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The decarburization behavior of a spring steel 60Si2MnA at 700 �C to 900 �C was examined. It
was observed that after holding for 20 minutes in 20 pct H2O-N2, thick ferrite layers developed
within 750 �C to 877 �C with a maximum thickness of about 100 lm observed at 805 �C to 825 �C,
while the ferrite layers were much thinner at 900 �C and 700 �C. Carbon permeability analysis and
theoretical calculation were conducted to assess the possibility of forming a ferrite layer. In the
permeability analysis, several factors were considered: (1) carbon concentration at the steel
surface, which was very likely determined by reaction equilibrium between FeO and dissolved
carbon in steel, (2) carbon solubility in ferrite which had a maximum value at about 715 �C, and
(3) carbon diffusivity in the ferrite phase. In the ferrite layer thickness calculation, the contribution
from carbon diffusion in the austenite phase was also taken into account. While the carbon
permeability analysis and ferrite layer thickness calculation showed good successes in predicting
the pattern of ferrite layer thickness change with temperature, under the assumption of
FeO-ferrite equilibrium the calculated ferrite layer thicknesses at 780 �C to 840 �C did not match
the observed values well. Factors contributing to the discrepancy were discussed.
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I. INTRODUCTION

THE steel grade 60Si2MnA with the specified com-
position ranges of C: 0.56 to 0.64 wt pct (weight
percent), Si: 1.50 to 2.00 wt pct, Mn: 0.50 to 0.80 wt pct
and Cr: £ 0.25 wt pct[1] is a commonly used
high-strength spring steel in China. Its equivalent grades
in some other countries are ASTM A29 - 9254 (Si: 1.2 to
1.6 pct), ASTM A29-9260 (Si: 1.80 to 2.20 pct),[2] BS EN
10089:2002 - 61SiCr7,[3] JIS G 4801-SUP6 (Si: 1.5 to 1.8
pct) and JIS G 4801-SUP7 (Si: 1.8 to 2.2). Due to its
high-silicon content, this steel was susceptible to
decarburization during steel processing at high temper-
atures, which greatly compromised its fatigue properties
and service life.[4,5] There were many studies conducted
recently to understand the decarburization mechanism
of this steel to develop methods to combat the decar-
burization problem.[6–17] One important finding of these
studies was that severe decarburization occurred at a
temperature range below 900 �C, forming a thick ferrite
layer on the steel surface. This observation was

contradictory to the early claim by Birks et al.[18–21]

that when a ferrite layer formed, the decarburization
rate would be significantly reduced due to the low-car-
bon concentration in ferrite. In addition, a consensus
could not be reached on the most sensitive decarburiza-
tion temperature, with some proposing 750 �C[7–12,16,17]

and others showing a temperature around 850 �C.[6,13–15]
The current study was, therefore, designed to examine

the decarburization behavior of 60Si2MnA within the
range of 700 �C to 900 �C to clarify the most sensitive
decarburization temperature, and more importantly to
understand the reason why the decarburization rate was
not decreased when a ferrite layer formed, and identify
the main factors that had determined the formation of a
thick ferrite layer observed. An attempt was also made
to develop a method to calculate the ferrite layer
thickness using the new understandings arrived in the
current study and existing diffusion theories and avail-
able data.

II. EXPERIMENTAL DETAILS

A /16 mm wire sample provided by Zenith Special
Steel Co. Ltd, China, was used for the experiments. The
steel composition is shown in Table I. The sample was
first pickled in an inhibited HCl solution to remove the
oxide scale and then cut into 0.5 to 2 mm-thick
disk-shaped specimens. The specimens were then ground
to 1000 grit finish and cleaned using methanol prior to
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experiments. Two specimens were suspended in an
alumina stand, as shown in Figure 1, in each
experiment.

The experiments were conducted using a tube furnace.
It is known that the moisture content in the atmosphere
of a gas-fired furnace contains 15 to 25 pct of water
vapor,[22] and therefore, 20 pctH2O-N2 was chosen to
simulate the situation where no excessive air is used for
combustion, which was obtained by flowing nitrogen
through a water bath maintained at 60 �C.

In a typical experiment, the furnace was heated to the
target temperature and allowed to stabilize. The alumina
stand with the steel specimens suspended was then
pushed slowly to the hot zone, while a protective 3 to 5
pct H2-N2 gas was flowing through the furnace chamber
to prevent the specimens from oxidation. The specimens
were preheated for 10 minutes in the H2-N2 gas to the
target temperature and then the H2-N2 gas was switched
to high purity nitrogen for 2 minutes to purge away the
remaining H2 gas. Thereafter, the nitrogen gas was
switched to the 20 pct H2O-N2 gas, flowing at a rate of 3
liters per minute (L/min), equivalent to an average linear
velocity of 1.3 cm/s at room temperature, or 5 to 6 cm/s
at the reaction temperatures, to start the experiment.
During each experiment, a thermocouple was inserted to

the hot zone, located between two coupons, to monitor
the reaction temperature, which was used to adjust the
furnace setpoint if necessary. The thermocouple was
calibrated using a Level 1 standard thermocouple. It was
found that the measured temperatures were 1 �C to 3 �C
below the readings of the standard thermocouple.
During isothermal holding, the actual temperature was
found to be increasing within 1 �C to 3 �C. Therefore,
the quoted temperatures in the current study are
considered to be accurate to ± 3 �C to 5 �C, unless
some other unknown factors had affected the temper-
ature readings.
After the completion of the experiment, the reaction

gas was switched to high-purity nitrogen and then the
specimens were retrieved to the cold zone of the furnace.
After the specimens in the cold zone were cooled to a
temperature below 300 �C, they were removed from the
furnace and allowed to cool in air to room temperature.
Repeated experiments were also conducted for the
temperature range of 805 �C to 845 �C, within which
decarburization was found to be very severe, at an
interval of 10 �C.
To determine if there was any weight loss incurred

during preheating, two specimens were retrieved to the
cold zone immediately after preheating and allowed to
cool in the cold zone to room temperature in the H2-N2

gas used. No weight loss was detected and the steel
surface remained shining with no sign of oxidation.
After oxidation, the weight gains for all samples were

measured and compared. These will be shown as
apparent weight gains of the specimens. Without decar-
burization, the weight gains obtained can be used to
convert to the scale thicknesses directly. However, as
different degrees of decarburization occurred at different
temperatures. By calculation, a depth of 100 lm
complete decarburization zone is equivalent to a weight
loss of 0.4716 mg/cm2, as calculated below,

Weight loss ¼ 0:602 pct � 7:86 g/cm3 � 0:01cm

¼ 0:0004716 g/cm2 ½1�

where 0.602 pct is the carbon concentration of the steel,
7.86 g/cm3 is the density of the steel and 0.01 cm = 100
lm is the thickness of the decarburization layer. It will
be also shown that there will be different degrees of
partial decarburization zone in the steel. The weight
losses in the partial decarburization zone could not be
measured accurately, and therefore, they were integrated
from the carbon concentration profile for each temper-
ature, which was calculated using conventional diffusion
theories, as will be demonstrated later. The calculated
weight losses due to complete and partial decarburiza-
tion were then added to the measured weight gain to
obtain the total weight gain for each temperature, which

Fig. 1—Experimental specimens suspended on an alumina stand in
an experiment.

Table I. Steel Composition, Wt Pct (Weight Percent)

C Si Mn P S Cr Ni Cu Al

0.602 1.787 0.789 0.013 0.009 0.198 0.010 0.022 0.0038
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was used to represent the actual scale thickness obtained
due to oxidation.

All specimens were examined metallographically. After
grinding and polishing following the usual procedure,[23]

nital (4 pct nitric acid in methanol) was used to reveal the
decarburization structures. The ferrite thicknesses as a
result of decarburization were measured using the optical
images taken at 200 times magnification. More details of
the experimental methods can be found elsewhere.[24]

III. RESULTS

the apparent weight gains obtained within the range
of 700 �C to 900 �C were very small as shown by the
dotted line in Figure 2. After adding the weight losses
due to decarburization, the total weight gains increased
significantly for the range 750 �C to 900 �C (Figure 2). It
is seen that the total weight gains from 780 �C to 900 �C
were essentially unchanged, corresponding to a scale
thickness of about 6 lm with those at 700 �C to 750 �C
having a thickness of about 4 lm.

The cross-sections showing the decarburization
depths and scales formed are shown in Figure 3. The
measured thicknesses of the ferrite layers are plotted in
Figure 4, as compared with theoretically calculated
results. The methods of calculation to obtain the
calculated results will be discussed in the Discussion

section. Based on the findings of previous studies where
the steels were oxidized in a H2O-N2 mixture[24] and
confirmed by EDS, the thin-scale layers formed at all
temperatures were wustite or primarily wustite. Consis-
tent with the total weight gains shown in Figure 2, the
scale thicknesses formed at different temperatures were
similarly thin (4 to 6 lm if observed at higher magni-
fications, images not shown), whereas the thickness of
the ferrite layers differed significantly.
After oxidation and decarburization at 700 �C, only a

very thin ferrite layer (~ 5 lm) was observed, Figures 3(a)
and 4. However, by increasing the temperature to 750 �C,
this layer was increased to about 50 to 60 lm,
Figures 3(b) and 4. A further increase of the temperature
to 800 �C increased the ferrite layer thickness further by
about 40 lm, Figures 3(c) and (d) and 4. The ferrite layer
thickness reached its maximum of about 100 to 105 lm
within the range of 805 �C to 825 �C, Figures 3(d)
through (f) and 4, and then gradually decreased to about
30 lm at 900 �C, Figures 3(f) through (i) and 4. This
ferrite thickness pattern as a function of temperature
within 805 to 845 was confirmed by the results of the
second set of experiments, Figure 4.
Adjacent to the ferrite layer formed, a partial decar-

burization zone was observed in the samples decarbur-
ized at 750 �C to 900 �C with its depth increasing with
increased temperature, as seen in Figures 3(b) through
(i). At 900 �C, it reached a depth of more than 200lm,
Figure 3(i). This layer was absent at 700 �C, Figure 3(a).

Fig. 2—Weight gain due to scale growth as a function of temperature. Apparent weight gains were obtained from measured weight gain data.
Weight losses due to complete decarburization and partial decarburization were calculated, based on measured ferrite layer thicknesses and
calculated partial decarburization profiles in austenite. Total weight gains were the sums of apparent weight gains and weight losses due to
decarburization.
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An internal oxidation zone was also observed in the
ferrite layer near the FeO-ferrite interface, as indicated
in Figure 3(f), and shown more clearly in Figures 5 and
6. From the SEM image shown in Figure 6, it appeared
that the internal oxides formed both inter-granularly
along the original austenite grain boundaries as contin-
uous layers (dark lines) and also intra-granularly as
spherical precipitates. A significant amount of Si,
together with iron and oxygen, was detected in the
internal oxides. No further examination was conducted
to obtain the actual compositions of the internal oxides,
but the internal oxides observed were believed to be
primarily SiO2, as will be discussed later.

EDS analyses (not shown) found that there were no
noticeable differences in the levels of Si, Mn and Cr in
the ferrite layers and in the bulks of the steel samples,
indicating that the movement of the ferrite–austenite
interface was driven solely by carbon diffusion away
from this interface.

IV. DISCUSSION

The possibility of forming a ferrite layer below 900 �C
for Fe-C steel is well known.[18] This is because ferrite is
stable under 912 �C and with the loss of carbon from the
bulk of steel, the surface layer will transform to ferrite.
For steels containing alloying elements, the critical
temperature is different as some alloying elements, such
as Si and Cr, stabilize ferrite and others, such as Mn and
Ni, stabilize austenite. For the 60Si2MnA steel exam-
ined, two isopleths with constant concentrations of Si:
1.787 wt pct, Mn: 0.789 wt pct and Cr: 0.198 wt pct,
were computed using PandatTM software[25] and PanFe
thermodynamic data base[26] as shown in Figure 7. It is
seen that, in theory, a ferrite layer is able to form up to
950 �C and a layer of ferrite + austenite develops within
950 �C to 1020 �C if decarburization occurs to the steel.
It was claimed in the early studies[18–21] that when a

ferrite layer formed, it would act as a diffusion barrier
due to the very low solubility of carbon in ferrite,
leading to a much reduced decarburization rate. How-
ever, recent studies[6–17] found that this was not the case.
In an attempt to predict ferrite layer growth, Nomura
et al.[6] used the equation derived by Wagner[27] and
simplified by Smith,[28] to be named Wagner–Smith
equation, to calculate the ferrite layer thicknesses at 700
�C and 850 �C to 950 �C for several spring steels and
found peak values at 850 �C. The calculated results for

bFig. 3—Optical images of cross-sections of the specimens oxidized
and decarburized at (a) 700 �C, (b) 750 �C, (c) 780 �C, (d) 800 �C,
(e) 820 �C, (f) 830 �C, (g) 850 �C, (h) 877 �C and (i) 900 �C.
Different zones in the specimens are labeled in (f). All images were
taken at the same magnification of 200 times with a scale bar shown
in (b).

Fig. 4—Comparison of measured ferrite layer thickness as a function of decarburization temperature, and those calculated using different
methods.
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the range of 700 �C to 850 �C were not presented and no
experimental results were obtained for this range. It was
also noticed that the Wagner–Smith Equation used by
Nomura et al. was derived under the assumption that
the carbon concentration at the steel surface was zero,
and in the calculation, the data used for carbon diffusion
in ferrite was obtained from the equation for much
lower temperatures (� 40 �C to 350 �C),[29] which was

known to be unsuitable for predicting higher tempera-
ture diffusivities. It was also noted that carbon diffusion
in austenite was not taken into consideration in their
prediction. In view of these, new methods need to be
developed for better predictions of spring steel
decarburization.
It was demonstrated in a recent study that dissolved

carbon in steel was able to react with wustite formed on
steel, leading to simultaneous reduction of the wustite
scale and decarburization of the steel substrate.[30] The
scale layer formed in the current study was found to
comprise wustite (FeO) only, or primarily wustite, with
the wustite phase in contact with the steel. The wustite
phase would then be able to react with the dissolved
carbon in the steel, leading to decarburization. If this
occurred, then the carbon concentration at the scale–s-
teel interface would be determined by the equilibrium
reactions taking place between FeO and dissolved
carbon in the steel. A permeability concept was then
developed in the recent study[30] to explain the observed
oxide scale reduction kinetics by dissolved carbon in the
steel with a good success.
In the current study, we will first use the perme-

ability approach developed in the previous study[30] to
assess the decarburization tendency, and then a more
rigorous approach using the original equations derived
by Wagner[27] will be used to calculate the ferrite layer
thicknesses under both the assumptions of zero carbon
concentration and FeO-ferrite equilibrium at the
steel surface. The calculated results will be compared
with experimental results and the results calculated
from the Wagner–Smith equation used by Nomura
et al.[6]

From Figure 7,[25,26] it can be seen that at tempera-
tures below 774 �C, the bulk of steel is in either a
two-phase bcc–fcc (ferrite-austenite), three-phase

10 μm

Internal oxida�on zone

FeO

Fig. 5—Optical image of the oxide scale layer and internal oxidation zone in the sample oxidized at 835 �C for 20 min.

 

Internal oxida�on zone 

Fe1-yO 
Fe3O4 

Spherical internal 
oxide precipitates 

internal oxide formed 
along grain boundaries 

Fig. 6—SEM image of the oxide scale layer and internal oxidation
zone in the sample oxidized at 835 �C for 10 min. A significant
amount of Si, together with iron and oxygen, was detected in the
internal oxides.
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bcc-fcc-Fe3C (ferrite-austenite-cementite) or a two--
phase bcc-Fe3C state. In this case, the carbon concen-
tration in the ferrite phase at the ferrite/bulk interface is
considered to be equal to that in the ferrite phase in the
bulk of steel, and the growth of ferrite layer takes place
at the expense of the bulk of the steel, as schematically
illustrated in Figure 8.

At temperatures above 774 �C, on the other hand,
the bulk of steel was in a single-phase austenitic state.
With the loss of carbon and the formation of a ferrite
layer on the surface, a carbon concentration gradient
would develop at the region adjacent to the ferrite

layer, as illustrated in Figure 9. Carbon diffusion in
the austenite phase towards the ferrite–austenite
interface would affect the growth of the ferrite layer,
as it offsets the loss of carbon at the ferrite-FeO
interface. As no redistributions of alloying elements
were detected, the growth of ferrite layer was consid-
ered to be controlled by carbon diffusions only, under
the para-equilibrium conditions maintained at the
a–c interface. Due to the inevitable formation of
internal oxides, the alloying effect was considered to
be negligible when the carbon concentration at
the ferrite-FeO was calculated.

Fig. 7—Fe-C isopleths at 1.787 wt pct Si-0.789 pct Mn-0.198 pct Cr for the range of (a) 0 to 1 wt pct C and (b) 0 to 0.1 wt pct C, calculated
using PandatTM.[25, 26]
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1. Carbon permeability through the ferrite layer

Following the procedure developed previously,[30] as
detailed in Appendix I, the carbon flux diffusing through
the ferrite layer JaC is expressed by the following
equation,

JaC ¼ A � P
a
C

M
moles cm�2s�1 ½2�

where A is a constant used to convert the carbon con-
centration from wt pct to mole/cm3, M the thickness
of the ferrite layer and Pa

C the carbon permeability
through the ferrite layer, defined as,

Pa
C ¼ Da

C � ðCa�bulk
Cina � CFeO�a

Cina Þ ¼ Da
C � DCa

C ½3�

with Da
C being the diffusion coefficient of carbon in

ferrite in cm2Æs�1, Ca�bulk
Cina ,in wt pct, the carbon concen-

tration in the ferrite phase at the interface between the
ferrite phase and the bulk of steel, as shown in Figure 8,
and CFeO�a

Cina the carbon concentration in ferrite at the
FeO–ferrite interface in wt pct. When the bulk of steel is
in an austenitic state, Ca�bulk

Cina ¼ Ca�c
Cina, with Ca�c

Cinabeing
the carbon concentration in the ferrite phase at the a� c
interface as shown in Figure 9.

It can be seen from Eq. [2] that for a given thickness
of the ferrite layer, the carbon flux is proportional to the
carbon permeability, and from Eq. [3], the carbon
permeability is a function of two variables, carbon

diffusivity in ferrite and the concentration difference at
its two interfaces. Strictly speaking, the driving force for
carbon diffusion through the ferrite layer is the chemical
potential difference at the two interfaces. However,
under the assumption of constant concentrations of the
alloying elements (Si, Mn and Cr), the chemical poten-
tial difference is equivalent to the carbon concentration
difference.
From Figure 7(b), it can be seen that the saturated

carbon concentration in ferrite (at the inner interface of
the ferrite layer shown in Figures 8 and 9) reaches its
maximum at 715 �C, as plotted more clearly in
Figure 10(a). If the carbon concentration at the surface
of the ferrite layer is assumed to be zero, then the driving
force (carbon concentration difference) for diffusion
through the ferrite layer reaches its maximum at 715 �C.
However, as the steel surface was in contact with a

wustite scale, it was more likely that the carbon
concentration at the steel surface, or FeO-ferrite inter-
face, was determined by the reaction equilibria indicated
in Figures 8 and 9, which was found to decrease with
increased temperature, as shown in Figure 10(a). There-
fore, the carbon concentration difference between the
two interfaces were different from that determined by
the saturated carbon concentration in ferrite only,
becoming nearly unchanged within the range of 715

Fig. 8—Decarburization at T< 774 �C. The steel was in a two-phase
a-Fe + c-Fe state at 742.4 �C to 774 �C, two-phase a-Fe + Fe3C
state at T<731.6 �C and three-phase a-Fe + c-Fe + Fe3C state at
731.6 �C to 742.4 �C, based on the results obtained by
PandatTM[25,26] assuming no re-distribution of the alloying elements
(Si, Mn and Cr) during ferrite growth. The carbon concentration in
the bulk equals to the original carbon concentration
Cbulk

C ¼ 0:602wt pct. Carbon concentration in ferrite at the
ferrite–bulk interface is assumed to be equal to the carbon
concentration of the a-Fe phase in the bulk. The carbon
concentration in ferrite at the FeO-ferrite phase is determined by the
simultaneous equilibria of the interface reactions indicated.

Fig. 9—Decarburization at T> 774 �C. The carbon concentration in
the bulk equals to the original carbon concentration,
Cbulk

C ¼ 0:602wt pct. Carbon concentrations in austenite and ferrite at
the a–c interface, Ca�c

Cinc and Ca�c
Cina, are determined by the

para-equilibrium between the two phases, assuming no
re-distribution of the alloying elements (Si, Mn and Cr) with the
carbon activities maintaining equal during the decarburization
process. Carbon concentration in ferrite at the FeO-ferrite interphase
is determined by the simultaneous equilibria of the interface
reactions indicated.
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�C to 750 �C, Figure 10(a). Using the diffusivity data in
ferrite given by Smith[28], which was found to increase
monotonically and exponentially with increased tem-
perature as shown in Figure 10(b), and the carbon
concentration differences under the two assumed carbon
concentrations at the FeO-ferrite interfaces, the carbon

permeabilities were calculated and compared in
Figure 10(c). It is seen that, under the assumption of
zero carbon concentration at the steel surface, the
carbon permeability reaches its maximum at 859 �C and
within the temperature range of 860 �C to 920 �C, the
carbon permeability remains very high, whereas, under
the assumption of FeO-ferrite equilibrium, the calcu-
lated carbon permeability reaches its maximum at 828
�C, and more importantly, the calculated permeability
decreases rapidly thereafter towards 920 �C.
Clearly, as compared to the experimental results

shown in Figure 4, the calculated permeability results
under the FeO-ferrite equilibrium assumption showed a
good match to the pattern of measured ferrite thickness
change with temperature, where the ferrite layer thick-
ness was observed to reach its maximum at 805 �C to
825 �C and became very small at 900 �C.
In contrast, the calculated permeabilities under the

assumption of zero carbon at the ferrite surface showed
very large discrepancies from the experimental data,
with a much higher peak permeability temperature
(859 �C) and much greater calculated permeabilities at
temperatures near 900 �C.
Based on these results, it can be concluded that the

surface carbon concentration was more likely deter-
mined by the interface reaction equilibrium between
dissolved carbon in the ferrite phase and the FeO scale,
similar to the observation made previously[30].
More importantly, the carbon permeability analyses,

confirmed by experimental results, clearly demonstrated
that severe decarburization could occur with the forma-
tion of a thick ferrite layer at a temperature well below
900 �C, due to the combined effect of two factors. First,
there was a maximum carbon solubility in the ferrite
phase, which provided a good driving force for the
ferrite layer to grow, and second, the greater diffusivity
in ferrite promoted rapid growth of the ferrite layer.

2. Calculation of ferrite layer growth at T< 774 �C

At T<774 �C, with the loss of carbon from the steel,
a ferrite layer would form when the carbon concentra-
tion was sufficiently low, but the steel substrate under-
neath would retain a two-phase or three-phase structure,
as shown in Figure 7(a). In this case, the growth of the
ferrite layer would be solely determined by carbon
diffusion through the ferrite layer.
As the scale thickness observed was small (£ 6 lm), in

calculating the ferrite growth in the current study, the
scale-ferrite interface was assumed to be stationery, i.e.,
scale growth was negligible, during the decarburization
process, as shown in Figure 8. The original equation
derived by Wagner[27] to show the carbon concentration
as a function of the distance through the ferrite layer
and time had the following form,

CCina ¼ CFeO�a
Cina þ Ca�bulk

Cina � CFeO�a
Cina

erf Uð Þ erf
x

2
ffiffiffiffiffiffiffiffi

Da
Ct

p

 !

½4�

where U is a constant value at a given temperature,
determined by the following relationship:

Fig. 10—Determination of carbon permeabilities under two different
scale–ferrite interface conditions (FeO-ferrite equilibrium and zero
carbon at steel surface): (a) carbon concentration differences at the
two interfaces of the ferrite layer, (b) carbon diffusivity in ferrite
(data from Smith 1962[28]) and (c) calculated carbon permeabilities.
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F Uð Þ ¼
ffiffiffi

p
p

� Cbulk
C � Cainbulk

Cina

� �

� Cainbulk
Cina � CFeO�a

Cina

UeU
2
erf Uð Þ

¼ 0

½5�

Once the U is found, the ferrite layer thickness, M,
can be calculated using the following equation,

M ffi M2 ¼ 2U
ffiffiffiffiffiffiffiffi

Da
Ct

p

½6�

where M2 is the distance of the ferrite–austenite inter-
face from the original steel surface, as defined in
Figure 8.

3. Calculation of ferrite layer growth at T> 774 �C

At T > 774 �C, however, with the formation of a
ferrite layer on the steel surface, the steel bulk under-
neath would be in an austenitic state where a carbon
concentration gradient would be established, as shown
in Figure 9. Supply of carbon in the austenite phase by
diffusion to the ferrite–austenite interface would affect
the growth of the ferrite layer, and therefore, must be
taken into account when calculating the growth of the
ferrite layer.

As the boundary conditions for the growth of the
ferrite layer are the same at all temperatures, regardless
of whether carbon diffusion in the austenite contributed
to the ferrite growth or not, the carbon concentration in
the ferrite layer can still be described by Eq. [4] but takes
the form of,

CCina ¼ CFeO�a
Cina þ Ca�c

Cina � CFeO�a
Cina

erf Uð Þ erf
x

2
ffiffiffiffiffiffiffiffi

Da
Ct

p

 !

½7�

Following the procedure given by Wagner[27] and
using the initial condition at t = 0 and x ‡ 0, or
g ¼ x

2
ffiffiffiffiffiffi

Dc
C
t

p ¼ 1, erfc gð Þ ¼ 0 and CCinc ¼ Cbulk
Cinc

¼ 0:602wt pct, and the boundary condition at x ¼ M ffi
M2 ¼ 2U

ffiffiffiffiffiffiffiffi

Da
Ct

p

, CCinc ¼ Ca�c
Cinc, the carbon concentration

in austenite as a function of distance and time can be
obtained:

CCinc ¼ Cbulk
Cinc þ

Ca�c
Cinc � Cbulk

Cinc

erfc � Ub
� � erfc

x

2
ffiffiffiffiffiffiffiffi

Dc
Ct

q

0

B

@

1

C

A

½8�

where Dc
C is the carbon diffusivity in austenite, in cm2/

s, and the constant b is defined as,

b ¼

ffiffiffiffiffiffiffi

Dc
C

q

ffiffiffiffiffiffiffi

Da
C

p ½9�

The U value in Eq. [8] can be obtained by solving the
following equation, which was derived by considering
mass balance at the a–c interface,

F Uð Þ ¼
ffiffiffi

p
p

� ðCa�c
Cinc � Ca�c

CinaÞ

�
Ca�c

Cinc � Cbulk
Cinc

U
b � e

U
bð Þ

2

� erfc U
b

� �

þ Ca�c
Cina � CFeO�a

Cina

U � eU2 � erf Uð Þ

2

6

4

3

7

5

¼ 0 ½10�

The U value thus obtained can then be used to
calculate the thickness of the ferrite layer thickness using
Eq. [6].
The calculated ferrite thickness under two different

assumptions, i.e., CFeO�a
Cina determined by FeO-ferrite

equilibrium and CFeO�a
Cina = 0, are plotted in Figure 4,

where the results calculated using the Wagner–Smith
equation used by Nomura et al.,[6, 28]

M ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

6 � Ca�c
Cina �Da

C � t
3 � Cbulk

C � 2 � Ca�c
a

s

½11�

where Cbulk
C ¼ 0:602wt pct is the initial carbon concen-

tration of the steel, are also presented, as compared to
the experimental data.
It can be seen from these results that when the carbon

concentration was assumed to be zero, although the
calculated ferrite layer thickness matched the experi-
mental data at 800 �C to 820 �C, the calculated
thicknesses at the lower and higher temperature ranges
deviated drastically from experimental results. In par-
ticular, the calculated ferrite thicknesses at temperatures
close to 900 �C were very high when the original
Wagner’s equations Eqs. [4 through 10] was used. They
were even higher when the Wagner–Smith equation,
Eq. [11], was used. This was because when Eq. [11] was
used, it was not only assumed that the carbon concen-
tration at the steel surface was zero, but it was also
assumed that carbon diffusion in the austenite phase at
temperatures above 774 �C did not affect the growth of
the ferrite phase and at the same time, the carbon
concentration at the ferrite-austenite interface was
assumed to be equal to the bulk concentration.
On the other hand, when the carbon concentration at

the scale–ferrite interface was assumed to be determined
by the FeO-ferrite equilibrium and the diffusion of
carbon in austenite was taken into account, the calcu-
lated ferrite layer thicknesses showed a thickness pattern
closer to that of the experimental results. In particular,
the calculated ferrite layer thicknesses for the tempera-
ture range near 900 �C were very close to experimentally
observed values (Figure 4). However, given the large
discrepancy between the calculated ferrite layer thick-
nesses and those observed at the 780 �C to 840 �C, the
method used cannot be considered to be a complete
success. Other factors, such as the actual diffusivities of
carbon in both ferrite and austenite, and the actual
carbon concentrations in ferrite and austenite at the a–c
interface during ferrite growth, and the alloying effects
should be considered in future studies. Alternatively, it
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could be possible that the FeO-ferrite interface condi-
tion was different at different temperature ranges with
the values at about 780 �C to 840 �C being zero carbon,
those near 900 �C being controlled by FeO-steel
equilibrium, and those at 700 �C to 750 �C being greater
than the FeO-ferrite equilibrium values.

Previous studies found that the diffusivity of carbon
in austenite was a function of carbon concentra-
tion[31–35] and affected significantly by the presence of
alloying elements.[36–43] Fewer experimental studies were
conducted[29,36,44–48] to address the effect of carbon
concentration and alloying elements on the diffusivity of
carbon in ferrite. In the current study, the diffusivities in
unalloyed ferrite obtained by Smith[28] and the equation
derived by Lee et al. for alloyed austenite[38] were used
for calculation, but in the latter, the carbon concentra-
tions in austenite at the a-c boundary were used. An
attempt was made to use the diffusivities given by Lord
and Beshers[44] for calculation, but the resulting ferrite
thicknesses were much smaller than experimental results
and therefore considered to be unacceptable.

The saturated carbon concentration in ferrite (in
equilibrium with austenite at T > 774 �C or with the
bulk of steel at T < 774 �C) were obtained from the
calculated isopleth data, which were computed under
complete equilibrium conditions between ferrite and
austenite[26]. In the real situation, the saturated carbon
concentrations in ferrite at the a–c (T> 774 �C) would
be different from the data used, determined by a
condition close to para-equilibrium between the two
phases.[49, 50] Future studies will assess more details of
various factors that could affect the predicted results.

4. Partial decarburization in austenite

Partial decarburization in the ferrite phase was clearly
observed at 780 �C to 900 �C with the depth at 900 �C
being the greatest, exceeding 200 lm. The carbon
profiles in the partial decarburization zones at these
temperatures were calculated using Eq. [8] and shown in
Figure 11. No attempt was made to measure the carbon
concentration gradient in the austenite phase in the
current study, but by comparing with the images shown
in Figure 3, the depth of partial decarburization zone
did show a deepening pattern with increased tempera-
ture, as predicted in Figure 11.

5. Internal oxidation

An internal oxidation layer was observed in the ferrite
layer at all temperatures (Figures 3, 5 and 6). SEM
observations (Figure 6) found that the internal oxides
had two forms, spherical precipitates or line precipitates.
The presence of much higher levels of silicon in the
internal oxides than in the steel was confirmed by EDS
analyses (results not shown). These morphologies were
similar to those observed by Takada and Adachi[51],
who used the XRD method to analyze extracted internal
oxides formed in Fe-Si alloys but found no diffraction
peaks, suggesting that they were amorphous.
Li et al. recently studied the oxidation behavior of

Fe-1 to 3 wt pct Si alloys in dry and wet CO2 gasses at
800 �C[52, 53] and found that the internal oxides were
presented in two forms, rod-shaped precipitates (in 1 wt
pct Si-Fe) and also developed into a network pattern (in
3 wt pct Si-Fe). From XRD, EDS and selected area
diffraction (SAD) analyses, it was concluded that the
internal silicon oxide was amorphous SiO2.
Using an organic solvent, Kusabiraki et al.[54,55]

found that amorphous SiO2 formed inter and
intra-granularly in Fe-Si alloys after oxidation at 1100
�C to 1200 �C in flowing air or a furnace atmosphere
containing 17 pct H2O-8 pct CO2-1 pct O2 and the SiO2

phase formed along grain boundaries as wall-like films.
Given the similarity of the morphologies observed to

those observed by others, it was believed that the
internal oxides were most likely to be amorphous SiO2.
More detailed examination of the formation of these
oxides was outside the scope of the current study.
Formation of internal oxides would consume silicon

from the steel surface layer, and therefore, decrease the
level of silicon in solution in ferrite near the scale–steel
interface. With the decreased silicon level, the carbon
activity in the surface layer would be decreased for a
given carbon concentration and hence the carbon
activity difference between the two interfaces of the
ferrite layer would be also increased. In this way, the
rate of decarburization would be increased. This could
provide an explanation of why the presence of silicon in
steel would make the steel more susceptible to decar-
burization. However, it seemed unable to provide an
explanation for the discrepancy between the calculated
and observed ferrite layer thicknesses at 780 �C to 840
�C because internal oxidation was observed at all the
temperatures examined.

V. CONCLUSIONS

The decarburization behavior of a commercial spring
steel 60Si2MnA at 700 �C to 900 �C in 20 pct H2O-N2

was studied experimentally and theoretically, leading to
the following conclusions.

1. It was observed experimentally that after 20 minutes
of holding in 20 pct H2O-N2, a thick ferrite layer
developed on the steel surface at the temperature
range of 750 �C to 880 �C with the maximum
thickness of 100 to 105 lm observed at 805 �C to

Fig. 11—Partial decarburization in austenite (calculated).
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825 �C, but at 700 �C and 900 �C, the thicknesses of
the ferrite layer were very small (< 30 lm).

2. The development of a ferrite layer was analyzed
using existing diffusion theories. Using the perme-
ability concept and under the assumption of
FeO-ferrite equilibrium, the pattern of thickness
change with temperature could be qualitatively and
successfully determined.

3. The ferrite layer thicknesses were also calculated
using existing diffusion theories and available
experimental data. When the carbon concentration
at the scale-steel interface was assumed to be zero,
the calculated ferrite layer thicknesses matched the
experimental results well only at 800 �C to 820 �C,
but the calculated results for the lower and higher
temperature ranges deviated drastically from exper-
imental results.

4. When the carbon concentration at the steel surface
was assumed to be determined by reaction equilib-
rium between wustite and dissolved carbon in steel,
the calculated pattern of ferrite layer thickness
change with temperature had a better match with
experimental results, and the calculated small ferrite
thicknesses near 900 �C were particularly encour-
aging. However, the calculated maximum ferrite
layer thickness at 780 �C to 840 �C could not match
the observed values well. Factors that could have
contributed to the discrepancy were discussed.

5. Partial decarburization was observed underneath
the ferrite layer, with the severity increasing with
temperature. The calculated partial decarburization
profiles in the austenite compared qualitatively well
with observed results.

6. Internal oxidation occurred to the steel and the
morphologies shown were consistent with those
observed by others. Formation of internal SiO2

would consume silicon in solution in the surface
layer of the steel, thus lowering the carbon activity
near the FeO-ferrite interface and hence accelerat-
ing decarburization. This could provide an expla-
nation of why the presence of silicon in steel
increased the susceptibility of the steel towards
decarburization.

APPENDIX I: DETERMINATION
OF THE CARBON PERMEABILITY THROUGH

THE FERRITE LAYER[30]:

In determining the equilibrium carbon concentration
at the scale–steel interface, it is assumed that the
dissolved carbon in steel can react with wustite, forming
either CO and CO2 via the following reactions:

C½ � þ 2FeO ¼ 2Feþ CO2 ½A1�

C½ � þ FeO ¼ Feþ CO ½A2�

and the overall reaction of these reactions becomes:

COþ FeO ¼ Feþ CO2 ½A3�

Using the data given by Richardson and Jeffes[56] and
quoted by Kubaschewski and Alcock,[57] the standard
Gibbs free energy of formation for Reaction (A3) is
given by

DGo
A3 ¼ �22800þ 24:267T J=mole of COð Þ ½A4�

When the reaction (A3) reaches equilibrium,

PCO

PCO2

¼ exp
�22800þ 24:267T

RT

� �

½A5�

The PCO

PCO2

thus obtained can be used to determine the
equilibrium carbon activity at the interface assuming
PCO + PCO2

= 1 atm from the following reaction:

C½ � þ CO2 gð Þ ¼ 2CO gð Þ ½A6�

The standard Gibbs free energy of formation for this
reaction is given by,[56,57]

DGo
A6 ¼ �RT ln

P2
CO

acPCO2

	 


¼ 170; 700� 174:5T J=mole of Cð Þ ½A7�

where ac is the equilibrium activity of carbon at the
scale-steel interface with graphite being its standard
state. From Eq. [A7], we obtain,

ac ¼
P2
CO

PCO2

exp
170; 700� 174:5Tð Þ

RT

	 


½A8�

After the equilibrium carbon activity at the interface
is determined, the corresponding carbon concentration
in the steel at the scale-steel interface can be calculated
using the known relationships between carbon activities
and carbon concentrations. For dissolved carbon in
a-Fe, the relationship to express the activity coefficient
of carbon in ferrite for carbon steel, �C ferriteð Þ, is given
by,[58]

log�C ferriteð Þ ¼ log
aC
XC

� �

ferriteð Þ ¼ 5846

T Kð Þ � 2:687

½A9�

where XC is the equilibrium molar fraction of carbon
in ferrite at the scale-steel interface, which can be con-
verted to carbon concentration in weight percent using
the following equation,

Cc wt pctð Þ ¼ 100 pct � 12 � Xc

12 � Xc þ 55:85 � 1� XCð Þ ½A10�

When a ferrite layer formed on the steel surface and
the alloy concentrations are constants across the ferrite
layer, the difference in the carbon concentration between
two interfaces of the ferrite layer, DCa

C, provides a
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driving force for carbon to diffuse through the ferrite
layer.

When the ferrite layer is thin, the carbon distribution
in it can be approximated as having a linear concentra-
tion gradient and carbon diffusion through this layer
can be described using the simplified Fick’s first law:

JaC ¼ A �Da
C � C

a�c
Cina � Ca�FeO

Cina

M
moles cm�2s�1 ½A11�

where JaC = the diffusion flux of carbon from the
interface between the ferrite layer and the bulk of steel
towards the scale-steel interface; Da

C = the diffusion
coefficient of carbon in ferrite; Ca�c

Cina = the carbon
concentration on the ferrite side at the interface between
the ferrite layer and the bulk of steel in wt pct ; Ca�FeO

Cina =
the carbon concentration in ferrite at the steel-scale
interface in wt pct ; A = a constant used to convert the
concentration of carbon from wt pct to mole/cm3; M =
the thickness of the ferrite layer.

From Eq. [A11], we can see that for a certain
thickness of the ferrite layer, X, the rate of carbon
diffusion is determined by the product of carbon
diffusivity Da

C and the carbon concentration difference
between the two interfaces of the ferrite

layer,�DCa
C ¼ Ca�c

Cina � Ca�FeO
Cina . Following the approach

used by Smith,[28] the following product was defined as
the permeability or relative permeability,[59] ( Pa

C) of
carbon through the ferrite layer,

Pa
C ¼ Da

C � ðCa�c
Cina � Ca�FeO

Cina Þ ¼ Da
C � DCa

C ½A12�

Substitution of Eq. [A12] in Eq. [A11] yields,

JaC ¼ A � P
a
C

M
moles cm�2s�1 ½A13�

It can be seen that a greater permeability immediately
leads to a greater carbon flux for a given ferrite layer
thickness.

Strictly speaking, the alloying effect, particularly the
effect of Si, should be considered in calculating the
carbon concentration from the carbon activity data
obtained from Eq. [A8]. However, as internal oxidation
was inevitably observed, it was assumed that the
dissolved alloying components (Si, Mn and Cr) had
reacted with dissolved oxygen having diffused into the
steel and therefore, the alloying effect from the remain-
ing dissolved alloying components at the FeO-steel
interface was considered to be negligible.
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