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Abstract: Low-carbon, low-alloy steels undergo auto-tempering and carbon partitioning to austenite
during quenching to martensite. The microstructures of two such steels quenched at two cooling
rates have been evaluated using electron microscopy to characterise lath and carbide precipitate
morphologies, and the results have been compared with theoretical predictions based on the
Thermo-Calc modules DICTRA and TC-Prisma. The modelling tools predicted the carbon depletion
rates due to diffusion from the bcc martensite laths into austenite and the precipitation of cementite
in the ferrite matrix. The predictions showed a satisfactory agreement with the metallographic
results, indicating that the Thermo-Calc based software can aid in the design of new low-carbon
martensitic steels.
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1. Introduction

Low-carbon martensitic steels have become important structural materials as they provide
economical solutions in weight-critical applications by maximising their performance-to-weight ratio
and thereby reducing their carbon footprint [1]. Such low-carbon martensitic steels are normally
produced by fast cooling techniques to achieve the desired displacive martensitic transformation [2].
The morphology of martensite in low-carbon steels is lath-like [2,3]. The matrix becomes supersaturated
with carbon during the rapid transformation from austenite to martensite at a relatively high martensitic
start temperature (Ms). Due to the supersaturation of carbon in the martensite, there is a large driving
force for the carbon to precipitate as a carbide [4,5]. This phenomenon is called auto-tempering [2].
The precipitation of carbides occurs at high-energy sites such as dislocations and grain boundaries [6].
Auto-tempering can also involve the partitioning of carbon from the martensite laths into inter-lath
austenite partially stabilising some austenite to room temperature [7]. Auto-tempering has been shown
to improve the formability of high strength steels [8]. A better understanding of the kinetics and
thermodynamics that drive the auto-tempering process could lead to optimization of cooling strategies,
and better online prediction of steel properties. There has been an attempt to quantitatively describe
auto-tempering by Takaki et al. in 2017 [9] where, on the basis of carbon diffusion kinetics, they
suggested that auto-tempering occurs within the temperature range of 500–350 ◦C and that rapid cooling
above 40 ◦C/s should suppress the phenomenon [9]. However, auto-tempering has been observed in
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low-carbon steels quenched at rates exceeding 100 ◦C/s [5,10,11]. Therefore, a better understanding is
required to predict the kinetics of precipitation during the quenching of low-carbon steels.

The current paper investigates auto-tempering and partitioning experimentally and theoretically.
Low-carbon steels were quenched under controlled conditions and the samples characterized using
electron microscopy. The observations were then compared with approximate calculations for
partitioning using Thermo-Calc DICTRA (version 2019b, Thermo-Calc Software AB, Solna, Sweden) [12]
and auto-tempering using TC-Prisma (version 2019b, Thermo-Calc Software AB, Solna, Sweden) [13].

2. Materials and Methods

Two low-carbon martensitic steels, coded 0.12C and 0.23C, were supplied as 12 mm thick hot-rolled
plates with the compositions, as determined using glow discharge optical emission spectroscopy
(GDOES Spectruma GDA 750 Analyser) (Spectruma Analytik GmbH, Hof, Germany), given in Table 1.
Cylindrical specimens of dimensions 6 mm diameter and 9 mm length were machined from the
hot-rolled plates with their long axes parallel to the main rolling direction. One set of specimens were
then heated in a Gleeble 3800 thermomechanical simulator (Dynamic Systems Inc., Poestenkill, NY,
USA) from 23 to 950 ◦C at 10 ◦C/s, held for 2 min to ensure complete austenitization, and quenched
into a beaker of water to achieve a cooling rate of 1000 ◦C/s [10]. Another set of specimens was treated
similarly but allowed to cool by heat conduction into the water-cooled aluminium jaw-carriers of
the Gleeble at a rate of 120 ◦C/s. Using the methodology described by Ramesh Babu et al. [14], the
martensite evolution curves were constructed as seen in Figure 1. The martensite start temperature (Ms)
of the 0.12C and 0.23C steels were determined from dilatometry curves as 435 and 388 ◦C, respectively.

Table 1. Chemical compositions in wt%.

Steel Code C Mn Si Cr Ni Ti V Al Fe

0.12C 0.126 1.66 0.72 0.27 0.038 0.027 0.047 0.054 Bal.

0.23C 0.223 1.26 0.42 0.25 0.044 0.019 0.043 0.058 Bal.
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Figure 1. Martensite fraction vs. temperature constructed using a modified Koistinen-Marburger
equation that includes the effects of microsegregation as described in Ramesh Babu et al. [14]. (a) The
0.12C and (b) the 0.23C steel.

The heat-treated cylinders were cut in half transverse to their long axes at the position of the
thermocouples used to control and record the thermal cycles. Before the grinding and polishing stage,
the samples were cold mounted into an epoxy resin and then cured for 24 h. This was to prevent
any additional tempering which would have been caused by the faster hot-mounting procedure, as
highlighted by Ramesh Babu et al. [10]. The samples were then polished to a mirror finish using
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0.04 µm colloidal silica and etched with a 2% Nital solution. The microstructure was examined with a
Zeiss Sigma (Carl Zeiss AG, Oberkochen, Germany) scanning electron microscope (SEM) equipped
with an InLens secondary electron detector using an accelerating voltage of 5 kV.

A JEOL 2200FS transmission electron microscopy (TEM) (JEOL Ltd., Akishima, Kantō, Japan)
was used to analyse the auto-tempered precipitates. Thin-foil samples were prepared using the FEI
Helios DualBeam Focused Ion Beam SEM (FIB-SEM) (FEI Company, Hillsboro, OR, United States)
by milling lamellae with a Ga beam at 90 pA to 9 nA and 30 kV acceleration voltage. The lamellae
were then lifted onto copper grids and thinned and polished with the FIB using 90 pA at 30 kV
beam conditions. A final polishing stage was applied to minimise FIB damage using 44 pA at 5 kV.
The auto-tempered precipitates were identified using selected area diffraction (SAD). The scanning
transmission electron mode (STEM) on the JEOL 2200FS was used to characterise surface features.
SAD patterns were indexed, and their corresponding zone axes determined using the open source
MATLAB-based software Crystbox (version 1.10, Institute of Physics of the Czech Academy of Sciences,
Prague, Czech Republic) [15]. The patterns were identified using the orthorhombic cementite lattice
parameters a = 5.09 Å, b = 6.74 Å, c = 4.53 Å and the bcc martensite parameter a = b = c = 2.860 Å.

The diffusion of carbon and the growth of the precipitates were modelled using the DICTRA and
TC-Prisma software packages of Thermo-Calc together with the thermodynamic database TCFE9 and
the mobility database MOBFE2 [16].

DICTRA is a software which simulates diffusion controlled transformation in multicomponent
alloys assuming a local equilibrium at interphase interfaces [12]. The software generates simple
geometries such as planar, spherical, and cylindrical. The accuracy of the results is dependent on the
thermodynamic and kinetic data and assumptions such as the choice of geometry [12]. DICTRA is based
on a multi-component diffusion theory that describes the fluxes of species driven by a concentration
gradient [12,17]. Mathematically, this was described as:

Jk = −
∑n−1

j=1
Dn

kj

∂c j

∂z
, (1)

where Jk is the flux of species k in the z-axis direction and
∂c j
∂z is the concentration gradient of species j.

The diffusion coefficient Dn
kj is a product of two matrices where one consists of pure thermodynamic

information and the other consists of mobilities [17]. Mathematically, when i is an interstitial, Dn
kj can

be described as:

Dn
kj =

∑
i

(δik − xk)xiMi

(
∂µi

∂x j

)
, (2)

where δik is the Kroneker delta (δik = 1 when j = k and δik = 0 otherwise) [12], xk is the mole fraction of
element k, xi is the mole fraction of element i, µi is the chemical potential of component i, and ∂µi

∂x j
is a

thermodynamic factor [12], which can be related to a thermodynamic database [17]. Mi is the mobility
term for i when i is an interstitial and Mi is related to the kinetic database. By the absolute-reaction
theory argumentation, Mi can be mathematically expressed as:

Mi =
M0

i
RT

exp
(
−

Qi

RT

)
, (3)

where R is the gas constant and T is the absolute temperature. The terms M0
i and Qi depend on

composition, temperature, and pressure.
Rather than the diffusivities, the parameters for atomic mobilities in a particular phase are stored

in the kinetic databases used by DICTRA. This is due to the (n-1)2 interdiffusion coefficients and n
mobilities. Therefore, fewer mobilities need to be stored than diffusivities for systems with more than
two components [12].
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TC-Prisma primarily uses the Langer-Schwartz theory and the Kampmann-Wagner numerical
approach to simulate diffusion controlled nucleation, growth, and dissolution of precipitates [13].
TC-Prisma is integrated with the CALPHAD databases in Thermo-Calc and uses the diffusion
calculations in DICTRA [13]. TC Prisma extends the classical nucleation theory (CNT) [18,19] to
multi-component alloy systems [20]. The time dependent nucleation rate J(t) is given as:

J(t) = Js exp
(
−
τ
t

)
, (4)

where Js is the steady state nucleation rate, τ is the incubation time for establishing steady state nucleation
conditions, and t is the isothermal reaction time. The temperature dependency of parameters such
as nucleation driving force, diffusivities, etc. are automatically updated during the simulation for
non-isothermal conditions [20]. For non-isothermal conditions, the incubation time is calculated from:∫ τ

0
β∗(t′)dt′ =

1
θZ2(τ)

, (5)

where β∗ is the impingement rate for solute atoms to the critical cluster and Z is the Zeldovich factor.
The steady state nucleation rate Js is given by:

Js = Zβ∗Nexp
(
−

∆G∗

kT

)
, (6)

where N is the density of nucleation sites per unit volume, k is Boltzmann’s constant, T is the absolute
temperature, and ∆G∗ is the activation energy for the formation of a critical nucleus and given by:

∆G∗ =
16πσ3

3
(
∆Gα→βm /Vβ

m

) , (7)

where σ is the interfacial energy, ∆Gα→βm is the molar driving force for the formation of a precipitate
phase β from the matrix phase α, and Vβ

m is the molar volume of the precipitate phase β.
In a crystalline material, nucleation on dislocations gives the nucleation site density as:

Nd = ρd

(
NA
Vα

m

)
, (8)

where ρd is the dislocation density, NA is Avogadro’s number, and Vα
m is the molar volume of the matrix

phase α.
The TC-Prisma growth model approximates precipitates as spheres with a stoichiometric

composition and assumes a local equilibrium at the interface of the precipitate and the matrix.
The growth model can be expressed as:

v =
K
r

∆Gm −
2σVβ

m
r

 = 2σVβ
mK

r

[ 1
r∗
−

1
r

]
(9)

where ∆Gm is the driving force for nucleation, r∗ is the radius of the critical nucleus, and K is a kinetic
parameter related to solute concentration and mobility. An advanced growth model based on the work
of Chen et al. [21] was implemented as it treats fast diffusing interstitial elements such as C and high
supersaturation conditions [20].

The limitations of the modelling arise from the assumptions needed to run the simulations such
as the choice of dislocation density and interfacial energy [22]. Therefore, reasonable assumptions
as stated in the following section are required to obtain results that best represent the experimental
results. The major limitation in this paper was that the TC-Prisma calculations assume that there is no
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loss of carbon by diffusion from martensite into the surrounding austenite during quenching. Such
a loss would lead to a reduction in the driving force for nucleation and growth of the precipitates.
Therefore, the calculations for the paper are approximate. However, as will be seen in the following
section, the ball-park approximations correspond well with experimental observations.

3. Results and Discussion

3.1. Material Characterization

The 0.12C steel quenched at 1000 ◦C/s shows an auto-tempered lath martensite, as witnessed
by the precipitates seen in Figure 2a. These precipitates were previously identified as cementite [10].
The lath morphology, which is typical of low-carbon steels, can be seen more clearly in the STEM
image of Figure 2b. The microstructure comprises of coarse martensitic laths with a high degree
of auto-tempered cementite, thin martensitic ridge-like regions, without visible carbides, and dark
islands with minimal or no precipitates [4,5]. The coarse regions are the first to form just under the
Ms temperature, while the relatively dark regions are the last to form [5,23]. The widths of the coarse
martensitic laths as seen on the random cross-sections are typically 1 to 5 um and the smaller laths are
about 100 nm wide. These mixtures of coarse and thin laths are typical for as-quenched low-carbon
steels [23,24].
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Figure 2. Microstructure of the 0.12C steel austenitized and quenched at 1000 ◦C/s. (a) SEM InLens
secondary electron image. (b) Scanning transmission electron microscopy (STEM) image from a thin
foil specimen.

Figure 3 shows that the 0.12C steel quenched at 120 ◦C/s had a similar microstructure to that of
the specimen quenched at 1000 ◦C/s (Figure 2a). Here too, the precipitates were identified as cementite
on the basis of SAD, as shown in Figure 3d. No evidence of other carbides was apparent.

The microstructures of the 0.23C steel quenched at 1000 and 120 ◦C/s are shown in Figures 4 and 5,
respectively. This steel also exhibited lath martensite with a high degree of auto-tempering. There are
more well-defined coarse auto-tempered regions in the 0.23C steel when compared to the 0.12C steel
(~20 coarse regions were detected within the 0.23C steel when compared to 11 in a 100 um2 area for the
0.12C steel). In addition, ridge-like martensitic regions cannot be seen in the quenched 0.23C steel
unlike in the quenched 0.12C steel. The relatively dark regions showed some signs of auto-tempering,
unlike the generally untempered darker regions in the quenched 0.12C steel. The STEM images in
Figures 4b and 5b show that the narrow laths of the 0.23C steel had similar thicknesses when compared
to the laths in the quenched 0.12C steel. Again, the precipitates shown in the TEM micrographs in
Figures 4c,d and 5c,d were identified as cementite, as shown in Figures 4e and 5e, respectively. No
evidence of other types of carbides was found in the analysis.
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Figure 3. Microstructure of the 0.12C steel austenitized and quenched at 120 ◦C/s. (a) SEM InLens
secondary electron image. (b) STEM image. (c) TEM image of cementite precipitates as pointed by the
red arrow. (d) Selected area diffraction (SAD) pattern showing indexed cementite spots. Cementite
zone axis: [001].

3.2. Carbon Kinetics Simulations

The carbon supersaturation in the martensitic ferrite matrix can be reduced by the competing
processes of carbon diffusion into austenite and carbide precipitation; these mechanisms were simulated
using DICTRA and TC-Prisma, respectively.

The martensite displacive transformation in steels occurs without the diffusion of carbon into
austenite [25], producing a carbon super-saturated martensite lath or plate. Therefore, the martensite
laths that were formed inherit the carbon content from the austenite. Upon subsequent cooling,
the carbon can subsequently partition from the laths into interlath films [26]. It was shown by
Santofimia et al. [27] that the assumed interface mobility affects the predicted partitioning of carbon
from martensite to austenite during isothermal holding. However, it was also observed that immobile
and mobile interfaces have a similar behaviour for short isothermal times. Considering the high
cooling rates used in our calculations, the assumption of an immobile interface should not lead to
significant errors. To simulate this, the DICTRA geometry shown in Figure 6 was setup such that
initially, immediately after lath formation, the carbon content was uniformly distributed. The simple
one-dimensional geometry best approximates the geometry of the martensite lath and the neighbouring
austenite. The phases were considered as two cells that were coupled to keep the same carbon activity
at their immobile interface [12,28]. A binary Fe-C system was used to avoid convergence errors when
running the calculations at fast cooling rates. Due to limitations of the DICTRA software, it was
necessary to model martensite as a highly dislocated ferrite. It has been shown that the tetragonality
that often exists in martensite due to carbon supersaturation increases the equilibrium solubility of
carbon in a body-centered tetragonal (bct) ferrite-austenite system [29]. Such an effect cannot be
modelled with DICTRA; however, according to the Zener model [30], supersaturated martensite at low
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carbon concentrations should be a disordered bcc rather than bct especially at temperatures close to
Ms, where diffusion is fastest. Therefore, the assumption of bcc ferrite in DICTRA may be reasonable.Metals 2019, 9, x FOR PEER REVIEW 7 of 18 
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Figure 4. Microstructure of the 0.23C steel austenitized and quenched at 1000 ◦C/s. (a) SEM InLens
secondary electron image. (b) STEM image. (c) Bright-field TEM image of cementite precipitates.
(d) Corresponding dark-field image of cementite precipitates. (e) SAD pattern showing indexed
cementite spots. Cementite zone axis: [234].
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Figure 5. Microstructure of the 0.23C steel austenitized and quenched at 120 ◦C/s. (a) SEM InLens
secondary electron image. (b) STEM image. (c) Bright-field TEM image of cementite precipitates.
(d) Corresponding dark-field image of cementite precipitates. (e) SAD pattern showing indexed
cementite spots. Cementite zone axis: [110].
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Figure 6. Schematic of the 2D geometry used in the DICTRA simulations showing assumed ferrite
and austenite half-thicknesses where (a) represents the situation just under the Ms temperature,
and (b) represents the situation when approximately 90% of the austenite has transformed to martensite.
The black, yellow, and the dotted lines within the geometry are the locations where the change in
carbon concentration was calculated.

The STEM observations, as shown in Figures 2–5, revealed that the coarse martensitic regions
had thicknesses greater than 1000 nm while the smallest lath thickness was about ~100 nm. The 3D
sectioning observations by Morsdorf et al. [23] also showed that coarse regions were thicker than the
surrounding thinner laths. Therefore, the thickness observations made using STEM seem reasonable
for implementing into the geometry setup for DICTRA. For the modelling purposes, it was therefore
assumed that the half-thickness of the first laths forming close to Ms was 500 nm representing the larger
coarse regions which grow just under the Ms [5,23], while the laths forming after 90% martensite have
a half-thickness of 50 nm representing the smaller size martensitic regions which form during the last
stages of the quench [5,23]. As the first formed coarse regions were surrounded by austenite, the carbon
from ferrite would initially diffuse into a large austenite domain. Consequently, the austenite adjacent
to the coarse lath was given a half-thickness of 500 nm, as shown in Figure 6a. On the other hand,
the martensite laths forming after 90% of the austenite has transformed will tend to be surrounded
by narrow austenite regions; therefore, the half-thickness in that case was taken as 5 nm, as shown
in Figure 6b. Actually, according to the DICTRA simulations, the carbon diffusion kinetics was not
affected by the austenite dimensions as shown later in the paper. Diffusion profiles were calculated
for six locations: At 0%, 25%, 50%, 75%, 90%, and 100% of the half-thickness. Table 2 provides the
DICTRA calculation setup for 1000 and 120 ◦C/s cooling rates. The 500 nm ferrite half-thickness planar
geometry was used for calculating carbon diffusion in laths formed at the Ms temperature. The 50 nm
ferrite half thickness planar geometry was used for calculating carbon diffusion from laths formed
after 90% of the martensite has formed and the corresponding temperatures were obtained from the
martensite evolution curves in Figure 1.

Table 2. Start temperatures for the simulations.

Alloy 500 nm Ferrite Half-Thickness 50 nm Ferrite Half-Thickness

Lath Formation Temperature (◦C) Lath Formation Temperature (◦C)

0.12C steel 435 300

0.23C steel 388 290
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TC-Prisma was used to model the precipitation of cementite in a supersaturated bcc martensite
matrix under the condition that diffusion effects on the local total carbon content are negligible. Similar
to the DICTRA simulations, a binary Fe-C system was considered so as to avoid convergence errors.
Carbide nucleation was assumed to occur on dislocations having a density of 1015 m−2, as suggested
by Morito et al. [31]. Due to the limitations of the TC-Prisma, the morphology of the precipitates
is restricted to a sphere. As with any precipitation modelling, the results are very sensitive to the
value taken as the precipitate-matrix interfacial energy. Becker’s model, as implemented into the
Thermo-Calc software [20], predicts the cementite-ferrite interfacial energy to be 0.15–0.16 J/m2 for
the two steel compositions. Precipitation calculations based on these values showed that the carbon
depletion rate due to precipitation was higher than that due to diffusion into austenite for both cooling
rates, and both the coarse laths and the fine laths formed at the lowest temperatures. This was
inconsistent with the experimental observations, which showed that there were untempered regions
in the 0.12C steel. In the present case, the best agreement between the predictions and experimental
observations was obtained by manually setting the ferrite—cementite interfacial energy to 0.27 J/m2.

The precipitation simulations were run using the same lath formation temperatures listed in
Table 2 for cooling rates of 1000 and 120 ◦C/s. The comparisons from the diffusion of carbon and the
precipitation of cementite for the two steels can be seen in Figures 7 and 8. Zero time is the time when
the lath forms.Metals 2019, 9, x FOR PEER REVIEW 11 of 18 
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Figure 7. Comparison of the rate of carbon depletion from the lath matrix by diffusion into austenite or
by precipitation of cementite in a time span of 0.1 s from the instant of lath formation for the 0.12C steel.
(a) 1000 nm thick lath formed at 435 ◦C, cooling rate is 1000 ◦C/s. (b) 100 nm thick lath formed at 300
◦C, cooling rate is 1000 ◦C/s. (c) 1000 nm thick lath formed at 435 ◦C, cooling rate is 120 ◦C/s. (d) 100
nm thick lath formed at 300 ◦C, cooling rate is 120 ◦C/s. Abscissa shows the time after lath formation
and corresponding temperatures.
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Figure 8. Comparison of the rate of carbon depletion from the lath matrix by diffusion into austenite or
by precipitation of cementite in a time span of 0.1 s from the instant of lath formation for the 0.23C steel.
(a) 1000 nm thick lath formed at 388 ◦C, cooling rate is 1000 ◦C/s. (b) 100 nm thick lath formed at 290
◦C, cooling rate is 1000 ◦C/s. (c) 1000 nm thick lath formed at 388 ◦C, cooling rate is 120 ◦C/s. (d) 100
nm thick lath formed at 290 ◦C, cooling rate is 120 ◦C/s. Abscissa shows the time after lath formation
and corresponding temperatures.

The carbon diffusion from ferrite to austenitic for the 0.12C steel quenched at 1000 ◦C/s is shown
in Figure 7a,b. For the coarse ferrite laths (Figure 7a) except for the carbon content near the interface
(at 90% and 100% half-thickness), the results suggest that the rate of carbon depletion from the matrix
due to precipitation should be much faster than the carbon depletion rate due to diffusion. In contrast,
as shown in Figure 7b, the rate of carbon depletion from the matrix by diffusion from martensite
laths formed after 90% transformation is predicted to be relatively fast, even when compared with
precipitation occurring under the high driving force that would exist in the absence of carbon diffusion
to austenite. If the precipitation modelling were to consider the continually decreasing concentration
of carbon, even in the middle of the laths, the precipitation kinetics would be even slower than that
shown in Figure 7b.

As expected, reducing the quench rate from 1000 to 120 ◦C/s is predicted to increase the loss of
carbon via diffusion to the austenite and make only a little difference to the predictions regarding
precipitation in the coarse laths as seen in Figure 7c. Carbon loss due to diffusion is more dominant
when compared to loss due to precipitation in the 50 nm half-thickness regions, as seen in Figure 7d.

The carbon diffusion from ferrite to austenitic for the 0.23C steel quenched at 1000 ◦C/s is shown
in Figure 8a,b. Similar to the observations seen in the coarse regions in the quenched 0.12C steel, the
carbon depletion rate due to precipitation is higher than by the carbon diffusion to austenite from the
ferrite laths with a half-thickness of 500 nm (Figure 8a). The exception is that the carbon depletion at
the interface by diffusion (100% half-thickness) is slightly higher than the precipitation process for the
quenched 0.23C steel. This is in contrast to the situation near the interface (90% half-thickness) in the
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quenched 0.12C steels, where the carbon depletion rate due to diffusion is significantly higher than
that by precipitation. At the lath formation temperature of 290 ◦C, precipitation depletes carbon faster
than the diffusion of carbon at the 0% and 25% half-thickness ferrite positions, as seen in Figure 8b.
However, diffusion of carbon from ferrite at the 50%, 75%, 90%, and 100% positions is predicted to be
greater than by precipitation. Other than the increase in the loss of carbon via diffusion to austenite,
the above results are similar to those occurring in the 0.23C steel quenched at 120 ◦C/s, as seen in
Figure 7c,d.

Figures 7 and 8 only show the situation during the first 0.1 s of cooling, the carbon contents in the
ferrite matrix after cooling to room temperature are given in Table 3 and Figure 9.

Table 3. Carbon content (ppm) remaining at room temperature (23 ◦C) in the ferrite matrix after the
precipitation of carbides.

Steel Code 0.12C 0.23C

Lath Formation Temperature, ◦C 434 ◦C 300 ◦C 388 ◦C 290 ◦C

1000 ◦C/s 4.3 n.a. 0 343.5

120 ◦C/s 0 n.a. 0 0

n.a.: Not applicable.
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Figure 9. Carbon content (ppm) remaining at room temperature (23 ◦C) in ferrite after diffusion of
carbon into austenite assuming no carbide precipitation. The 0% position indicates the centre of the
lath and the 100% position indicates the interface between ferrite and austenite. The key gives the steel
codes, lath formation temperatures, subsequent cooling rates, and lath half-thickness.

Figure 10 shows a comparison of predicted carbon concentration profiles when assuming two
different austenite thicknesses (5 and 50 nm) adjacent to a lath with a half-thickness of 50 nm formed
at 290 ◦C in the 0.23C steel. For a cooling rate of 1000 ◦C/s, the room temperature carbon profiles in
ferrite and austenite (Figure 10a,b) are identical irrespective of whether the austenite thickness is taken
as 5 or 50 nm. This is due to the fact that the carbon concentration profile only deviates from the bulk
content to a depth of ~ 3 nm. As seen in Figure 10c, also when the cooling rate was 120 ◦C/s, there
was almost no difference in the ferrite carbon concentration profiles. This was despite the fact that the
far-side carbon concentration in the 5 nm thick austenite cell rose to about 2 wt%, as seen in Figure 10d.
Martensite has been reported to nucleate and grow at the speeds close to that of sound in steel [2].
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Therefore, the assumption in our model that the martensite has formed instantaneously would seem
reasonable. It is also assumed that the laths have remained surrounded by austenite during cooling
despite the formation of other laths as the martensite volume fraction increases. Evidence that this is
so can be seen in Figure 11, which shows an interlath austenite film after cooling to room temperature.
Therefore, ignoring the changing environment around the lath by keeping a constant assumed austenite
half-thickness is a reasonable approximation provided the actual austenite half-thickness adjacent
to the laths is great enough to contain the carbon concentration profile resulting from any diffusion
of carbon out of the lath. The required half-thickness can be obtained from the calculated DICTRA
profiles and are given in Table 4.Metals 2019, 9, x FOR PEER REVIEW 14 of 18 
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Figure 10. Comparison of predicted as-quenched carbon concentration profiles in laths formed at
290 ◦C in the 0.23C steel for two thicknesses of austenite in the one-dimensional DICTRA model. Lath
half-thickness of 50 nm and austenite thickness of 5 and 50 nm. (a) Ferrite, 1000 ◦C/s; (b) austenite,
1000 ◦C/s; (c) ferrite, 120 ◦C/s; (d) austenite, 120 ◦C/s. The dashed line in (b) and (d) represents the 5 nm
austenite thickness.

Table 4. Minimum austenite half-thickness values needed to accommodate carbon
concentration profiles.

Steel Code 0.12C 0.23C

Cooling rate (C/s) 120 1000 120 1000

Lath formation temperature (◦C) 435 300 435 300 388 290 388 290

Minimum austenite half-width (nm) 70 5 35 5 55 5 20 5
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Figure 11. Microstructure of the 0.12C steel austenitized and quenched at 1000 ◦C/s. (a) Bright-field
TEM image showing the martensitic laths. (b) Corresponding dark-field image with the bright regions
indicating retained austenite. (c) SAD pattern showing the indexed austenite spot.

For consistency with the Prisma calculations, the DICTRA calculations were made for binary
Fe-C alloys. This is justified as a comparison between the binary Fe-C and quaternary Fe-C-Mn-Si
systems showing that predicted carbon depletion rates are very similar in the two: In the quaternary
system, the carbon depletion rates due to diffusion were at most 10% lower at the 0% half-thickness
position for the 0.12C steel and 7% lower for the 0.23C steel when compared to the binary Fe-C system.
The differences elsewhere across the lath thickness were smaller diminishing to zero at the interface.
Therefore, the inclusion of substitutional elements did not significantly influence the calculations, nor
the conclusions drawn.

It is interesting to compare the simulation results with SEM micrographs of the coarse
auto-tempered laths and the less tempered laths. Figure 12a shows a high density of precipitates in a
coarse lath region of the 0.12C steel quenched at 1000 ◦C/s. This corresponds well with the predictions
based on in Figure 7a. As expected on the basis of the predicted fast carbon depletion by diffusion into
austenite at the ferrite—austenite interface, there is even a narrow precipitate-free zone adjacent to
the lath boundary (which corresponds to about 90% width of the coarse region), as indicated by the
red arrows in Figure 12a. Narrow precipitate-free laths can also be seen in Figure 12a, in agreement
with the predictions in Figure 7b, i.e., for the thin laths formed at low temperatures carbon depletion
by diffusion of carbon from ferrite into austenite is predicted to be faster than by precipitation. Both
these findings provide confidence in the model predictions. Similar observations can be made when
comparing the SEM micrograph in Figure 12b and the simulation results seen in Figure 7c,d for the
cooling rate of 120 ◦C/s.
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4. Conclusions 

Two low‐alloy steels containing 0.12C and 0.23C wt% showed an auto‐tempered lath martensite 

containing cementite precipitates after quenching at both 1000 and 120 °C/s. The effect of carbon 

Figure 12. SEM images of the coarse auto-tempered laths and relatively less tempered laths. (a) 0.12C
steel, 1000 ◦C/s, (b) 0.12C steel, 120 ◦C/s, (c) 0.23C steel, 1000 ◦C/s, (d) 0.23C steel, 120 ◦C/s. The green
arrows point to close-ups showing the boundary region of the coarse region (indicated by red arrows).
In the quenched 0.12C steel, a distinct precipitate-free zone is present at the boundaries of the coarse
laths. Such is either not present or is very thin in the quenched 0.23C steel.

For the 0.23C steel quenched at 1000 ◦C/s, Figure 12c shows that the precipitates are uniformly
distributed throughout the coarse region. However, unlike the quenched 0.12C steel, no distinct
precipitate-free zone is apparent near the boundaries. This finding corresponds well with the
simulations shown in Figure 8a, i.e., that the carbon depletion rate due to precipitation is faster than
the depletion rate due to diffusion throughout the thickness of the coarse laths, even beyond the 90%
half-thickness region. The relatively dark regions of the martensite that have transformed at low
temperatures are seen to contain very small precipitates throughout. This is at odds with Figure 8b,
i.e., the fact that the rate of carbon depletion due to precipitation is predicted to be faster than that
through diffusion only near the centres of the narrow laths (up to the 25% lath thickness position) and
not throughout.

For the 0.23C steel quenched at 120 ◦C/s, Figure 12d shows that the microstructure of the coarse
auto-tempered regions can be predicted by the simulations in Figure 8c. In this case, the loss of carbon
by diffusion into austenite is expected to affect precipitation to a greater depth than at 1000 ◦C/s.
There are some signs that this is the case in the way that narrow precipitate-free zones are seen at the
boundaries of some coarse laths but not at others.

The narrow laths in Figure 12d appear to be precipitate free except for a low density of small
precipitates in the middle of the laths. This matches the prediction provided by the simulation shown
in Figure 8d, which predicts that precipitation should deplete carbon from the matrix at a much faster
rate in the middle of the lath while the diffusion process was faster initially above the 50% of the
half-thickness in the ferrite regions.
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From the above results, it can be seen that the approximate calculations in DICTRA and TC-Prisma
can sufficiently predict the phase transformation mechanisms in quenched low-carbon steels.

4. Conclusions

Two low-alloy steels containing 0.12C and 0.23C wt% showed an auto-tempered lath martensite
containing cementite precipitates after quenching at both 1000 and 120 ◦C/s. The effect of carbon
content, the lath thickness, and cooling rate on the incidence of cementite could be rationalised using
the Thermo-Calc Prisma and DICTRA software to predict the rate at which carbon is depleted from the
laths during quenching via either cementite precipitation or diffusion to the surrounding austenite.
Based on the observed microstructures, the DICTRA calculations were based on a one-dimensional
geometry with two lath half-thicknesses: 500 nm to represent the coarse martensite laths formed just
under the Ms temperature, and 50 nm to represent the thin laths formed after 90% transformation.

With one exception, model predictions were in good agreement with experimental observations
of cementite distributions. The predicted carbon depletion rates showed that carbide precipitation is
expected to dominate over the diffusion of carbon into austenite in the coarse laths formed close to
the Ms temperature in both the 0.12C and 0.23C steels for both cooling rates. In addition, a narrow
precipitate-free zone adjacent to the lath boundary was predicted in the coarse region of the 0.12C steel,
but not for the 0.23C steel. In the thin laths of the 0.12C steel forming towards the end of the martensite
transformation, however, carbon depletion by diffusion to austenite is predicted to be much faster
than precipitation at both 1000 and 120 ◦C/s. In the 0.23C steel, precipitation is predicted to dominate
carbon depletion at the centres of the thin laths for both cooling rates. The experimentally observed
microstructures showed that this was only true at a cooling rate of 120 ◦C/s but not for 1000 ◦C/s where
very thin carbides were observed to precipitate throughout the last formed laths.
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