently etched
with 3 vol. pct nital solution for 30 seconds. EMPA
measurement were performed using a Jeol JXA-8200
device. The measurements were done from the surface to
depth of 1 mm covering a width of 100 ym. Increment
size was 1 um in each direction with 20 ms/increment
measuring time. Micro-hardness measurement were
carried out by using a Leco-Universal LM series
micro-Vickers hardness tester. Different forces from 5
to 300 N were maintained for 15 seconds of dwell time
and then an average value of the hardness was obtained.
The case hardening depth (CHD) was determined as the
distance from the surface where the hardness is 550 HV.

III. RESULTS

As stated before, two samples (sample 1 and sample 2)
were carburized with parameters mentioned in the
previous section. Figure 3 gives a sequence of integrated
diffraction patterns of sample 1 recorded at a fixed
position directly below the carburized surface of the
sample.

During the heating step (he), phase transformation
can be identified by the disappearance of «{110}, «{200}
and a{211} peaks, and appearance of y{111}, {200},
1{220} and y{311} austenite peaks. When the first boost
step starts (bl), the austenite peak shift to lower 20

Intensity

angles can be clearly observed. After the acetylene
interacted with the hot surface of the sample, peak
shifting was very fast in the first couple of seconds. In
the following, the peak positions stay almost constant
although there was a persistent presence of acetylene. In
the following 20 minutes diffusion step (d1), a slow shift
of the austenite peaks back to higher angles can be
systematically observed.

During the second boost step (b2), the austenite peaks
again shift further to lower 260 angles. Similar to the first
boost step (bl), the degree of shifting is very high within
the first seconds of acetylene introduction. In conse-
quence, the peak positions stay almost constant until the
end of total two minutes duration. In the following
diffusion step (d2), the austenite peaks again shift back
to the higher 26 angles very slowly.

During the final boost step, similar peak shift to lower
20 angle can be observed; but unlike other boost steps,
after a very sharp initial shift, peak positions continue to
shift lower 260 angle instead of staying constant. In
following diffusion step, similarly to the other two,
peaks shift back to higher 26 angle very slowly.

After three boost and diffusion cycles, the tempera-
ture was reduced to 840 °C for the hardening step (ha).
In this step, the intensity of the peaks reduced because of
thermal shrinkage of the sample. During the process, an
increase or a decrease in the sample volume took place
due to process-related temperature changes. These
changes caused the sample surface to drift from the
pre-defined beam position so intensity reduced. When
this happened overly, the sample position was adjusted
to suitable values until good intensity was attained. In
the last steps of the process, the sample was quenched
with high-pressure helium (¢). Strong peak shifting
toward higher 20 angle can be observed in the first
seconds and in the further course the peaks continue to
shift slowly. The martensitic transformation can also be

v{220}
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b3

2000

Intensity [counts]
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L
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Fig. 3—Top: Integrated diffraction patterns of sample 1 during the whole process: (he) heating, (bl) boost 1, (d1) diffusion 1, (b2) boost 2, (d2)
diffusion 2, (b3) boost 3, (d3) diffusion 3, (ha) hardening and (q) quenching steps. Bottom: Shift of the y{111} austenite peak in different boost

steps. The blue arrow shows the direction of the shift.
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observed in this step with the appearance of «’{110}/
{011}, o’{200}/{002} and o'{211}/{112} martensite
peaks displayed with red arrows in the quench step.
Also, austenite peaks are still present after quenching,
indicating the presence of retained austenite.

In the industrial furnace, carburizing and gas quench-
ing are carried out in separate chambers. Moreover, in
the industrial process all volume of the furnace, rather
than only the sample, is heated and this makes temper-
ature control easier compared to the experimental
chamber. Furthermore, the absence of measurement
windows makes the sealing of the industrial furnace
better in contrast to the experimental chamber. Lowest
vacuum reached in the experimental chamber was about
10~" mbar while using an industrial furnace a vacuum of
5 x 1072 mbar could be reached. Existence of these
process and equipment related differences necessitate the
proof of the accuracy of the experimental chamber.
Therefore, a complementary LPC treatment with
parameters given in Figure 2 was conducted using an
industrial furnace. By this means, phase contents,
carbon contents and micro-hardness values of sample
I and the sample from the industrial furnace were
compared. Results of metallographic analyses of the two
samples are given in Figure 4.

Overview pictures of the cross-section show a similar
transition point for both sample at a depth of approx.
550 um depth from high carbon to low carbon
microstructure. At the surfaces, mainly martensitic
structure with a similar amount of retained austenite is
observed in both samples. In addition MnS inclusions
from the base material can be seen for both samples.
Slight color difference between the core microstructures
can also be distinguished which are attributed to slight
differences in etching time.

Figure 5 shows carbon content and micro-hardness
depth profiles for three samples carburized using the

same parameters. Spark optical emission spectroscopy
(S-OES) was used to determine the carbon profiles of the
samples from the industrial furnace. Since the carbur-
ized surface of the sample from the experimental
chamber was too small for S-OES, electron microprobe
analyses (EMPA) was used to measure the carbon
profile of this sample.

Carbon contents of all three samples are close to each
other, but samples carburized in the industrial furnace
have slightly higher carbon contents especially within
the first 200 um. Since the samples were measured by
different methods, it is difficult to make a final judgment
for these small differences. Moreover, the overall hard-
ness distribution of the samples is quite similar and the
case hardening depth (CHD) of the samples processed
by using the experimental chamber, batch 1 and batch 2
are 0.62, 0.64 and 0.66 respectively. Therefore, the effect
of lower carbon content was not confirmed by means of
the hardness distribution.

Considering the results of the post-process character-
ization in comparison with an industrial process condi-
tion, it can be said that results obtained from two
different systems are very close to each other and the
newly developed process chamber is suitable to make
LPC experiments with very good results comparable to
an industrial process.

IV. EXTENDED ANALYSIS OF IN-SITU DATA
AND DISCUSSION

Peak shift toward lower and higher 20 angles respec-
tively during boost and diffusion steps, where the
temperature was kept almost constant, is an indication
of a lattice parameter change. After analyzing the
integrated diffraction patterns, the austenite lattice
parameter change of sample 1 from the beginning of

[ese
a

A0 um

40 um

Fig. 4—Comparison of microstructure obtained in industrial furnace and in the developed process chamber after nital etching: Figure (@) and (¢)
are from sample 1 carburized using the experimental chamber; and figure (b) and (d) are taken from a sample treated using an industrial

furnace.
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Fig. 5—Comparison of carbon content (¢) and micro-hardness (b) depth profiles of sample 1 and two different samples processed using the
industrial furnace. Hardness is an average value of three measurement. Error bars lower than symbols are not shown in the figure.
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Fig. 6—Evolution of the lattice parameter of austenite for sample 1
during boost 1 (bl), diffusion 1 (d1), boost 2 (b2), diffusion 2 (d2),
boost 3 (b3), diffusion 3 (d3), hardening (ha), and quenching (q).
For the sake of clarity, approx. &+ 0.00004 nm average error bars are
not added to the figure.

the first boost step to the end of the process was
acquired for measurements performed in the materials
volume close to the very sample surface and presented in
Figure 6.

A cyclic change of the lattice parameter during boost
and diffusion steps can be observed. The evolution of
the lattice parameter can be accounted for three
contributions: the chemical effect (changes in solid
solution), the thermal effect and the stress induced
effect. During the boost and diffusion steps the temper-
ature is mostly stable (within few °C), the sample is
austenitic and homogeneous in terms of composition.
Because of the present temperature, the effective stress
relief and transformation from ferrite to austenite will
relax all residual stresses that existed previously in the
sample so it can be considered as stress-free. Therefore,
the increase and decrease of the lattice parameter can
only be attributed to change of carbon content in solid
solution in the austenite. In the quenching step, a very
sharp decrease in lattice parameter occurs due to
thermal contraction. In the following sections, the boost

METALLURGICAL AND MATERIALS TRANSACTIONS A

steps, the diffusion and hardening steps and the quench-
ing step are analyzed and discussed separately in order
to reveal the inherent mechanisms.

A. Boost Steps

The prediction of carbon content can be done from
the dilation of the austenite crystal lattice, i.e., by the
change of the austenite lattice parameter due to the
occupation of octahedral sites of the austenitic lattice by
carbon atoms. For this, the model developed by Onink
from neutron diffraction experiments taking into
account the thermal effect was applied.*?! According
to the model the austenite lattice parameter is formu-
lated as;

a, = (0.363067 + 0.000783x.)
1+ (2492 - 0.51x%) - 1075 - (T — 1000)], [1]

where x(- is at. pct carbon and 7'is the temperature in K.
Using this approach the carbon content was calculated
for the boost steps. Figure 7 shows the change of
average carbon content dissolved in austenite during the
boost steps for two different samples after conversion
into mass pct.

All boost steps of the two samples show a very similar
tendency so it can be concluded that the experiments
had a good consistency and that the observed effects are
significant and reproducible. During the first boost step,
the carbon increase is very steep at the beginning and
then stays almost constant for both samples. The
average carbon content of sample 1 increased from 0.2
up to about 0.92 pct in the first 20 seconds and then
continued to increase very slowly to approx. 0.94 pct
until the end. Similar to sample 1, the average carbon
content of sample 2 also increased up to about 0.87 pct
in 20 seconds and then slowly increased further up to
approx. 0.91 pct until the end. Although acetylene was
continuously introduced with the same rate into the
chamber, a more or less constant carbon content can be
observed in the measured volume of two samples after
20 seconds so apparently a steady state seems to be
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Fig. 7—Calculated change of average carbon content dissolved in austenite in the measured surface area of sample 1 (¢) and sample 2 (b) for
three different boost steps. The measured region is averaging from the surface to a maximum of 20 um below the sample surface (according to

the beam height). Error bars are shorter than symbols.

reached. These values are lower than the solubility limit
of austenite at 940 °C. This is because measurements
were made from surface to 20 ym depth (beam height)
so carbon content is the average value from probed area,
where saturation is not reached everywhere in particular
in boost 1.

The reason for the mostly constant carbon content
within this probed volume is that acetylene decomposes
to atomic carbon and gaseous hydrogen immediately
when it comes in contact with the thermally activated
metal surface under low pressure.**) The limit for
carbon transfer is the acetylene adsorption rate at the
surface (free reaction sites for adsorption) and diffusion
rate of carbon from surface into the bulk in austenite.!*!
Free carbon diffuses therefore directly into the sample at
a very high mass transfer rate in early seconds of the
boost step and accumulates in the austenite grains at the
surface. When the maximum solubility is reached, a very
fine cementite (Fe;C) layer is formed in the first few
microns of the surface. Other hydrocarbons such as
propane or methane are thermally decomposable so they
break down to their components under heat. Acetylene,
however, is a catalytically decomposable hydrocarbon
so it requires heat and also a metal catalyzer for
decomposition.>?*2%! Therefore, it is also expected that
this carbide layer influences the acetylene decay nega-
tively by blocking the reaction sides, and autocatalytic
acetylene decomposition reaction is inhibited.l** "
Although the carbon diffusion still continues in the
material, carbon accumulation at the surface and
carbide layer formation decelerate carbon transfer from
atmosphere to material. Diffusion in the material
continues through the all sample, but in the present
case the probed region is from surface to maximum 20
um. Therefore, after 20 seconds, carbon increasing
effects are either dissolution of cementite or limited
amount of carbon diffusion through cementite; on the
other hand carbon decreasing effect is the diffusion of
carbon through the core. Since the probed area is highly
dominated by carbon accumulation, this conceals the
observation of these increasing and decreasing effects.

As a conclusion, the observed steady-state condition
can be attributed to the effect of carbon accumulation at
the surface leading to the formation of cementite layer,
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which slows down further carbon absorption of the
sample from atmosphere. Thus, carbon content change
is mostly governed by material dominated diffusion
reactions which are rather slow.

The addressed carbide formation was confirmed by
the in-situ diffraction experiment. As an example for
sample 1 growing cementite diffraction peaks during the
boost steps can be observed in Figure 8.

During the first 10 seconds of the first boost step, no
indication of carbide peaks can be observed since the
saturation limit was not reached yet. In consequence, the
amount of carbon dissolved in austenite was still
continuously increasing. It is worth to point out that
the time required for signals, valve openings, gas
transportation and acetylene decomposition reaction
are also included in these 10 seconds so actually
austenite saturation was reached less than 10 seconds
from the start of the first carbon absorption in austenite.
After the saturation limit was reached, carbides started
to form so small carbide peaks can be identified near the
{111} austenite peak in the diffraction pattern starting
from 12 seconds of boost time. Saturation of the
austenite at the surface was assumedly only 2-3 um
from the top because the average carbon content at the
measured height stayed constant at 0.94 pct. This is an
indication that there is a significant carbon gradient
between the very top surface and a depth of about 15-20
um below the surface. If it is assumed that the carbon
content at the very top surface has to be about 1.35 pct,
which is the maximum solubility limit in austenite at
process temperature, there must be a very low carbon
content in the remaining measured region (total mea-
sured height is 20 um beam height) that an average value
of about 0.94 pct can be determined by means of the
in-situ diffraction experiment.

Carbides started to dissolve slowly in the following
diffusion step. After approximately 2 minutes of diffu-
sion, carbides were almost completely dissolved. As a
consequence the carbide peaks disappear. According to
the measured data the carbides have fully dissolved
during the diffusion phase so that no alloy element
aggregation in carbides were realized. Otherwise a full
dissolution of carbides could not have happened during
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Fig. 8—Cementite (Fe;C) formation and dissolution in the step
sequences boost 1-diffusion 1 (@), boost 2-diffusion 2 (b), and boost
3-diffusion 3 (¢) indicated by corresponding diffraction peaks around
the {111} austenite peak of sample 1 after different boost and
diffusion times.

diffusion phase because manganese or chromium stabi-
lize carbides and increases the dissolution temperature
of carbides significantly (above 1000 °C).P!

The carbon content in the second boost step showed
similar behavior as in the first boost step. However, for
this step, the determined average carbon content dis-
solved in austenite reaches 1.28 pct for sample 1 and
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1.23 pct for sample 2, which is close to the approximate
solubility limit of austenite (1.30 pct) determined with
thermocalc software for the defined steel at 940 °C.
Since the carbon absorbed from the first cycle was
already existent, the average carbon content in this step
was higher than in the first boost step. However, it is still
lower than the maximum solubility limit of austenite,
which is again an indication that there is still a carbon
gradient within the probed sample volume. The carbide
formation kinetics of sample 1 in the second boost step
was also similar to the first boost step. After the
saturation limit of austenite was reached, carbides
started to form and remained present until the end of
the boost step. In the subsequent diffusion step, carbides
started to dissolve slowly.

In the third boost step, similar phenomena in regard
to the carbon content can also be observed. Saturation
of austenite in the surface was reached in about 8
seconds for both samples, which is faster than in case of
the first two boost steps. This is attributed to the high
initial amount of carbon dissolved in austenite leading
to a fast saturation. However, after the saturation limit
is reached and cementite precipitations are observed at
the surface, the carbon content does not stayed constant
like observed for the first two boost steps, but rather
continues to increase. The reason of this difference in the
kinetics can be the distribution of carbides in the surface
layer. Formation and re-dissolution kinetics of carbides
highl;/ depend on a variety of parameters such as their
size,">33 on the base carbon content, favorable forma-
tion sites and on the alloying elements. Moreover, if
the carbides are formed locally without covering the
entire carburizing surface, their effect on carbon diffu-
sion rates may vary. Thus, carbon absorption may still
continue in the presence of carbides. Hence, if the
surface manages to stay active for acetylene decompo-
sition, it might be possible that carbon atoms can still
diffuse through the cementite layer. In these cases,
carbon absorption from the atmosphere does not stop
completely but slows down, since cementite has a lower
diffusion coefficient for carbon than austenite as already
given previously.?**¥ Figure 8(c) shows carbide peaks
of sample 1 for the third boost step. Carbide formation
again started to form immediately after saturation of
austenite and their amount increased until the end of the
step. During following diffusion, they dissolved slowly.

To determine the carbide formation sites and the
thickness of the carbide layer at the surface, one sample
was directly quenched after boost step to suppress any
potential carbide dissolution. After quenching, sample
was scanned with synchrotron at room temperature and
then SEM analyses were conducted. Figure 9 shows the
SEM image of the sample along with X-ray scan at
room temperature.

Bright layer of few microns at the surface can be
noticed from SEM image. According to X-ray diffrac-
tion, this is clearly cementite layer which already formed
during boost step. Moreover, very high intensity of
retained austenite peaks is an indication of high carbon
content dissolved in austenite before quenching.

Based on the diffraction patterns recorded in-situ
during the boost periods the carbides which are formed
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Fig. 9—SEM image and X-ray diffraction data of sample quenched
directly after boost step. y shows the austenite, o’ shows martensite
and 0 shows M;C carbides where M is Iron and/or Chromium.
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Fig. 10—Cementite content evolution during boost step of sample 1
at the surface. Average deviation for each data points is approx. £+ 2
mass pct but error bars are not shown in the figure for the sake of
clarity. The purpose of the graph is only to see the growth tendency
of carbides rather than certain quantitative analyses.

during the boost step for sample 1 were quantitatively
analyzed using the Rietveld refinement. Only the
cementite structure was used as carbide so other
structures were neglected. It is assumed that all previ-
ously present carbides were dissolved at 940 °C right
before the first boost step, i.e., this point was taken as a
reference of zero. Figure 10 shows the amount of
cementite formed during boost steps.

It is very important to mention that, amount of
carbon content dissolved in austenite is determined by
using lattice parameter which is mainly based on the
peak position, not the peak intensity. However, quan-
titative analyses of the cementite takes account peak
intensity. Between the steps, the peak intensities slightly
varied due to thermal expansion or shrinkage of the
material. Although these variations were not high, it
might still affect the peak intensity of minority phases
significantly and give difference in the quantitative
results. For this reason, regarding the results presented
in Figure 10 only the evolution of the cementite forma-
tion should be assessed instead of the absolute values.
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Carbides started to form already in very early stages
so carbide formation rate is higher than the dissolution
rate. After 30 seconds of the first boost step, the carbide
dissolution rate, balanced with the carbide formation
rate which causes amount of cementite to stay constant.
The reason of this might be high driving force of carbide
dissolution triggered by the steep carbon gradient.
Because during the other two boost steps, the amount
of carbides increases gradually over time. It can be seen
that the carbide formation rate during the third boost
step is much higher than first two due to the higher
initial carbon content being close to the solubility limit.

B. Diffusion and Hardening Steps

The carbon gradient built up in the material is
extremely large in the boost steps and this leads to very
high potential differences, which afterward result in the
redistribution of the carbon along the gradient.
Figure 11 shows the change of carbon content calcu-
lated by Eq. [1] on the base of the measured lattice
parameter of austenite for two samples during the
following diffusion steps after each boost steps. For
sample 1, the beam position was kept constant directly
at the surface (Figure 11(a)); while for sample 2,
continuous scanning from the surface to a depth of
about 0.5 mm was applied with a rate of approximately
4 um/s. By this means the carbon content directly at the
surface (sample 1) and also carbon content distribution
over the depth (sample 2) could be observed.

Since the carbon gradient was very high at the
beginning of the diffusion step, the driving force for
diffusion was also high. Thus, carbon diffused faster at
early stages and slowed down afterward, which created
an expected rate decrease in the overall graph for both
samples. Therefore, graphs are getting flatter with
increasing time. The initial carbon content of all samples
was 0.2 pct and after three boost and diffusion cycles a
final carbon content of 0.76 pct and 0.74 pct was
reached directly at the surface for sample 1 and sample
2, respectively. The temperature was reduced to 840 °C
in the hardening step, and subsequently the samples
were quenched from this temperature. During the
hardening step, the carbon contents further reduced to
0.67 pct and 0.65 pct for sample 1 and for sample 2,
respectively. The final carbon contents at the end of the
hardening step is shown with horizontal dots in
Figure 11. The graphs show that the carbon content of
both samples followed the same trend and gave very
close results during the whole process. This observation
again proved the repeatability of the experiment.

As it can be seen from graph D1 of Figure 11(b) the
carbon content reached 0.2 pct in about 250 um after 2
minutes, i.e., carbon did not diffuse all the 0.5 mm depth
range, yet. In the following cycles, the carbon profile
started to form. Moreover, especially for D1, area under
the curve which is a representation of total carbon
content increases, although there is no carbon donor
gas. The reason of this is attributed to the dissolution of
carbides and monolayer of carbon formed during boost
step, which acts as an extra carbon supply at the
beginning of diffusion step. On the other hand, in the
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second (D2) and third (D3) diffusion step, the carbon
content at 0.5 mm depth gradually increased up to about
0.37 and 0.45 pct, respectively. Moreover, it can be
noticed that, unlike the D1, area under curve reduces
which can be explained by the fact that carbon content
diffused deeper than the probed depth of 500 um.
Additionally, the rate of carbon content decreases at the
surface and the rate of carbon content increase at 500
um depth is quite different. This indicates that carbon
diffusion slows down through the depth due to lower
driving force.

If early stages of the diffusion steps of sample 1 is
examined closely, a slight increase in the carbon content
in the first 10 seconds would be noticeable, even though
there is no presence of acetylene gas anymore. After this
increase, carbon content either stays constant or reduces
slowly. Figure 12 shows the carbon content evolution
for the first two minutes of all three diffusion steps of
sample 1.

The reason of this slight increase of the carbon
content in the first 10 seconds of the diffusion phase is
most probably shrinkage of the sample due to the
temperature drop. During transition from the boost step
to the diffusion step, the vacuum control valve opens to
remove the remaining acetylene gases inside the cham-
ber. Creation of sudden gas flow cause temperature to
decrease couple of degree in a very short time. There-
fore, the peak shifts slightly to the top of the sample that
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Fig. 12—Amount of carbon dissolved in austenite in the first two
minutes of all diffusion steps for sample 1.

contains the higher carbon due temperature related
shrinkage of the sample. Thus, this increase is not
considered as a material related phenomena.
Afterward, it is normally expected that the carbon
content decreases again since carbon diffuses through
the depth of the sample. However, carbon content of all
steps stays constant for about 1 minute. The reason of
this equilibrium might be that there is an extra carbon
supply to the surface in absence of acetylene. As it is
mentioned before, this carbon supply can be dissolution
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of cementite and/or absorption of carbon atoms accu-
mulated at the surface during previous boost steps.
After the first minute passed, the carbon diffusion rate
overpasses the carbon supply rate; therefore, the carbon
content in solution with austenite decreases due to the
diffusion of carbon atoms into the depth of the sample.
To support this hypothesis, cementite contents during
the first two minutes of each diffusion step were
determined and showed in Figure 13. Since the amount
is very low, the values fluctuate especially for the first
diffusion step. In the first 60 seconds, there is an increase
in cementite content for the second and the third
diffusion step, which is possibly because of carbon
atoms that were accumulated at the surface during the
previous boost steps. This accumulation still supplies
carbon to the surface by which the effect of the boost
step still continues, although there is no gas in the
chamber. This kept the carbon content at the surface
stable for a while and caused more cementite formation.
For the step diffusion 1, however, cementite content still
stay constant at approximately the same value as
indicated in Figure 10.

After a first minute passed, cementite content for all
diffusion steps start to decrease. This is almost the same
point where steady-state condition of carbon in austen-
ite ended in Figure 12. Therefore, the effect of the boost
step as precipitation of carbides might still continue in
the early stages of the diffusion step.

C. Quenching Step

In this in-situ experiment the quenching rate was
achieved through a high-pressure helium flow, i.e., the
quenching rate is not constant with time. The quenching
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Fig. 13—Cementite content evolution during the first two minutes of
each diffusion step for sample 1. The time 0 is end of previous boost
step. Average deviation for each data points is approx. = 2 mass pct
but error bars are not shown in the figure for the sake of clarity.
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rate was 30 °C/s in the first 10 seconds and reduced
exponentially until 90 °C was reached. Below that
temperature, the helium quench gas was stopped and
the samples cooled slowly down to room temperature.

The quenching step of sample 1 was examined in
detail. Rietveld analysis of the diffraction patterns
during quenching to room temperature provided a
precise evolution of phase fractions in the near-surface
region vs. the temperature as displayed in Figure 14.

The graph in Figure 14 indicate that no transforma-
tion occurs at the surface until the martensite start
temperature (M) is reached despite the moderate
cooling rate. Based on the in-situ data the martensite
start temperature was determined at about 205 °C. The
reason that no further transformation was observed
might be due to the high carbon content in the case that
retarded the bainite transformation in the near-surface
region.

Based on the experimentally determined M, temper-
ature the carbon content dissolved in austenite before
quenching can be determined using Eq. [2] that was
developed by van Bohemen for conventional steels with
0.1-1.9 pct carbon and less than 7 pct in total of other
alloying elements.*® According to the model, M can be
determined by,

M =565 Kpx; — 600[1 — exp(—0.96xc)],  [2]

where ST Kixi = 31xmn + 13xs; + 10x¢; + 18xni +
12xM, describes the effect of mass percent of other
substitutional elements. Applying 205 °C for the M—
temperature the carbon dissolved in austenite can be
calculated to about 0.73 pct. This value correlates well
with the final carbon content obtained by EMPA as
given in Figure 5; however, the carbon content deter-
mined from Onink’s formula based on the lattice
parameter of austenite gives a value of approximately
0.67 pct at the end of hardening at 840 °C right before
quenching. This 0.06 pct difference corresponds to a
difference in the M—temperature of about + 17 °C. It
is known that, a difference in defect structure of
austenite and austenite grain size can shift the M,
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Fig. 14—Evolution of phase fractions of sample 1 vs. temperature
during quenching from the austenite region.
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temperature of the same material.*®3*! Furthermore,
the thermal expansion coefficient of face-centered cubic
(FCCQ) lattice deviates from linearity when temperature
reduces!*’). Consequently, this difference is within the
combinations of error margins of two mathematical
calculations so it is acceptable.

The in-situ diffraction data also offer the possibility to
determine the carbon content in solution in the marten-
site based on the lattice parameters. In Reference 41, a
linear relationship between the tetragonality of marten-
site and the carbon content in martensite was given by

c/a=1+0.045xc [3]

Other alloying elements such as chromium and
manganese substitute iron so they only have a minor
effect on c/a ratio of martensite. Since the ratio of both
lattice parameters is considered, effects of temperature
are mostly self-compensating.***! In Figure 15 the
evolution of the determined lattice parameters as well
as of the carbon content in martensite calculated using
Eq. [3] both plotted vs. the temperature is presented.

In the early stages of transformation the lattice
parameters determined from in-siru diffraction data
show high standard deviations since the amount of
martensite is rather low. In the first 3 seconds, until
185 °C, the lattice parameter ‘¢’ increases steeply and
then stays almost constant, while the lattice parameter
“a” decreases with also high rate in the first 3 seconds
and then continue to decrease with a very low rate. After
the first minute, both values stay constant until the end
of the quenching step.

The tetragonality of the martensite, i.e., the ¢/a ratio,
increases during the transformation in a way that first
17 pct of martensite, which is formed within the first
5 seconds, has a lower c¢/a—ratio than later formed
martensite. Between 3™ and 5th seconds, measurements
and fits are more precise due to higher amount of
martensite. One possible reason might be the preferen-
tial transformation of regions with lower carbon
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Fig. 15—Evolution of lattice parameters of martensite and of the
carbon content in solution for martensite for sample 1 as a function
of temperature. Carbon content is calculated based on the average
lattice parameter values, i.e., the error bars are neglected. The dotted
vertical lines show the amount of martensite in mass pct at the top
and the time from the beginning of quenching in seconds at the
bottom.
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content, for example near precipitates or near grain
boundaries. This may also be an indication that carbon
atoms were not evenly distributed in the measured area
during the diffusion and hardening steps. On the other
hand, the behavior in the early stages could be
attributed to a phenomenon of direct ordering of carbon
atoms within the lattice at high temperature (Zener
ordering), as well as an instantaneous self-tempering
effect of martensite, which is more pronounced in the
first stage of the transformation due to the higher
temperature.***! Final possible reason could be second
order stresses between the austenite and the martensite,
leading to high local strains, therefore influencing the
lattice parameters. Additionally, if also the lattice
parameter change of austenite is examined as displayed
in Figure 16, it can be noticed that a deviation from
linear contraction takes place below M, while the
change of lattice parameter in the high temperature
range follows thermal expansion coefficient determined
as21.2 x 107K, which is well agreeing with previous
studies.[***”] The deviation to lower values in connection
with the martensitic transformation has already been
observed in medium and high carbon steel and the effect
could be attributed to the generation of high hydrostatic
compressive stresses in austenite,[*® which can also be
coupled with carbon partitioning.!!>4>4%

Also for the quenching step the presented results
indicate that the in-situ diffraction analysis using the
newly developed process chamber is well suited to
monitor the phase transformation kinetics and the
evolution of the lattice parameters of the phases during
LPC at high spatial and temporal resolution. However,
care must be taken regarding the assessment of the
results.

In the case of martensitic transformation, which
involve both chemistry and internal stress changes, the
XRD study alone is generally limited to semi-quantita-
tive conclusions based on assumptions for measurement
of the carbon content. Therefore, determination of the
exact carbon content of all phases in order to make a
certain judgment about the carbon partitioning kinetics
is not ideal. Nonetheless, if the XRD results are
combined with literature studies that are based on
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Fig. 16—Change of the lattice parameter of austenite during
quenching vs. the temperature of sample 1 and coefficient of thermal
expansion in the temperature range 77 = 800 °C to 205 °C.
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complementary characterization techniques, reliable
statements about the microstructural mechanisms can
be deduced.

Transformation of martensite is usually believed to
occur without diffusion of interstitials, i.e., carbon
partitioning is usually neglected because of very low
temperatures and short times. Previous studies, how-
ever, exhibit evidences about carbon partitioning from
martensite to retained austenite during quenching.>% %
Depletion of martensite during cooling is highly depen-
dent on the cooling rate. It was studied that cooling
rates below 25 K/s are highly favorable for carbon
partitioning from martensite to retained austenite."* In
the present in-situ study, the average cooling rate from
hardening temperature (840 °C) to M, —temperature
was about 17 K/s and further reduced to lower values
below M. Although the cooling rates somehow corre-
late, the M, temperature given in literature are quite
higher, i.e., relatedly carbon mobility during quenching
is greater compared to the present study. However, there
are also some studies in which minor effect of carbon
partitioning from martensite to retained austenite could
be observed for M, temperature down to 200 °C.[*4

Besides the redistribution of carbon from martensite
to retained austenite, carbon segregation to microstruc-
tural features like dislocations or martensite lath
boundaries is also very common in literature, especially
for the cases that lower M, temperature restricts the
mobility of carbon.’>>7) Therefore, based on the
combination of the present results and results from
literature, carbon partitioning from supersaturated
martensite to microstructural features during marten-
sitic transformation is most convincing among others.
However, it should be kept in mind that carbon
partitioning from martensite to retained austenite is
also possible to a small extend.

V. CONCLUSIONS

An experimental heat treatment chamber with a
related control system was developed to perform in-situ
X-ray diffraction experiments during complete LPC
process. Phase contents, carbon and micro-hardness
profiles of samples carburized in the experimental
chamber in the final state were compared with results
determined by using an industrial furnace. Despite some
slight differences in the two heat treatment set-ups the
results were very close to each other. By this means, it
was proved that the newly developed chamber is reliable
to perform an industry-like LPC treatment at small
scale.

Synchrotron X-ray diffraction experiments were con-
ducted at the high energy synchrotron beamline
PO7-EH3 of the Petra III ring at DESY/Hamburg
during the whole LPC process and final quenching.
Received data were analyzed by using the convolu-
tion-based Rietveld refinement and experimental based
mathematical calculations to obtain information about
the microstructural evolution. All findings based on
those data lead to the following conclusions:
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The austenite saturation limit is reached within
seconds of the boost steps due to very fast carbon
uptake rate from atmosphere into sample. Carbon
atoms accumulate at the surface and carbides
rapidly precipitate. Therefore, carbon diffusion
from the atmosphere to the surface is decelerated.
After that point, which lasted about 20 second, the
carburizing reaction changes from an atmosphere
dominated to a material dominated, so further
carbon transfer from the atmosphere to the surface
is controlled by both cementite dissolution and
diffusion of carbon through cementite in the depth.
Therefore, increasing the duration of boost step to
very long times does not directly increase the carbon
profile; instead, this would only increase the
amount of carbides formed at the surface, and
possibly grain boundaries, which will contribute to
the carbon profile by dissolution in following steps.
Carbides, mainly cementite, formed at the surface of
the material during in the early seconds of the boost
steps start to dissolve in the following diffusion steps.
The formation and dissolution kinetics of the carbides
highly depend on the amount of carbides and on the
base carbon content in the austenitic matrix. When the
number of boost step increases the stability of cemen-
tite also increases. Thus, the amount of cementite
formed in the first boost step stayed constant, while
cementite formed on the second and the third boost
step continued to increase even until the end of first
minute of the following diffusion steps.

In the early minutes of all diffusion steps, carbon
content stayed constant. It is observed during that
period that the cementite content continues to
increase for the second and the third boost steps
although there is no presence of the carbon donor
gas. This effect is attributed to the high carbon
accumulation at the surface during the boost steps.
Until this accumulation was fully consumed, the
carbon supply to the surface continued.

During quenching, early formed martensite, espe-
cially martensite that was formed in first 5 seconds,
had lower c/a ratio than later formed ones. This
difference was attributed to the early phase trans-
formation of austenite grains having lower carbon
content. On the other hand, instantaneous self-tem-
pering, second order stresses between austenite and
martensite, and carbon redistribution/ordering
leading to lower tetragonality are expected. This is
confirmed by the observed final carbon content of
the martensite which was lower than the carbon
content determined in the austenite right before the
quenching phase. The reason of this difference was
attributed to not only the uneven carbon distribu-
tion, but also to the carbon partitioning during
transformation. As no transition carbides could be
observed in the diffraction pattern after quenching,
this lead to the conclusion that carbon partitioning
to austenite in low extent and carbon segregation to
microstructural features such as dislocations, grain
boundaries or martensite lath boundaries take place
directly during the martensitic transformation.
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