ChinaRxiv [$X]

AT translation - View original & related papers at
chinarxiv.org/items/chinaxiv-202303.00543

Diffusion-Controlled Continuous Cooling Trans-
formation of Austenite: Postprint

Authors: Wang Lei, Tang Di, Song Yong
Date: 2023-03-19T'00:00:00-+00:00

Abstract

A diffusion-controlled model for austenite continuous cooling transformation
was established to describe the temperature dependence of proeutectoid ferrite
interface position. The model accounts for possible soft impingement during in-
terface migration and the effect of cooling rate on carbon concentration at the
austenite side of the interface. Using this model, austenite continuous cooling
transformation processes under various initial carbon concentrations, austenite
grain sizes, and cooling rates were simulated, yielding the temperature depen-
dence of proeutectoid ferrite interface position, carbon diffusion length on the
austenite side of the interface, and carbon concentration distribution under dif-
ferent cooling conditions. For an Fe-0.17C alloy with a grain size of 17 m,
transformation processes under different cooling rates were simulated, and the
results showed good agreement with literature.
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Abstract

A diffusion-controlled model for austenite transformation during continuous
cooling has been established to describe the variation of proeutectoid ferrite
interface position with temperature. The model accounts for soft impingement
effects that may occur during interface migration and the influence of cooling
rate on carbon concentration at the austenite side of the interface. Simulations
were performed using this model to analyze the austenite transformation process
under various initial carbon concentrations, austenite grain sizes, and cooling
rates, yielding the evolution of proeutectoid ferrite interface position, carbon
diffusion length at the austenite side, and carbon concentration profiles under
different cooling conditions. The model was applied to simulate transformation
in Fe-0.17C alloys with a grain size of 17 m at various cooling rates, showing
good agreement with literature results.

Keywords: diffusion control, austenite, continuous cooling, proeutectoid fer-
rite, interface position

Introduction

The transformation of austenite to proeutectoid ferrite involves both long-range
diffusion of carbon solute from the interface into the parent austenite phase and
an interfacial reaction where the parent austenite with an fcc structure trans-
forms to ferrite with a bcce structure at the interface [1]. Studies [2-10] have
shown that the migration behavior of the ferrite-austenite interface over time can
reflect the transformation kinetics of austenite. For isothermal austenite trans-
formation, two classical models exist: the diffusion-controlled growth model and
the interface-controlled model [2,11-14]. The diffusion-controlled model assumes
that the free energy dissipation due to interface migration is negligible, and the
interface velocity is determined solely by the diffusion process [11,15-17]. In
contrast, the interface-controlled model posits that the transformation driving
force is entirely consumed by interface migration, with interface velocity being
proportional to the driving force [12,18].

Unlike isothermal transformation, the equilibrium carbon concentrations in
austenite and ferrite continuously change with decreasing temperature during
continuous cooling, and the effect of cooling rate on interface migration must be
considered. Whether the classical models for isothermal transformation can be
adapted to study interface migration during continuous cooling remains unex-
plored in the literature. In industrial practice, austenite transformation during
continuous cooling is far more common. Current models describing proeutec-
toid ferrite transformation under continuous cooling conditions are primarily
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based on combining the isothermal Johnson-Mehl-Avrami (JMA) equation with
the Scheil additivity principle [19-22]. However, since the parameters in the
JMA equation are condition-dependent and must be determined from exten-
sive experimental data, and because this equation cannot reveal the underlying
microscopic mechanisms of austenite transformation, this work establishes a ki-
netic model for austenite transformation during continuous cooling based on
carbon diffusion theory for the austenite-to-proeutectoid ferrite transformation.
The model incorporates soft impingement effects during interface migration and
the influence of cooling rate on carbon concentration at the austenite side of
the interface.

1. Model Establishment

According to diffusion-controlled theory, the interface migration and carbon
concentration distribution at the austenite side during continuous cooling trans-
formation are illustrated in [Figure 1: see original paper]. In the schematic, z
represents the austenite/ferrite interface position, L denotes the carbon diffusion
length, C. and C, are the equilibrium carbon concentrations at the austenite
and ferrite sides of the interface, respectively, C,, is the initial bulk carbon con-
centration, C,, is the carbon concentration at the center of the austenite grain
after soft impingement occurs, X marks the center position of the austenite
grain, and T}-T, indicate temperature evolution. During continuous cooling
transformation, the austenite-proeutectoid ferrite interface migrates from the
austenite grain boundary toward the grain center. In the early stage, the car-
bon diffusion length at the austenite side does not reach the grain center, so
the carbon concentration at the austenite grain center remains at the initial
value. As transformation proceeds, the diffusion length eventually contacts the
grain center, marking the onset of the soft impingement stage, during which the
carbon concentration at the austenite grain center begins to change.

1.1 Carbon Concentration Distribution at the Austenite Side of the
Interface

The carbon concentration profile C(z) at the austenite side of the interface can
be approximated by a parabolic function [5], where the relationship between the
carbon diffusion curve and interface position x satisfies:

where A;, Ay, and A, are determined by boundary conditions. For isothermal
transformation or extremely slow cooling rates, the carbon concentration at
the austenite side of the interface can reach the equilibrium concentration C.,.
However, at higher cooling rates, the equilibrium concentration changes rapidly
with temperature, making it difficult for the interface carbon concentration to
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achieve the equilibrium value corresponding to the instantaneous temperature
within the short available time. Therefore, a correction factor for the carbon
concentration at the austenite side of the interface is introduced:

A=1—a¢®
where ¢ is the cooling rate, and a and b are material-dependent constants.

1.2 Stage Before Soft Impingement

In this stage, the carbon concentration at the austenite grain center remains at
Cy, and the concentration gradient at the end of the diffusion field is zero. The
boundary conditions are expressed as:

Clag+ L) =C,

dcC

dx r=xo+L

=0

Combining equations (1)-(4) yields the carbon concentration distribution before
soft impingement:

(& ;Co)(

C(2) = Cy + —2;

ro+ L — x)?

The carbon concentration redistribution must satisfy mass conservation:

zo+L
/ C(z)dz = Cyy,

0

From equations (5) and (7), the diffusion length L is determined by:

L:
C:—C, di

[e3

ci—C
_ v o
where S = oo,

Additionally, since the carbon diffusion flux at the interface is zero, we have:
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where v is the interface migration velocity and D is the carbon diffusion coeffi-
cient in austenite.

For continuous cooling transformation, equation (9) gives:

d d dT
o dwo _ dwg dT _

ar dzy
dt — dT dt

ar

Combining equations (5), (8), and (10) yields the relationship between interface
position and temperature:

drg D

dT ~ oL

where T is the temperature during austenite transformation and 7T, is the trans-
formation start temperature.

1.3 Stage After Soft Impingement

During the soft impingement stage, the carbon concentration at the austenite
grain center no longer remains constant at C, but varies with temperature:

C(zy+ L) = C,,(T)

where L = X —z.

In continuous cooling transformation, the equilibrium carbon concentrations in
austenite and ferrite continuously change with decreasing temperature. To in-
vestigate interface position evolution and carbon concentration distribution at
the austenite side, the equilibrium carbon concentrations at various tempera-
tures must first be determined. In this work, equilibrium carbon concentrations
were calculated using thermodynamic equations for phase transformation, while
the carbon diffusion coefficient in austenite was computed using the formula
given by Agren [23].

The interface position before soft impingement can be obtained from equation
(11). The transformation process after soft impingement can be treated as a
superposition of isothermal processes at temperature 7' with time increment
dt. By combining equations (13), (15), and (16), the interface position, carbon
concentration distribution at the austenite side, and carbon concentration at
the austenite grain center can be determined.
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2. Model Validation

The proposed model for austenite transformation during continuous cooling
was used to calculate the evolution of ferrite volume fraction (ratio of interface
position to austenite grain radius) with temperature in Fe-0.17C alloys (mass
fraction, %) with an initial austenite grain size of 17 m at various cooling rates.
The results were compared with calculations by Kumar et al. [24], as shown in
[Figure 2: see original paper]. The coefficients in the expression A = 1—0.01¢%-8°
were obtained by regression fitting of ferrite volume fraction evolution at cool-
ing rates of 1 and 80 °C/s. The model predictions show good agreement with
literature results, demonstrating that the proposed model accurately captures
the transformation kinetics of austenite during continuous cooling.

The correction factor A for carbon concentration at the austenite side of the
interface decreases with increasing cooling rate, indicating that at higher cooling
rates, the interface carbon concentration deviates more significantly from the
equilibrium value.

3. Simulation Results and Discussion

This work focuses exclusively on proeutectoid ferrite transformation, with the
lower temperature limit set at 600 °C [25]. To investigate the effects of austenite
grain size, cooling rate, and carbon content on ferrite transformation, simula-
tions were conducted for austenite grain sizes of 15 and 30 m, cooling rates of
1 and 5 °C/s, and initial carbon contents of 0.1%, 0.3%, and 0.5%.

[Figure 3: see original paper] shows the interface position evolution with tem-
perature for Fe-0.1C, Fe-0.3C, and Fe-0.5C alloys with different austenite grain
sizes at cooling rates of 1 and 5 °C/s. The solid lines represent calculations
considering soft impingement, while dashed lines represent calculations with-
out soft impingement, and circles indicate the onset of soft impingement. The
results demonstrate that interface position during continuous cooling depends
on initial carbon concentration, austenite grain size, and cooling rate. As ini-
tial carbon concentration, austenite grain size, and cooling rate increase, the
rate of interface position change with temperature decreases. Neglecting soft
impingement leads to unrealistically rapid interface migration to the austen-
ite grain center, suggesting complete ferrite transformation, which contradicts
actual transformation behavior and introduces significant errors.

After soft impingement occurs, the carbon concentration at the austenite grain
center and the carbon diffusion length become two critical parameters describ-
ing ferrite transformation. [Figure 4: see original paper]| shows the evolution of
carbon diffusion length at the austenite side and carbon concentration at the
grain center with temperature for Fe-0.3C alloy with an austenite grain size of
30 m at a cooling rate of 1 °C/s. Before soft impingement, diffusion length in-
creases continuously with interface migration, while the carbon concentration at
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the grain center remains unaffected at the initial value. After soft impingement,
diffusion length begins to decrease while the grain center carbon concentration
increases progressively. Thus, soft impingement onset can be identified by mon-
itoring changes in either diffusion length or grain center carbon concentration.

Carbon profile evolution in the austenite phase for Fe-0.3C alloy with a grain size
of 15 m under cooling rates of 1 and 5 °C/s is shown in [Figure 5: see original
paper]. The carbon concentration at the ferrite side of the interface changes
only slightly, while the carbon concentration at the austenite side increases
continuously.

3.1 Effect of Initial Carbon Concentration

[Figure 6: see original paper] presents the evolution of interface position and car-
bon diffusion length with time for different initial carbon concentrations under
the same austenite grain size and cooling rate. Increasing carbon concentra-
tion delays the onset of soft impingement. However, due to reduced interface
migration velocity, the distance traveled by the interface toward the austenite
center at the end of transformation decreases, indicating smaller ferrite volume
fraction and ferrite grain size. When austenite grain size is small or cooling rate
is low, carbon concentration has minimal effect on diffusion length before soft
impingement, as shown in [Figure 6: see original paper|a-c.

3.2 Effect of Cooling Rate

[Figure 7: see original paper| shows the interface position evolution with tem-
perature for Fe-0.3C alloy with an austenite grain size of 15 m at cooling rates
of 1 and 5 °C/s. Higher cooling rates result in lower ferrite transformation
start temperatures and smaller carbon diffusion coefficients, leading to slower
interface position change with temperature.

3.3 Effect of Austenite Grain Size

[Figure 8: see original paper]| illustrates the evolution of interface position and
carbon diffusion length with time for different initial austenite grain sizes at the
same carbon concentration and cooling rate. Larger initial austenite grain size
delays soft impingement onset. Due to faster interface migration, the distance
traveled by the interface toward the austenite center at the end of transformation
increases.

3.4 Relationship Between Carbon Diffusion Length and Interface Po-
sition
For isothermal austenite transformation, the correction factor A in equation

(8) equals 1 and the equilibrium carbon concentration remains constant, so S
stays constant and the carbon diffusion length before soft impingement increases
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linearly with interface position. During continuous cooling transformation, how-
ever, the equilibrium carbon concentration continuously changes, causing S to
vary. [Figure 9: see original paper]| shows the relationship between carbon diffu-
sion length and interface position for Fe-0.1C, Fe-0.3C, and Fe-0.5C alloys with
a grain size of 30 m at different cooling rates. At low cooling rates, diffusion
length before soft impingement can be approximated as increasing linearly with
interface position [Figure 9: see original paper]a. At high cooling rates, dif-
fusion length varies approximately linearly with interface position in the early
stage but deviates progressively from linearity as transformation advances [Fig-
ure 9: see original paper|b. Although increasing carbon concentration delays
soft impingement onset, the interface position at which soft impingement occurs
remains similar.

3.5 Interface Position Evolution with Time

For isothermal austenite transformation, the interface position before soft im-
pingement follows the relationship [5]:

where A is a constant. Equation (17) indicates a linear relationship between
interface position and t'/2. After soft impingement, this linear relationship
no longer holds due to increasing carbon concentration at the austenite grain
center.

[Figure 10: see original paper] shows interface position versus ¢'/2 for Fe-0.1C,
Fe-0.3C, and Fe-0.5C alloys with different grain sizes and cooling rates, where
circles mark soft impingement onset. When austenite grain size is small or cool-
ing rate is low, interface position before soft impingement can be approximated
as linear with ¢1/2 [Figure 10: see original paper]a-c. Unlike isothermal transfor-
mation, the relationship deviates from linearity even before soft impingement at
high cooling rates [Figure 10: see original paper]d, due to continuous changes
in carbon diffusion coefficient and equilibrium carbon concentration with tem-
perature.

Conclusion

Based on carbon diffusion theory for austenite-to-proeutectoid ferrite transfor-
mation, a kinetic model for austenite transformation during continuous cooling
has been established. The effects of initial carbon concentration, austenite grain
size, and cooling rate on transformation kinetics were analyzed. These three
factors critically influence austenite transformation during continuous cooling.
Only when austenite grain size is small or cooling rate is low can the inter-
face position before soft impingement be approximated as linear with ¢/2. At
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high cooling rates, the carbon concentration at the austenite side of the inter-
face cannot be approximated by the equilibrium value, requiring a cooling-rate-
dependent correction factor. The model calculations satisfactorily reflect the
kinetic behavior of austenite transformation during continuous cooling.
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Note: Figure translations are in progress. See original paper for figures.
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