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Decarburization is an important process during the heat treatment of steels. It can be divided
into three separated events: dissolution of carbides, diffusion of carbon through the iron matrix,
and surface reactions. The process is very sensitive to temperature. During intercritical
annealing, austenite nucleates in the cementite-ferrite interface and grows at the rate determined
by the diffusion of carbon in austenite. The presence of a decarburizing atmosphere during
annealing guides the carbon diffusion in ferrite toward the surface, generating a flux of carbon
from austenite toward ferrite, disturbing the austenite growth. In the presence of pearlite, the
ferrite-austenite interface can be assumed to remain static until pearlite is completely dissolved,
reducing then the carbon flux in austenite, consequently diminishing the austenite formation
rate. At intercritical temperatures, the cementite-free ferrite layer at the surface reaches a greater
width due to the combination of the thermodynamic fraction of austenite, dissolution rate of
cementite, and the diffusivity of carbon in austenite and ferrite. In this study, an experimental
investigation of the effects of the carbide morphology and distribution and the a� c phase
transformation in the decarburization kinetics on hypo-eutectoid steels is presented. It is sug-
gested that the change of the dissolution kinetics of the carbides due to its morphology will
affect the austenitization kinetics. Thus, the distribution of the carbon in the microstructure may
determine the rate of decarburization in combination with the carbon diffusion through the
phases or the gas-metal reactions.
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I. INTRODUCTION

DECARBURIZATION is an important process
during heat treatment of steels. It occurs at high
temperatures in contact with substances that promote
the oxidation of carbon, typically water vapor and
hydrogen-containing atmospheres,[1,2] through the reac-
tions, respectively:

CþH2O$ COþH2 ½1�

Cþ 2H2 $ CH4 ½2�

Decarburization takes place during hot-rolling pro-
cesses, especially in the production of springs, rods, and
bars, and it changes the surface properties whichmay lead
to failure of the component.[3,4] In other applications such
as electrical steels and enameling, decarburization is
intentionally induced during annealing in a reducing
atmosphere, producing steel strip with very low-carbon
concentration.[5–8] Because of its common occurrence, a
goodunderstanding of themechanisms and the kinetics of
decarburization is of essential importance, to improve
quality and reduce costs of the processes.
For an initial microstructure that contains ferrite and

carbides, and depending on the temperature, the physical
mechanism that leads to decarburization is rather complex
and can be divided into three different stages: dissolution
of the carbides, the carbon diffusion through the ferrite
and austenite phases, and the surface reaction. Surface
reaction and carbon diffusion determine the decarburiza-
tionwidthunder atmosphereswith lowandhighhumidity,
respectively.[7,9–15] The overall diffusion of carbon in steel
depends on the phases present at given temperatures, as
shown in Figure 1 for hypoeutectoid steels.
At a temperature above A3 for pure iron, or 1185 K

(912 �C), ferrite is not thermodynamically stable at low-
carbon concentrations and the only phase present is
austenite. In this case, the carbon can be assumed to be
completely dissolved in austenite and the effect of the
ferrite (a) to austenite (c) transformation during decar-
burization can be ignored. Under this condition, the
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decarburization mechanism can be described as a
function of the diffusion of carbon in austenite,[4,12] as
shown in Figure 1(a).

Below the intercritical region (i.e., below the A1

temperature), the cementite dissolves directly into ferrite
without the formation of austenite when the carbon is
detracted from the material at the surface. Once in
ferrite, carbon diffuses toward the surface, as illustrated
in Figure 1(c). The region beneath the surface is
characterized by the absence of carbides and is, there-
fore, referred to as ferrite layer.

At intercritical temperatures, cementite dissolves into
austenite, which has greater carbon solubility than
ferrite. The carbon diffuses through austenite to the
a� c interface, where it transfers to ferrite in which
carbon diffuses rapidly toward the surface due to the
gradient schematically shown in Figure 1(b). In this
case, a ferrite layer forms beneath the surface. Its width
is a function of time and it can be defined to extend from
the surface to the dual phase region.[15,16] Some studies
approached this case considering the presence of a
moving interface similar to the description of the
Stephan Problem.[17] These models simplify the micro-
structures by dividing it in two parts, the ferrite layer
and a region with constant composition composed of a
homogeneous mixture of ferrite plus austenite.
Although this system considers the presence of the
ferrite layer, it also implies that the carbides are
instantaneous dissolved, and the carbon mobility in
the dual phase region is limited only by the diffusion
coefficient of carbon in austenite or ferrite. This
assumption works reasonably well for materials with a
composition close to the eutectoid due to the homoge-
neous presence of carbides throughout the matrix, which
eases the determination of the ferrite layer.

The simplest method to investigate the decarburiza-
tion depth is by measuring the micro-hardness as a
function of the distance from the surface complementing
it with examination of the ferrite layer by optical
microscopy.[12,14,18] Although the effect of the presence
of carbon on the micro-hardness is evident, its mea-
surement does not unambiguously identify the presence
of the ferrite layer. Instead, it measures the change in the
mechanical properties caused by the change of carbon
concentration and the density of carbides. Observation
of the microstructure is a complementary technique due
to the possibility to visualize the ferrite layer although
the presence of carbides cannot always be quantified. A
non-destructive method consisting of measurement of
the magnetic hysteresis has also been used.[19]

In this work, low-carbon steels of the same compo-
sition but different carbide distribution and morphology
were produced by lab-scale rolling. The kinetics of the
austenite formation during annealing was investigated
by Dilatometry, Field Emission Electron Probe Micro-
Analysis coupled with Wavelength-Dispersive Spectros-
copy (FE-EPMA-WDS), and Scanning Electron
Microscopy (SEM). In addition, Glow Discharge Opti-
cal Emission Spectroscopy (GD-OES) was used to
measure carbon concentration profiles as a function of
the distance to the surface in steels annealed below,
above and in the intercritical temperature region. A

mechanism is discussed suggesting that in some cases
carbide morphology and dissolution kinetics determine
the rate of decarburization rather than the carbon
diffusion through the phases or the gas-metal interface
reactions, as is commonly accepted. This approach adds
complexity to the previous models because the carbide
dissolution occurs in different ways depending on the
annealing temperature.

II. EXPERIMENTAL PROCEDURE

Steel sheets with a thickness of 25 mm, containing
0.12 wt pct carbon, and 0.2 wt pct manganese, were
produced via a lab scale smelting.
The material was homogenized at 1523 K (1250 �C).

The homogenization treatment is important to distrib-
ute the manganese evenly through the material. The
manganese can have a small effect on carbide dissolution
and on the kinetics of austenite-ferrite phase transfor-
mation due to partitioning effects. As the manganese
concentration is small and within the limit of solubility
in ferrite according to ThermoCalc Database,[20] this
effect is assumed not to interfere significantly with the
results obtained in this work. Quantitative analysis of
the partitioning effect of manganese is beyond the scope
of this work.
Subsequently, the material was hot rolled above the

recrystallization temperature of austenite to a thickness
of 3 mm followed by air cooling to its coiling temper-
ature, as shown in Figure 2(a). Two different coiling
temperatures were used: below, at 873 K (600 �C) and
above the eutectoid temperature, at 1023 K (750 �C),
which clearly leads to different carbide precipitation
kinetics, generating different microstructures.
Steel sheets with a thickness of 25 mm, containing

0.12 wt pct carbon, and 0.2 wt pct manganese, were
produced via a lab scale smelting. The material was
homogenized at 1523 K (1250 �C) and subsequently hot
rolled above the recrystallization temperature of aus-
tenite to a thickness of 3 mm, followed by air cooling to
its coiling temperature, as shown in Figure 2(a). Two
different coiling temperatures were used: below, at 873
K (600 �C) and above the eutectoid temperature, at 1023
K (750 �C), which clearly leads to different carbide
precipitation kinetics, generating different microstruc-
tures. Slow cooling was performed in the furnace to
simulate the effect of industrial coiling. The materials
were then pickled to remove the superficial oxides and
cold rolled to a final thickness of 1 mm. After cold
rolling samples were machined to dimensions of 10 � 5
� 1 mm3 and used for dilatometry experiments.
The remaining material was cut to dimensions of 220
� 120 � 1 mm3 and used for decarburization annealing
treatments in a reducing atmosphere consisting of 95 pct
N2, 5 pct H2 with a dew point of 253 K (�20 �C) using a
Reactive Annealing Process Simulator (RAPS).
After each rolling and annealing treatment, cross

section samples were prepared following standard
metallographic procedures. These were analyzed by
optical microscopy and SEM. A Field Emission Micro-
probe (FE-EPMA) coupled with Wavelength Dispersive
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Spectrometers (WDS) JXA-8530F was used to map the
carbon distribution and assess the microstructural
features by the analysis of the carbon concentration.

Subsequently, dilatometry studies were performed to
determine the initial and final temperature of phase
transformation at constant heating rate of 25 K/s, which
is common to all subsequent annealing cycles (Figures
2(b) and (c)). Isothermal treatments at intercritical
temperatures were also performed in the dilatometer

to evaluate the progress of the phase transformation
during the isothermal holding. The same treatments
were applied in the RAPS under decarburizing atmo-
sphere. A subsequent heating to 1273 K (1000 �C) after
isothermal annealing in the dilatometer was necessary to
complete the austenitization and obtain kinetic data to
correctly quantify the progress of the phase transfor-
mation. The volume fraction of austenite was obtained
by the lever rule.[21]

Interrupted annealing cycles with quenching at dif-
ferent moments as shown on Figure 2(b) were per-
formed in the dilatometer with the objective to study the
evolution of the microstructure with the annealing.
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Fig. 2—Schematic representation of (a) the hot-rolling conditions:
homogenizing temperature, hot rolling in the austenitic phase and
coiling at 873 K and 1023 K (600 �C and 750 �C), (b) vacuum
annealing at intercritical region quenched at different moments of
the cycle by dilatometer simulator, and (c) decarburizing annealing
cycles at different isothermal temperatures for 10 and 200 seconds
performed in the RAPS simulator.
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Fig. 1—Schematic carbon concentration profiles through the phases
under a decarburizing atmosphere. The presence of the phases is
determined by the concentration limits imposed by the Fe-C phase
diagram (a) above the intercritical region, (b) in the intercritical re-
gion, and (c) below the intercritical region. The symbols a, c and h
represents ferrite, austenite, and cementite, respectively.
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For the decarburization studies, the samples were
annealed according to the cycles shown in Figure 2(c).
During the heating and isothermal steps an atmosphere
of 95 pct N2, 5 pct H2 with a dew point of 253 K
(�20 �C) was used. Cooling was performed under dry
nitrogen atmosphere.

The isothermal temperatures were kept for 10 and 200
seconds at temperatures in the intercritical region at
1023 K, 1083 K, and 1153 K (750 �C, 810 �C, and
880 �C), above the intercritical region at 1193 K
(920 �C) and below the intercritical region at 973 K
(700 �C). The temperature of 973 K (700 �C) was also
kept for 500 seconds.

Some decarburization already takes place during the
homogenizing and hot-rolling steps, changing the car-
bon distribution in the vicinity of the surface. For a
correct evaluation of the amount of carbon removed
during annealing, the previous decarburization should
also be taken into account. Therefore, carbon depth
profiles by Glow Discharge Optical Emission Spectros-

copy (GD-OES) were obtained before and after the
decarburization annealing.
The GD-OES instrument used was a GDA-750 with

discrete photo-multipliers (PMTs) for each spectral line
of interest. A 4 mm anode was used covering an area of
about 50 mm2. The source conditions were set to 1000
V, 25 mA with variable pressure. The depth resolution is
not greater than 1 lm. The main optical emission lines
of interest were 156.144 nm for carbon, 249.318 nm for
iron and 426.629 nm for argon.
Since the plasma occurs under an argon atmosphere,

any change of the argon detection lines during the
measurement indicates variations of the plasma condi-
tions, which will have an effect on other detection lines.
Because of this characteristic, the carbon intensity line
was normalized by the argon line. This increases the
stability of the signal and optimizes the quantifica-
tion.[22,23] Another possible reference line is the iron
intensity signal. Since iron is the major element of the
samples, it also can be used as reference line. It will
correct the carbon signal for variations existing in the
structure of the samples but does not correct for the
plasma variations.[24,25] Argon was, therefore, used as
internal reference instead of iron because it shows better
precision in the carbon calibration line in the lower
concentration range.
The quantification was performed by the use of

CRMs references. As the samples have similar matrices
and the carbon concentration varies in a limited range
from traces to 1200 ppm, the sputter rate and the
emission yield can be considered constant.[23]

III. RESULTS AND DISCUSSION

A. Initial Microstructure

The coiling temperature is defined as the temperature at
which the steel is coiled after hot rolling. It is an important
processing parameter because after coiling the cooling
rate is reduced dramatically due to heat transfer between
the layers of the coil. Its change alters the kinetics of the
phase transformations which will affect the interlamellar
spacing of pearlite and the coarseness of cementite
precipitates, and thus the carbon distribution.[26] At
coiling temperatures below A1, the eutectoid transforma-
tion occurs before the coiling and the cementite precip-
itates occur in the form of fine pearlite structures
surrounded by a ferrite matrix, as seen in the microstruc-
ture after coiling at 873 K (600 �C) in Figure 3(a).
The increase of the coiling temperature coarsens the

cementite. When the coiling temperature is above A1

ferrite and austenite will coexist during the initial stage
of coiling. The carbon concentrates in austenite due to
its higher solubility. During cooling the fraction of
ferrite increases, and the austenite becomes richer in
carbon. The eutectoid transformation occurs at such a
low cooling rate that very coarse pearlite is formed. Also
cementite clusters precipitate at the grain boundaries
instead of lamellar pearlite,[26,27] as shown in Figure
3(b). This type of transformation is called divorced
eutectic transformation (DET).[28,29]

Lamelar Space: 0.22 ±0.08 μm

Ausence of coarse cementite 
particles in the grain boundaries

(a)

Lamelar Space: 0.86 ±0.26 μm
Presence of coarse cementite 
particles in the grain boundaries

(b)

Fig. 3—SEM images of hot-rolled samples after coiling at (a) 873 K
(600 �C) and (b) 1023 K (750 �C).
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B. Dissolution of Carbides During Annealing

To examine the microstructure evolution during
annealing, cold-rolled samples coiled at 1023 K (750
�C) were used. Micrographs were taken after each
annealing-quench cycle shown in Figure 2(b). The
microstructure before annealing consists of typical
cold-rolled structure of elongated ferrite grains and
broken cementite as described by Van Cauter.[27] After
heating until 773 K (500 �C) followed by quenching, no
significant change in the microstructure is observed as
shown in Figure 4(a), although recovery does take place.
The sample submitted to interrupted heating at 973 K
(700 �C) has a microstructure consisting of recrystallized
equiaxial ferrite grains and broken cementite as shown
in Figure 4(b).

Above the A1 temperature, austenite nucleates pref-
erentially at the interfaces between ferrite and cementite.
The cementite will start to dissolve into newly formed
austenite, which will grow around cementite. Seeing that
the cementite present in the material coiled at 1023 K
(750 �C) is very coarse and segregated, the austenite
regions will also be coarsely distributed through the

matrix. Figure 5 shows the progress of the austenite
formation during isothermal holding at 1083 K (810 �C)
for 200 seconds. The graph shows the fraction of
austenite calculated from the dilatometric data as a
function of time. The evolution of the austenitization is
supported by the microstructural observations of the
materials quenched at different moments of the anneal-
ing cycle. In the microstructure, the black regions are the
martensite that was formed during quenching. Since the
martensite is formed in a displacive transformation of
austenite, its presence indicates the regions where
austenite was present during annealing. In the beginning
of the isothermal holding, 9 pct of austenite is already
formed during heating.
After the isothermal holding and cooling at 25 K/s,

the austenite that had formed during the treatment is
transformed into pearlite. The annealing treatment did
not impact the microstructure significantly for materials
submitted to a coiling temperature of 873 K (600 �C).
Both before and after annealing the microstructure
consists of ferrite and pearlite evenly distributed through
the matrix as shown in Figure 3(a) and in Figure 6(a),
respectively. As the carbides are evenly spread prior to
the heat treatment, austenite grains nucleate uniformly
during the heat treatment, subsequently re-transforming
into pearlite, retaining the initial distribution pattern.
For materials coiled at 1023 K (750 �C) the situation

is very different. The initial microstructure consists of
relatively large pearlite colonies and large cementite
particles, which have a lower surface-area density than
fine pearlitic structures as observed in Figure 3. Conse-
quently, the density of austenite nucleation sites is
reduced dramatically, slowing down the austenite for-
mation kinetics. Therefore, the austenite is formed in
localized sites and grows around the slowly dissolving
cementite particles. Finally, the austenite is transformed
into fine pearlite during cooling at 25 K/s.

50 μm

(a)

50 μm

(b)

Fig. 4—Optical micrographs of the cold-rolled material heated at
rate of 25 K/s following by quenching from (a) 773 K (500 �C) and
(b) 973 K (700 �C), in a dilatometer.
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Fig. 5—Dilatometric results of the evolution of austenite fraction
during isothermal annealing at 1083 K (810 �C) as a function with
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Figure 7 shows the evolution of the austenite fraction
as a function of the temperature at a constant heating
rate of 25 K/s. The results from two coiling tempera-
tures are compared with the equilibrium fraction calcu-
lated via ThermoCalc.[20] It can be seen that in the
material coiled at 873 K (600 �C), the phase transfor-
mation starts almost at the same temperature as the
thermodynamic curve. The delay of the transformation
is due to the heating rate. It can be noted in Figure 7
that the initial austenitization temperature for the
material with coiling temperature of 1023 K (750 �C)
is around 65 K higher than the thermodynamic temper-
ature. As the heating rate is 25 K/s, the transformation
starts 2.5 seconds later in comparison with the material
of the low-coiling temperature.

In Figure 6(b) and in Figure 8(a) distinct feature is
observed among the pearlite colonies: presumably a
cementite particle that was partially dissolved during
annealing. The qualitative analysis of the carbon distri-

bution by means of FE-EPMA-WDS in Figure 8 shows
that this particle is indeed rich in carbon. This structure
is commonly found in material annealed just above the
eutectic temperature, at 1023 K (750 �C) for 10 seconds.
With the increase of the annealing temperature these
distinct particles are less present, indicating their com-
plete dissolution. Considering these facts and the mor-
phological similarity with the cementite clusters prior to
annealing, it is believed that this particle is indeed a
partially dissolved cementite cluster. It confirms that
cementite dissolves into the austenite phase as stated by
several authors.[30–33]

C. Carbon Concentration Profiles

The carbon concentration profiles of the samples
before and after annealing were measured by means of
GD-OES as shown in Figure 9 for the steel coiled at 873
K (600 �C) (uniform microstructure) and annealed at
973 K (700 �C) for 200 seconds. The high values of
carbon intensity at a few micrometers from the surface
in the GD-OES depth profiles are due to impurities
adsorbed at the surface.[34]

According to Figure 9(a), the material has been
previously decarburized during the initial annealing.
This decarburization may be due to exposure to the
humidity present in the air during the homogenizing
treatment at 1523 K (1250 �C) and the subsequent hot-
rolling steps. The analysis of the carbon depth profile
after annealing shows a near-surface region of about 35
lm thick with carbon concentration of no more than
200 ppm, which matches the maximum carbon solubility
in ferrite. Therefore, this is interpreted as a carbide-poor
ferrite layer. Going toward the bulk, the concentration
of carbon gradually increases above the limit of carbon
solubility in ferrite suggesting the presence of carbides,
as observed in the microstructure of Figure 9(b). The
density of carbides increases progressively until it
reaches the bulk concentration.
In Figure 10 the effect of the decarburization temper-

ature is studied on the basis of the carbon depth profiles
obtained by GD-OES. As previously explained, austen-
ite is not formed during annealing below the intercritical
region and the microstructure at the end of the
isothermal step consists of ferrite and cementite. The
annealing at 973 K (700 �C) creates a significant ferrite
layer of about 35 lm. The smooth increase of carbon
concentration between the ferrite layer and the bulk
concentration represents the presence of partially dis-
solved cementite.
In the case of isothermal holding just above the

intercritical region, at 1023 K (750 �C), the carbon
increase between the ferrite layer and the bulk concen-
tration is more accentuated. The reason is that austenite
is formed around cementite particles, which grows and
merges with the neighboring austenite grains. The
kinetics of austenite growth is limited at this tempera-
ture and its equilibrium fraction with ferrite is very
small. It creates a region with partially dissolved
cementite particles surrounded by thin layers of austen-
ite isolated of each other just beneath the ferrite layer.

Fig. 6—SEM images of the final microstructure after annealing in a
dry argon atmosphere at 1083 K (810 �C) for 200 s and a cooling
rate of 25 K/s of samples coiled at (a) 873 K (600 �C) and (b) 1023
K (750 �C).
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At 1083 K (810 �C) and above the carbides are
completely dissolved at the end of the isothermal step
and the end of the ferrite layer is characterized by a
relatively sharp increase of carbon concentration. As the
carbon solubilities are very distinct between ferrite and
austenite, in the presence of a decarburizing atmosphere
austenite is present in the bulk and ferrite near the
surface. The sharp carbon concentration increase is
interpreted as the probable position of the a=c interface,
denoted as n in Figure 10.
The concentrations in the depth profiles are in fact the

average carbon concentration over an area of 50 lm2 at
a given depth, therefore, the a=c interface is not sharp
but it spreads over a small range of depth. Beyond the
interface the carbon concentration increases gradually
to the bulk composition representing the carbon diffu-
sion in austenite phase.
With the increase of the annealing temperature to

1153 K (880 �C), the interface step is reduced because
the austenite is now stable at smaller carbon concentra-
tion and the carbon diffusion in austenite is more
pronounced. The ferrite layer is smaller due to the
smaller formation of austenite at lower carbon concen-
tration.
After annealing at 1193 K (920 �C) two regions are

observed concerning the carbon concentration: a region
with a concentration gradient and a region with con-
stant concentration near the surface. Austenite is the
only phase present. The region where the gradient exists,
carbon diffuses from the bulk toward the surface. The
region with the constant carbon concentration is orig-
inated from the ferrite layer generated during heating
under decarburizing atmosphere. The austenite phase
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Fig. 8—Carbon distribution in the microstructure after annealing at
1023 K (750 �C) for 200 s. A partially dissolved cementite particle is
surrounded by a pearlitic formation. During annealing the cementite
particle is dissolved into austenite from which pearlitic structures are
generated after cooling. (a) SEM image, (b) FE-EPMA-WDS.
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Fig. 9—(a) Carbon depth profiles obtained by GD-OES before and
after annealing at 973 K (700 �C) for 200 s compared with (b) FE-
SEM microscopy showing the distribution of cementite.
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grows from the bulk toward the surface. During the
isothermal holding the carbon diffuses accordingly to
reduce the concentration step at around 25 lm. After
sufficiently long isothermal holding the concentration
step is expected to be no longer present.

Due to the complexity of the mechanism of decarbu-
rization and the determination of its depth, a common
approach is the measurement of the width of the ferrite
layer as it is very simple to visualize and quantify this
region.[15,35,36]

In Figure 11 an overview of the ferrite layer thickness
as a function of the isothermal temperature and time is
presented. The plot is based on the carbon depth profiles
obtained by GD-OES. In case of the presence of a pre-
decarburized layer, the difference in ferrite width before
and after annealing is taken. A contour plot was created
from the measurements shown in Figure 11(a) and
plotted in Figure 11(b). It gives an overview of the width
of the ferrite layer as a function of the isothermal
parameters of temperature and time.

Fig. 10—Evolution of the carbon depth profile as a function of the annealing temperature for 200 s for the material coiled at 873 K (600 �C).
The positions of the transitions between the regions are indicative.
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The temperature can affect decarburization in two
ways. First, the dissolution rate of cementite and the
diffusivity in both phases (austenite and ferrite) increases
with temperature, contributing to a thicker ferrite layer
after a given time. Second, the austenite fraction
increases with temperature. Since carbon diffuses slower
in austenite than in ferrite and it is more soluble in
austenite, the presence of austenite reduces the thickness
of the ferrite layer as a consequence of slower decarbu-
rization kinetics. Owing to these opposite effects, a
temperature of maximum decarburization rate exists.

D. Effect of the Cementite Distribution
on Decarburization

In Figure 12, the effect of the cementite distribution
on decarburization is presented. As shown in Figure
3(a), the coiling temperature changes the morphology of
the carbides before annealing. The coiling temperature
of 873 K (600 �C) generates a microstructure composed
of carbides distributed in the form of pearlite colonies

that are evenly spread between the grains of ferrite. The
carbon concentration profiles in Figure 12 on the left
show a very uniform concentration over the GD-OES
measurement area. The coiling at 1023 K (750 �C)
generates very coarse carbides segregated over the
microstructure, precipitated on the grain boundaries as
shown in Figure 3(b). The concentration profiles in
Figure 12 on the right show considerable variation of
carbon concentration over the thickness, demonstrating
coarse carbides distributed through the matrix.
The thickness difference of the ferrite layer before and

after annealing at 1023 K (750 �C) is similar for both
microstructures. At this temperature, the kinetics of
austenitization is not very high and only a small fraction
of austenite is formed around the carbides. The presence
of a small fraction of austenite does not significantly
affect the carbon distribution after the decarburization
annealing for the two different materials. Consequently,
the thickness of the ferrite layer formed is similar for
both materials.
After annealing at 1083 K (810 �C) the carbon

concentration profiles are very different. The presence of
coarse cementite particles in the material coiled at 1023 K
(750 �C) causes much smaller decarburized regions to be
present than in thematerial having small pearlitic colonies
prior to annealing. The presence of coarse particles
reduces the kinetics of carbide dissolution and creates
large austenite regions around the particles as observed in
Figure 6(b). The formation of austenite is limited by the
available surface area of the carbides, inducing a lower
austenitization rate for coarse carbides as shown inFigure
7. Additionally, the higher carbon solubility and lower
diffusivity for carbon in austenite slows down the overall
diffusion of carbon through the material toward the
surface, where carbon is removed. On pearlitic colonies, a
greater surface area available for carbide dissolution into
austenite is present, leading to a higher dissolution rate.
As the concentration of carbon in the pearlitic colonies is
lower than in coarse cementite particles, the austenite
regions formed around the pearlitic colonies are also
smaller but more numerous through the material, leading
to a more homogeneous carbon distribution.
At 1153 K (880 �C) the austenite fraction is increased,

reducing the ferrite layer beneath the surface in the
material having pearlite colonies prior to annealing. The
material coiled at 1023 K (750 �C) is heavily decarbu-
rized prior to annealing. During annealing, the carbides
are dissolved into large austenite regions. At this
temperature, austenite is stable at lower carbon concen-
tration and it is formed near the surface. As the carbon
is constantly removed from the surface during the
isothermal treatment, the carbon in the bulk diffuses
toward the surface to the newly formed austenite region,
eventually increasing the initial carbon composition in
the pre-decarburized region.

IV. CONCLUSIONS

It was observed that coiling temperature has a strong
influence on the carbide morphology. Fine-pearlitic
structures are found at low-coiling temperature and its

(a)

(b)

Fig. 11—Overview of the thickness of the ferrite layer as a function
of the temperature for samples coiled at 873 K (600 �C). (a) Experi-
mental results of the thickness of the ferrite layer under annealing at
different temperature and time. The solid curve is a guide to the eye.
(b) Contour plot of the experimental values illustrating the overall
behavior of the thickness of the ferrite layer as afunction of the
annealing conditions.
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coarseness increases with increasing coiling temperature.
After coiling in the intercritical region, cementite par-
ticles unpaired with ferrite can be detected in the
microstructure.

The initial microstructure having fine pearlite struc-
tures shows fast decarburization kinetics, particularly
at higher temperatures, suggesting that austenite for-
mation kinetics has a substantial effect on carbon
mobility.

The width of the ferrite layer beneath the surface is a
result of the combination of opposing effects of diffusion
of carbon and the thermodynamic fraction of austenite
at a given temperature. A maximum ferrite layer occurs
in the intercritical region.

The dissolution of cementite influences the decarburiza-
tion kinetics through the interference on the austenitization
kinetics. Coarse carbides dissolve slowly due to their low
surface area, thus retarding the decarburization kinetics.
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