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Abstract
In order to examine the rate-controlling process of the decarburization behavior in the 

Fe-0.87 at% C alloy, the growth behavior of the ferrite layer was analyzed. According to the 
isothermal annealing experiments, the alloy possessed the ferrite and cementite two phase 
microstructures at 953 K and the ferrite and austenite two phase microstructures at the 
temperature range between 993 K to 1 073 K. Austenite single phase microstructure was 
formed above 1 153 K. However, the ferrite layer appeared on the surface of the alloy below 
1 153 K due to decarburization. The formation of the ferrite layer can be predicted by the 
calculation of phase equilibria in the binary Fe-C system. Moreover, the parabolic coeffi-
cient of the growth for the ferrite layer is calculated by a moving boundary model based on 
the diffusion of C in the layer. The calculated values are almost equal to those of the meas
ured parabolic coefficient by the isothermal annealing experiments.

1.	 Introduction
High-strength steel contains various alloy elements such as Si 

and Mn in addition to approximately 1.0 at% C. To increase the 
strength of the carbon steel, it is often quenched after heating to a 
temperature higher than Ae3.

 1) As the temperature rises during heat-
ing, the chemical reactions of C in steel with scale, vapor, or other 
components of the atmosphere are accelerated. When carbon steel is 
heated, therefore, carbon concentration sometimes decreases at and 
near the surface; 2) this phenomenon is referred to as decarburization. 
The strength and other mechanical properties of steel are affected by 
decarburization. 3, 4) The effect is pronounced especially when a 
structure containing ferrite (α) in large amounts or a single-phase 
structure of α forms at the surface. 5) The expression “ferrite layer(s)” 
hereinafter refers to such a single-phase structure of α forming at the 
surface.

There have been many experimental studies on the structural 
change of carbon steel due to decarburization and the growth rate of 
the ferrite layer. 6–17) When carbon steel is decarburized in the tem-
perature range in which both α and austenite (γ) can exist in an equi-
librium, a ferrite layer forms at the surface and grows continuously 
inside, and the growth rate is largest in the temperature range from 
1 023 to 1 073 K. 9, 12, 16, 17) The growth rate of the ferrite layer being 
affected by temperature and also the steel chemical composition 

demonstrates that decarburization is a complicated phenomenon. 
For example, when the steel contains elements such as Si and P, the 
growth is accelerated, and when it contains Ni, Cr, Mn, etc., it is 
slowed down. 9, 12) To understand decarburization of carbon steel, 
therefore, it is necessary to clarify the effects of alloying elements 
over the formation of the above structures based on experiments of 
the Fe-C binary system. Nevertheless, there have been few reports 
on the decarburization reactions of the binary system. 12)

In polycrystalline materials, grain boundaries can serve as the 
routes for fast diffusion of component elements. 18) In the study of 
structural change during heating, therefore, it is essential to consider 
the effects of the grain-boundary diffusion of solutes and their vol-
ume diffusion. It has been reported regarding diffusion and the sub-
sequent reactions of dissimilar metal elements that both grain-
boundary diffusion and volume diffusion contribute to the growth of 
the ferrite layer. 19, 20) For this reason, to clarify the rate-determining 
process for decarburization reactions, it is necessary to analyze the 
growth of the ferrite layer and the α grain growth in the layer. How-
ever, there have been only a limited number of experimental studies 
into the grain growth of steel accompanied by decarburization, 21) 
and the grain growth in ferrite layers is unclear.

Considering this situation, we conducted the following tests. 
Cold-rolled sheets of an Fe-0.87 at% C alloy were isothermally an-
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nealed in a decarburizing atmosphere at different temperatures from 
953 to 1 193 K. The growth of the ferrite layer forming as a result 
and the growth of α grains in the layer were examined through mi-
croscope observation, and the rate-determining process of decarbu-
rization reactions was identified based on the results. In addition, as-
suming that the volume diffusion of C atoms determines the rate of 
decarburization reactions, the structure of the ferrite layer during 
heating was predicted using a moving boundary model that takes 
thermodynamics and diffusion kinetics into consideration, and the 
prediction result was compared with the result of the isothermal an-
nealing. The present paper reports the results of these tests.

2.	B ody
2.1	Test method

Table 1 shows the chemical composition of the steel used. Si, 
Mn, P, S, Al, and N are impurities, and the specimen steel is sub-
stantially a binary alloy of Fe and C; it is hereinafter referred to as 
the Fe-0.87 at% C alloy. The alloy was melted in a vacuum melting 
furnace, cast into ingots 17 kg in weight, heated at 1 473 K for 3 600 
s, forged at 1 223 K or higher, and then air cooled to room tempera-
ture. The forged ingots were machined into slabs, 20 mm thick, 160 
mm wide, and 100 mm long each, the slabs were heated at 1 523 K 
for 1 800 s, and hot rolled at 1 123 K or higher into hot-rolled sheets 
5 mm thick. The hot-rolled sheets were cooled to 923 K at a rate of 
50 K/s, held at the temperature for 1 800 s, and then cooled to room 
temperature at a rate of 5.6 × 10−3 K/s. The hot-rolled sheets were 
machined at the top and bottom surfaces to a depth of 0.75 mm to 
remove the scale, and then cold rolled to a thickness of 1.2 mm.

The cold-rolled sheets thus prepared were heated at a rate of 10 
K/s to different temperatures, isothermally annealed at those tem-
peratures for 0 to 1 600 s, and specimens for structural observation 
were prepared. The temperature of annealing ranged from 953 to 
1 193K, the atmosphere consisted of 2 vol% hydrogen and 98 vol% 
nitrogen, the dew point was 268 K, and the sheets were cooled to 
room temperature at a rate of 10 K/s. Separately from the above, the 
Ac1 and Ac3 of the Fe-0.87 at% C alloy were determined by heating 

some of the cold-rolled sheets to 1 273 K at a rate of 10 K/s. The 
specimens for microscopic observation were cut out from hot-rolled 
sheets, cold-rolled sheets, and cold-rolled-and-annealed (at different 
temperatures) sheets, buffed with alumina, and etched with nital at a 
section parallel to the rolling direction, and observed through an op-
tical microscope or a laser microscope. The phases thus observed at 
the section were identified by X-ray diffractometry (XRD). The car-
bon concentration distribution at the section was measured using an 
electron probe micro analyzer (EPMA); for this measurement, a cal-
ibration curve was drawn using carbon steel of a known chemical 
composition as a reference.
2.2	Growth of ferrite layer

Figure 1 shows a sectional photomicrograph of the hot-rolled 
specimen taken through an optical microscope; the structure con-
sisted of ferrite (α) and cementite (θ). The α phase was mostly in the 
form of allotriomorph, and some part was acicular. The grain diam-
eter of the ferrite was calculated at 20 μm by the quadrature meth-
od. 22) The θ phase was in grains, which were distributed mainly at 
the grain boundaries of α.

Figure 2 shows sectional microstructures of the cold-rolled 
sheets of the Fe-0.87 at% C alloy isothermally annealed for 600 s at 
different temperatures from 953 to 1 193 K; they were passed 
through a laser microscope. The Ac1 and Ac3 were 1 014 and 1 142 
K, respectively. As seen in Fig. 2 (a), the specimen annealed at 953 

Table 1   Chemical composition of the steel investigated (at%)

C Si Mn P S N Fe
0.87 0.01 0.01 0.01 0.001 0.006 Bal. Fig. 1   Microstructure of the hot-rolled Fe-0.87 at% C alloy

Fig. 2   Cross-sectional microstructures of Fe-0.87 at% C alloy annealed for 600 s at (a) 953 K, (b) 1 033 K, (c) 1 153 K and (d) 1 193 K
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K had a recrystallized dual-phase structure of α and θ. At 1 033 K, 
however, the γ phase formed, and the structure was a dual-phase 
structure of α and γ. The bright areas in Fig. 2 (b) are α, and the dark 
areas are pearlite (P), which formed from the γ phase during the 
cooling after the annealing.

When the annealing temperature was 1 142 K or higher, in con-
trast, the specimen sheets consisted of a single-phase structure of γ. 
As seen in Fig. 2 (c) and (d), γ transforms into a dual phase of acicu-
lar ferrite and P or a single-phase of bainite. As seen in parts (a), (b), 
and (c), the structure at and near the surface and that in the interior 
were different, with a distinct boundary between them, and the for-
mer was a layered structure of α. The structure of the surface layer 
was identified through the XRD method to be a single-phase struc-
ture of α. It has thus been made clear that ferrite forms in the surface 
layer when sheets of an Fe-0.87 at% C alloy are isothermally an-
nealed at temperatures from 953 to 1 153 K. The thickness of the 
ferrite surface layer at an annealing temperature of 1 033 K was 
roughly 150 μm.

A ferrite surface layer was found also in the specimen of Fig. 2 
(d), but the boundary between it and the structure of γ in the interior 
was not as clear. This is because in this specimen, which was an-
nealed at 1 193 K, the C concentration in γ decreased in the surface 
layer, and this γ of a low C concentration transformed into α during 
cooling to form the ferrite layer, which means that the ferrite layer 
did not form during the isothermal annealing at 1 193 K. Note that, 
as will be explained later, such ferrite formation at different temper-
atures can be predicted based on the phase diagram of the Fe-C bi-
nary system. 11, 23)

Carbon concentration was measured with an EPMA at the sec-
tion shown in Fig. 2 (b). Figure 3 shows a carbon concentration 
profile in the direction perpendicular to the sheet surface; here, the 
ordinate represents C concentration and the abscissa the distance 
from the sheet surface. It is clear from the graph that the concentra-
tion profile was different at different sides of the boundary between 
the surface and the inside structures: while the C concentration was 
low in the ferrite surface layer, it was uneven and locally high in the 

inside structure consisting of α and P. In other words, the C concen-
tration in the ferrite layer was lower than the average in the speci-
men interior, which evidenced decarburization at and near the sur-
face. This indicates that an Fe-0.87 at% C alloy is decarburized dur-
ing isothermal annealing at temperature from 953 to 1 153 K, a fer-
rite layer forms at the surface and grows towards the inside of the 
material.

Sectional photomicrographs of the specimens taken through a 
laser microscope were analyzed, and the average thickness l of the 
ferrite layer was determined according to Eq. (1).

	 l = A—w 					     (1)

Where w is the length of the layer along the boundary in the field of 
view, and A is the total area of the ferrite layer. Figure 4 shows the 
relationship between l and the temperature of the isothermal anneal-
ing of the Fe-0.87 at% C alloy for 600 s to have the ferrite layer 
form. As seen here, in the annealing temperature range from 953 to 
1 153 K, l was 60 μm or more, but it fell to 10 μm or less when the 
annealing temperature was 1 193 K.

As shown above, the thickness of the ferrite layer is larger when 
annealing is performed within the temperature range adequate for 
the formation of the ferrite layer than outside the range. The value 
of l increased with higher annealing temperature in the temperature 
range from 953 to 1 073 K, and it decreased, in contrast, in the range 
of 1 073 K or higher. The annealing temperature at which the ferrite 
layer grew thickest was 1 073 K, where l was 170 μm. It was found 
in addition that l decreased markedly with the increase in annealing 
temperature in the range of 1 153 K and higher. The growth of the 
ferrite layer in an Fe-1.1 at% C-0.22 at% Si-0.45 at% Mn alloy was 
studied through tests, and the growth rate of the layer was reported 
to be largest in a temperature range of 1 073 to 1 093 K. 9) This indi-
cates that the temperature dependence of the ferrite layer growth of 
the above alloy is similar to that of the Fe-0.87 at% C alloy of the 
present study.
2.3	Rate-determining process of ferrite layer growth

Figure 5 shows sectional photomicrographs of the cold-rolled 

Fig. 3	 Carbon concentration profile of Fe-0.87 at% C alloy annealed for 
600 s at 1 033 K

Fig. 4	 Ferrite layer thickness versus annealing temperature of Fe-0.87 
at% C alloy (annealing time 600 s)
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Fe-0.87 at% C alloy after isothermal annealing at 1 073 K for peri-
ods from 100 to 1 600 s; as stated earlier, 1 073 K is the annealing 
temperature at which the ferrite layer growth was largest with the 
alloy. After any of the annealing periods, a ferrite layer formed at 
the specimen surface as in the case of annealing at 1 033 K for 600 s, 
and the structure inside it consisted of α and P. It is clear from the 
comparison of these micrographs that, in addition to the growth of 
the ferrite layer thickness, α grains grew inside the layer with the 
annealing time at 1 073 K. Coarse α grains appeared especially near 
the boundary between the ferrite layer and the inner structure of α 
and P.

According to the method for defining the average thickness of 
the ferrite layer described earlier, the value of l was calculated for 
different temperatures and periods of the annealing. Figure 6 shows 
the relationship between l and the time of isothermal annealing of 
the Fe-0.87 at% C alloy at 993, 1 033, and 1 073 K. Here, the ordi-
nate represents l and the abscissa the annealing time, both in loga-
rithms, and the points marked with circles correspond to the anneal-
ing temperature of 993 K, those with triangles to 1 033 K, and those 
with squares to 1 073 K. As is seen here, l increased monotonously 
with the increase in the annealing time at any of the annealing tem-
peratures, and the plotting points for each annealing temperature 
were in a straight line.

Accordingly, allowing t to be the annealing time, l can be ex-
pressed in the form of an exponential function of t as given below:

	 l = k (  t—t0
 )n

 				    (2)

Where t0 is a unit time, 1 s, and by dividing t by t0, the time term of 
the function is made dimensionless. The dimension of the propor-
tionality factor k is the same as that of l, and n is dimensionless. The 
values of k and n were determined for each annealing temperature 
by analyzing the plotting points in Fig. 6 by the least-square method. 
The result was as follows: for 993 K, k was 4.54 × 10−6 m, and n was 
0.49; for 1 033 K, k was 5.19 × 10−6 m, and n was 0.52; and for 1 073 
K, k was 9.38 × 10−6 m, and n was 0.45. The value of n was near 0.5 
for any of the annealing temperatures, which indicates that the para-
bolic rule applies to the relationship between l and t at any of the 
temperatures.

The ferrite layer growth following the parabolic rule points to 
the possibility of the rate of the growth being determined by the vol-
ume diffusion of atoms in the ferrite layer. On the other hand, at low 
temperature where atomic volume diffusion is limited, it is possible 

that the grain-boundary diffusion of atoms significantly contributes 
to the ferrite layer growth. When the grains in the ferrite layer grow 
under such a condition, the ratio of grain boundaries in the ferrite 
layer decreases with the annealing time, and since this decrease in 
the ratio lowers the contribution of the grain-boundary diffusion to 
the ferrite layer growth, n falls to less than 0.5. If there is little 
growth of the grains in the ferrite layer, however, the ratio of grain 
boundaries in the ferrite layer remains substantially unchanged dur-
ing isothermal annealing, and in this case, n is equal to 0.5. It fol-
lows, therefore, that when n is equal to 0.5, namely the parabolic 
rule applies to the relationship between l and t, two possibilities 
have to be considered about the rate-determining process. 24, 25)

To identify the rate-determining process for the ferrite layer 
growth, we analyzed the grain growth behavior in the ferrite layer. 
The metallographic structures in the sectional micrographs were an-
alyzed using the quadrature method described earlier, 22) and the av-
erage diameter d of α grains in the ferrite layer was calculated. Fig-
ure 7 shows the relationship between d and the time of isothermally 

Fig. 5   Cross-sectional microstructures of Fe-0.87 at% C alloy annealed at 1 073 K for (a) 100 s, (b) 400 s and (c) 1 600 s

Fig. 6	 Ferrite layer thickness versus annealing time of Fe-0.87 at% C 
alloy at 993, 1 033 and 1 073 K
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annealing the Fe-0.87 at% C alloy at 1 073 K. Here, the ordinate 
represents d and the abscissa the annealing time, both in logarithms. 
As the graph shows, d increased monotonously with the annealing 
time, and the plotted points nearly aligned along a straight line. Al-
lowing t to be the annealing time, therefore, d is expressed in the 
form of an exponential function of t as given below. 25)

	 d = kd (  t—t0
 )m

				    (3)

Where t0 is a unit time, 1 s, and in the same way as with Eq. (2), by 
dividing t by t0, the time term of the function is made dimensionless. 
The dimension of the proportionality factor kd is the same as that of 
d, and m is dimensionless. By analyzing the plotting points in Fig. 7, 
the value of kd was calculated at 2.84 × 10−6 m, and that of m at 0.28.

When the rate of the ferrite layer growth is assumed to be deter-
mined by the grain-boundary diffusion of atoms in it, the relation-
ship between n and m satisfies Eq. (4). 24, 25)

	 n = 1 − m—
2 				    (4)

Assuming m = 0.28, n is equal to 0.36 from Eq. (4). As stated ear-
lier, however, n is close to 0.5 when the annealing temperature is 
1 073 K. This indicates that the rate of the ferrite layer growth is not 
determined by the grain-boundary diffusion of atoms but by their 
volume diffusion.
2.4	Prediction of ferrite layer through decarburization

Figure 8 is the phase diagram of the Fe-cementite system in the 
Fe-C binary system according to Gustafson’s calculation. 26) This 
was drawn up using Thermo-Calc ver. 4.1 and based on the thermo-
dynamic databases for α, γ , and θ of TCFE6. 27) The ordinate repre-
sents temperature in K and the abscissa carbon concentration in at%. 
The curves cαγ, cγα, cαθ, and cγθ show the phase-interface composi-
tions α/(α + γ), γ/(α + γ), α/(α + θ), and γ/(γ + θ), respectively. The dot-
ted line represents the C concentration of the Fe-0.87 at% C alloy, 
which is referred to as c0. As shown here, the temperature T3 of A3 
transformation (γ  ↕  α) is 1 185 K, and the temperature Te of eutec-
toid transformation (γ  ↕  α + θ) is 1 000 K. The Ae3 temperature of the 
Fe-0.87 at% C alloy is 1 113 K.

When this alloy is isothermally annealed at 1 113 K or lower, a 

dual phase of α + θ forms at a temperature lower than Te, and another 
of α + γ at a temperature higher than the same. The carbon concen-
tration profile in the direction perpendicular to the sheet surface is 
considered regarding specimens isothermally annealed for a pre-
scribed time t at the temperature at which a dual phase microstruc-
ture of α + γ forms. 28) A ferrite layer of an even thickness forms at 
the surface when the carbon concentration at the surface falls to cαγ 
or less owing to decarburizing. Figure 9 shows a schematic profile 
of carbon concentration in this case. The ordinate represents the mol 
concentration of carbon, and the abscissa the distance from the sur-
face; the mol concentration is the quotient of the molar fraction of 
the element in question divided by its molar volume, and its unit is 
mol/m3. The molar volume of α at 1 184 K is 7.37 × 10−6 m3/mol, and 

Fig. 7   Grain size of ferrite layer versus annealing time at 1 073 K Fig. 8   Calculated phase diagram of Fe-C binary system

Fig. 9	 Schematic profile of C concentration in surface ferrite layer and 
inside dual-phase structure of ferrite and austenite
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that of γ is 7.30 × 10−6 m3/mol. 29)

In the graph, x0 is the mol concentration of C in the Fe-0.87 at% 
C alloy, carbon concentration at the surface is assumed to be 0, and 
xα is the mol concentration of C on the ferrite-layer side (z = l−) of 
the boundary between the ferrite layer and the dual phase of α + γ. 
When it is assumed that the rate of the ferrite layer growth is defined 
by the volume diffusion of C atoms, a local equilibrium is presumed 
there to be at the boundary, and in this case, xα corresponds to cαγ in 
Fig. 8. In addition, since the mol concentration of C on the α + γ du-
al-phase side (z = l+) of the boundary is x0, the boundary conditions 
are expressed by the equations given below.

	 x (z = 0, t > 0) = 0				    (5a)
	 x (z = l− , t > 0) = xα				    (5b)
	 x (z ≥ l+ , t > 0) = x0				    (5c)

The boundary shifts and the ferrite layer grows while satisfying 
these boundary conditions. Because the driving force of the bound-
ary shift is the difference in the flux of C diffusion on the two sides 
of the boundary, the rate v of the boundary shift is expressed by 
Eq. (6).

	 (x0 − xα)ν = Jα				    (6)
Where Jα is the flux of C diffusion on the ferrite-layer side of the 
boundary; according to Fick’s first law, it changes in proportion to 
the gradient of the C concentration in the ferrite layer, and is ex-
pressed by Eq. (7) given below.

	 Jα = −Dα (  ∂x—∂z  )				    (7)

Here, Dα is the volume diffusion coefficient of C in α. The C con-
centration profile in the ferrite layer follows Fick’s second law, 
which is expressed as Eq. (8) when Dα does not change depending 
on C concentration.

	 ∂x—
∂t  = Dα 

∂2x—
∂z2 				    (8)

When a local equilibrium is maintained at the layer boundary in the 
isothermal transformation of a binary alloy, l is expressed as a func-
tion of t as in Eq. (9). 28)

	 l = 2β √Dα t				    (9)
Here, β is a growth rate constant, dimensionless. The nonlinear 
equation of β expressed by Eq. (10) is obtained by solving Eq. (8) 
using Eq. (9) under the conditions of Eqs. (5a) and (5b) of the bound-
ary conditions described earlier. 6, 28)

	 √ π β exp (−β 2) erf (β) = 
xα—x0 − xα

			  (10)

When x0 and xα are known, β at temperature T is obtained by nu-
merical calculation, and the position of the boundary, or the thick-
ness of the ferrite layer l, at time t is obtained. Note that l at the tem-
perature at which the α + θ dual phase forms can be obtained like-
wise by the above analysis. In this case, xα corresponds to the phase 
interface cαθ between the α phase and the α + θ phase.

On the other hand, when the Fe-0.87 at% C alloy is isothermally 
annealed at 1 113 K or higher, a single-phase structure of γ forms. 
Then, with respect to the specimens isothermally annealed for a 
time t at the temperature at which a single-phase γ structure forms, 
the C concentration profile in the direction perpendicular to the sur-
face is examined. When the C concentration at the surface falls to 
cαγ or less as a result of decarburization at 1 185 K or lower, a ferrite 
layer of an even thickness l forms at the surface. Figure 10 shows a 
schematic profile of the C concentration in this case. To study the 
growth rate of the layer under this condition, it is necessary to con-
sider the C diffusion flux Jγ in the γ structure on the inner side of the 
boundary in addition to the C diffusion flux Jα on its ferrite side. The 

mol concentration of C xγ on the inner side of the boundary corre-
sponds to the interface curve cγα between the γ and the α + γ phases. 
For this reason, the growth rate constant β in the temperature range 
from 1 113 to 1 185 K satisfies a nonlinear equation not of Eq. (10) 
but Eq. (11).

	 √ π = 
xα—

(xγ − xα)β exp (β2) erf (β)  +

		             xγ − x0

	            (xγ − xα)β exp (β2 
Dα—Dγ

 ) {1 − erf (β √ Dα—Dγ
 )}  

√ 
Dγ—
Dα

	 (11)
Where Dγ is the volume diffusion coefficient of C in γ.

When both sides of Eq. (9) are squared, Eq. (12) is obtained, 
which demonstrates that the parabolic rule applies to the relation-
ship between l and t.

	 l 2 = 4 β 2Dαt = Kt			   	 (12)
Where K is the parabolic coefficient, and its unit is m2/s, the same as 
that of the diffusion coefficient. It is an important parameter ex-
pressing the growth rate of the ferrite layer.

Then, studies of the temperature dependence of K of the Fe-0.87 
at% C alloy are presented below under the assumption that α and γ 
are equal in terms of molar volume. Based on the thermodynamic 
databases of TCFE6, the phase interface curves α/(α + γ), γ/(α + γ), 
and α/(α + θ) were calculated using Thermo-Calc ver. 4.1 as ex-
plained earlier. 27) Both Dα and Dγ were expressed as Eqs. (13) and 
(14), respectively, based on values in published literatures. 30, 31)

	 Dα = 2 × 10−6 exp ( −  10115—
T  )	

	        ∙ exp {0.5898[1 +  2—π  arctan (  15629—
1043  −  15309—

T  ) ] }	 (13)

	 Dγ = 4.53 × 10−7 {1 + uc(1 − uc) 
8339.9—

T  }	

	        ∙ exp [ − (  1—T  − 2.221 × 10−4) (17767 − 26436 uc)]	 (14)

Here, the unit of Dα and Dγ is m2/s, that of T is K, and uC is the u-
fraction of C. According to Eq. (14), Dγ changes depending on C 

Fig. 10	 Schematic profile of C concentration in surface ferrite layer 
and inside single-phase structure of austenite
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concentration, and in consideration of this, Dγ is approximated as 
Eq. (15) below: 32)

	 Dγ = ∫C
C

0

γ Dγ dx
—Cγ − C0

			   	 (15)
Figure 11 shows the relationship between the parabolic coeffi-

cient K and temperature T; here, the ordinate represents the loga-
rithm of K, the abscissa the inverse of T, and the curve shows the re-
lationship predicted based on the model of the ferrite layer growth 
rate determined by C diffusion (moving boundary model) described 
earlier. The graph shows that K is largest at the temperature at which 
the α + γ dual-phase forms. In addition, at 1 113 K (Ae3) or higher, K 
decreases rapidly with increasing T. 13) This prediction agrees quanti-
tatively with the structural observation shown in Fig. 2 and the fer-
rite layer thickness measurement shown in Fig. 4. In addition, based 
on an analysis of the ferrite layer growth at different temperatures 
shown in Fig. 6, the value of K is 2.0 × 10−11 m2/s at 993 K, 3.6 × 10−11 
m2/s at 1 033 K, and 4.4 × 10−11 m2/s at 1 073 K; these results are 
plotted in the graph with open circles. The values of K actually 
measured in the isothermal annealing test were close to the predicted 
ones. It is possible to conclude, therefore, that when the Fe-0.87 at% 
C alloy is isothermally held at 993 to 1 073 K for 100 to 1 600 s, the 
ferrite layer forming at the surface grows at a rate determined by the 
volume diffusion of C atoms.

3.	 Conclusion
To clarify the rate-determining process for the decarburizing re-

action of an Fe-0.87 at% C alloy, we investigated the growth of the 
ferrite layer forming at the surface during isothermal annealing and 
the grain growth in the layer. The structure that forms through iso-
thermal annealing at 953 K proved to be a dual-phase structure of 
ferrite and cementite, a dual-phase structure of ferrite and austenite 

when the annealing temperature was from 993 to 1 073 K, and a sin-
gle-phase austenite structure when the temperature was 1 153 K or 
higher. Different from the above structure in the inside, however, a 
ferrite layer forms at the surface as a result of decarburizing at 1 153 
K or lower; the ferrite layer formation is predictable from the calcu-
lated phase diagram for the Fe-C binary system. The relationship 
between the average thickness of the surface ferrite layer and the 
annealing time follows the parabolic rule. In addition, the grains in 
the ferrite layer were found to grow larger with the annealing time. 
This indicates that the growth rate of the ferrite layer is determined 
by the volume diffusion of atoms. The parabolic coefficient of the 
ferrite layer growth was calculated using a moving boundary model 
taking into consideration the growth rate being determined by the 
volume diffusion of C atoms in the ferrite layer, and the values thus 
obtained substantially agreed with the parabolic constant obtained 
through measurement in the isothermal annealing test.
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