“§') HOKKAIDO UNIVERSITY
Y X7
Title Simulation of Peritectic Reaction during Cooling of Iron-Carbon Alloy
Author(s) Matsuura, Kiyotaka; Kudoh, Masayuki; Ohmi, Tatsuya
Claton | R S s
Issue Date 1995-06-15
Doc URL http://hdl.handle.net/2115/75741
Rights goobooboooboo
Type article
File Information IS1J Int. 35(6) 624.pdf

®

Instructions for use

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP


https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp

ISIJ International, Vol. 35 (1995), No. 6, pp. 624-628

Simulation of Peritectic Reaction during Cooling of Iron-Carbon

Alloy

Kiyotaka MATSUURA, Masayuki KUDOH and Tatsuya OHMI

Division of Materials Science and Engineering, Graduate School of Engineering, Hokkaido University, Kita-ku, Sapporo,

Hokkaido, 060 Japan.

(Received on November 28, 1994; éccepted in final form on January 27, 1995)

The effects of cooling rate on the growth behavior of austenite phase during cooling of an iron-carbon
alloy are investigated by means of a numerical simulation. In the cooling process of this alloy, austenite
phase nucleates at the interface between o-ferrite and liquid phases at the peritectic temperature 1768 K
and then keeps growing during cooling. The growth mechanisms of austenite phase during cooling are:
(1) carbon diffusion from liquid phase through austenite phase into o-ferrite phase, (2) precipitaion from
5-ferrite phase, and (3) crystallization from liquid phase. All these mechanisms induce the growth of austenite
phase with increasing cooling rate. The ratio of austenite phase which grows by precipitation and crystal-
lization increases with increasing cooling rate, while that by carbon diffusion decreases. The decrease in
the ratio of the diffusional growth is more remarkable for the migration of austenite/liquid interface than

for that of §-ferrite/austenite interface.

KEY WORDS: peritectic reaction; reaction rate; simulation; solidification; precipitation; transformation;

diffusion; iron-carbon system.

1. Introduction

It is well known that peritectic reaction during so-
lidification of carbon steel leads to generation of tensile
stress on the surface of solidified steel shell,” segregation
of alloying elements® and precipitation of inclusions such
as manganese sulfide.® The tensile stress is a cause of
cracking on the surface of continuously cast steel slabs,
and the segregation and the precipitation affects the
mechanical properties of steel products. An important
guide for optimum control of these phenomena is
considered to be the rate of peritectic reaction.

The present authors*® have measured the rate of
isothermal peritectic reaction in iron—-carbon system by
using a solid-liquid diffusion couple method, and have
found that the peritectic reaction proceeds in accordance
with the parabolic law and that the parabolic rate
constant increases as temperature decreases. The former
findings agrees with the diffusion-controlled theory,®”
while the latter is completely contrary to the general
relationship between temperature and reaction rate. The
rapid progress of peritectic reaction at lower tempera-
tures, however, is understood to be caused by a larger
extent of the carbon concentration range of austenite
phase at lower temperatures, as seen in an iron—-carbon
binary equilibrium phase diagram®); the gradient of
carbon concentration in austenite phase is steeper at
lower temperatures, and this leads to a higher rate of
carbon diffusion in austenite phase at lower temperatures.

In the present study, the process of peritectic reaction
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during cooling is simulated by using the relationship
between temperature and isothermal peritectic reaction
rate, and the effects of cooling rate on the growth be-
havior of austenite phase is investigated.

2. Procedure

2.1. Modelling of y-Phase Growth

In the isothermal peritectic reaction of an iron—carbon
alloy, austenite phase (y) grows into both é-ferrite phase
(6) and liquid phase by carbon diffusion from liquid
phase through y-phase into J-phase, according to the
diffusion-controlled theory.®*” On the other hand, in the
cooling process of this alloy, the growth of y-phase
progresses with the precipitation from J-phase and the
crystallization from liquid phase as well as the diffusion
of carbon. Therefore, in the present study, as shown in
Fig. 1, continuous cooling process was simulated as
repeating of the sequence of isothermal holding and
quenching in a very small step both in time, A4t, and
temperature, 4T. The cooling rate, r, is expressed in Eq.

(1.

The following assumptions are made for the present
calculation.

(1) The growth of y-phase occurs by carbon diffusion
during isothermal holding for Az and by precipitation
and crystallization during quenching by 4T.

(2) The parabolic rate constants obtained from the
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Fig. 1. Continuous cooling process simulated as a sequential
combination of isothermal holding and quenching at
very small steps in both time and temperature.
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investigation of isothermal peritectic reaction are appli-
cable to the diffusional growth during isothermal hold-
ing for A4t.

(3) No concentration gradients are present in é-phase
and liquid phase.

(4) The precipitation and crystallization of y-phase
occur without undercooling.

2.2. Growth of y-Phase by Carbon Diffusion

The present authors** have investigated the growth
behavior of y-phase during isothermal peritectic reaction
in iron-carbon system at various temperatures, and
have obtained the relationship between temperature
and parabolic rate constant, a. The parabolic rate con-
stant is the coefficient in the parabolic law described in

Eq. (2).
X=atY? e 2

where x is the thickness of y-phase (um) and ¢ is time
(s). The value of the parabolic rate constant increases
with decreasing temperature, as shown in Fig. 2, where
both experimental and simulated results are included.
The simulation was carried out by using the direct finite
difference method®!® based on the diffusion-controlled
theory.®” As shown in Fig. 2, the parabolic rate con-
stants for the migration of §/y interface and y/liquid
interface are well approximated by Eqs. (3) and (4),
respectively

Q5 =4.2T(DC) e 3)
av/L=O‘86(DC)1/2 ........................ (4)

where D is the diffusion coefficient of carbon in y-phase
and C is the difference of carbon concentration in y-phase
at 8/y interface from that at y/liquid interface. They are
expressed as functions of temperature in Egs. (5)'® and
(6),% respectively.

D=0.761 x 108exp(—32160R~*T™ 1) (um*s™%) ..(5)
C=-7545%x10"3T+13.34 (mass%) ........ (6)

where R is the gas constant (cal K~*mol ') and T the
absolute temperature (K).

The increment in thickness of y-phase by the diffusional
growth during isothermal holding for 4t is given in Eq.

.
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Fig. 2. Effect of temperature on the parabolic rate constant
for the interface migration.
a: parabolic rate constant
D: diffusion coefficient of carbon in y-phase
C: extent of carbon concentration range of y-phase

Axpie=(dx[dt) At ..ccvvvviiiiiniins (@)

‘where dx/dt is the velocity of interface migration, ob-

tained by differentiating Eq. (2).
dx/dt=a?*(2x) 7 e (8)

Then, one can obtain the increments in thickness of
y-phase by the migration of d/y interface and y/liquid
interface from Egs. (9) and (10), respectively.

Axmf’a/y=a5/y2(2x)“ IAZ ..................... (9)
Asipig = Ay 220) T AL e (10)

2.3. Growth of y-Phase by Precipitation and Crystalliza-
tion

Figure 3(a) shows a schematic profile of carbon
concentration over J, y and liquid phases. Symbols C;
through C, indicate the equilibrium carbon concentra-
tions at the interfaces, which are shown in the schematic
iron—carbon binary equilibrium phase diagram® of Fig.
3(b) and are given in Egs. (11) through (14) as functions
of temperature.

C,=891x1074T—1.48 ...ccovverrrnen. (11
Co,=1.68x1073T—2.81 .cceoerrrinnnn (12)
Cy=—586x1073T+10.53 .....ccc0.... (13)
C,=—1.83x1072T+32.89 ...ce0e. (14)

As a result of quenching from T to (T—4T), the carbon
concentrations in -phase and y-phase at d/y interface
decrease from C, and C, to C; and C%, respectively, as
illustrated in Fig. 3(a). Simultaneously, the carbon
concentrations in y-phase and liquid phase at y/liquid
interface increase from C; and C, to C35 and Cj,
respectively.

The amount of carbon in §-phase corresponding to
the area symbolized as S; in Fig. 3(a) becomes excessive
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Fig. 3. (a) Profile of carbon concentration over 8, y and

liquid phases.
(b) Schematic iron—carbon binary phase diagram.®

owing to the decrease in the equilibrium carbon con-
centration of d-phase from C; to C'. This amount of
carbon is assumed to be consumed by the precipitation
of y-phase at d/y interface, which corresponds to the area
symbolized as S, in Fig. 3(a). Therefore, from the
condition that S;=S,, the thickness of y-phase which
precipitates on quenching by 4 T'is expressed as Eq. (15).

Ax5,=x5(C; —CD(ChH—CY) woverrenne, (15)

where x; is the thickness of §-phase at temperature just
before quenching by AT. Similarly, from the condition
that S;=S,, the thickness of y-phase which crystallizes
at y/liquid interface on quenching by AT is expressed as
Eq. (16).

A%, =X (Cy—CHNCL—C5) o (16)

where x; is the thickness of liquid phase at a holding
temperature just before quenching by T.

2.4. Conditions of Calculation
Calculation of the migration process of 6/y and y/liquid
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Fig. 4. Relationship between time and the migration distance
of the interfaces.
Solidlines: cooled from 1 767 K atarate of 1.0 K/s.
Broken lines: diffusional growth during cooling.
Dotted lines: isothermally hold at 1767K.

interfaces was carried out under the initial conditions
given in Eq. (17).

T=1767TK
Xs=80Um | occorriiiieienn, an
x; =20 um

The ratio of the initial thickness of J-phase to that of
liquid phase given in Eq. (17) is nearly equivalent to the
ratio of the initial volume fraction of é-phase to that of
liquid phase at the beginning of peritectic reaction during
solidification of the iron~carbon alloy with a peritectic
composition (0.17 mass% carbon).

The very short time for isothermal holding, 4z, was
calculated by using Eq. (1) from the cooling rate, r, and
the very small temperature difference for the quenching,
AT. In the present calculation, 0<r<10 (Ks™1) and
AT=10"* (s). The thickness of y-phase at time, 1, was
calculate by using Eq. (18).

X =% |2 e ae + (DXpig 57y + AXpig ) + (AX 5, + AX,1)

The value of x|,-, is substituted into Egs. (9) and (10)
to calculate the increment in thickness by diffusional
growth during the next time step, 4¢. This calculation
was continued until either x; or x; decreases to zero.

3. Results and Discussion

Figure 4 shows the relationship between time and the
migration distance of the interfaces. The migration
distance of both d/y and y/liquid interfaces are longer in
cooling from 1767 K at a rate of 1.0 K/s (solid lines) than
in isothermal holding at 1767 K (dotted lines). The total
migration distance during the continuous cooling (solid
lines) is divided into the migration distance by the carbon
diffusion (broken lines) and that by the precipitation and
crystallization (distance between the solid and broken



1S1J International, Vol. 35 (1995), No. 6

T T T T T ' !
//
60 10 K/s g
\/ //
- < T
2 // 4 =
3 40+ / /2 01— A
— / / "———‘
® / o7
3] - / . ]
c / 4 -t
© / 2t
2z 20 // /o
@) B |
/////.f Total
[ ———— Diffusional _
-------- Isothermal
I ! I L ! . .
0 2 4 6
Time (s)

Fig. 5. Relationship between time and the migration distance
of d/y interface at various cooling rates.

lines), and the former is much longer than the latter.

As shown in Fig. 4, the migration of d/y interface is
larger than that of y/liquid interface, both during
continuous cooling and isothermal holding. The similar
results have been obtained from an experiment of
isothermal peritectic reaction,*> and the difference in
migration distance between two types of interfaces has
been explained from the difference between carbon
concentrations at both interfaces®; the large difference
in carbon concentration at y/liquid interface induces a
large amount of outward flow of carbon from liquid
phase into d-phase upon the slight migration of y/liquid
interface, while this amount of carbon flowing in is
consumed in a large migration of d/y interface because
of the small difference in carbon concentration at
d/y interface.

Figure 5 shows the effect of cooling rate on the
migration distance of §/y interface. Both the migration
distance by carbon diffusion and that by precipitation
increase with the cooling rate. Because the migration
distance at various cooling rates are compared in
reference to the same time axis in Fig. 5, the increase in
cooling rate is equivalent to the decrease in temperature.
Therefore, the increase in the migration distance by
carbon diffusion with increasing cooling rate is explained
by the fact that the gradient of carbon concentration in
y-phase is steeper at lower temperatures,*> while the
increase in the migration distance by precipitation with
the cooling rate is explained by the decrease in the carbon
solubility of §-phase with decreasing temperature.

Figure 6 shows the effect of cooling rate on the
migration distance of y/liquid interface. The general
tendency toward higher migration velocity at higher
cooling rates is similar to the results shown in Fig. 5.
The absolute values, however, are smaller in Fig. 6, and
the increase in the migration distance by crystallization
(distance between the solid and broken lines) shown in
Fig. 6 is larger than that by precipitation shown in Fig. 5.

Figure 7 shows the effect of cooling rate on the ratio
of the diffusional growth of y-phase to the total growth
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Fig. 6. Relationship between time and the migration distance
of y/liquid interface at various cooling rates.
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Fig. 7. Effect of cooling rate on the ratio of diffusional growth
to the total growth of y-phase.

shown by solid lines in Figs. 5 and 6. The ratio decreases
with increasing cooling rate for both interfaces. However,
the value of the ratio for y/liquid interface is smaller.
This may be explained as follows.

The fraction of y-phase precipitating from d-phase and
that crystallizing from liquid phase are given in Egs. (19)
and (20), respectively, according to the lever rule based
on an iron—carbon binary equilibrium phase diagram®
(Fig. 3-(b)).

Pr=(Cos—CNCy—C}) rrrrrirrinnne. (19)
Pe=(Ca—Cop)/(Ca—C3) wovnrrievrnnnn. (20)

where C,; is the initial carbon concentration of é-phase
and C,, is that of liquid phase, and the values of them
are 0.09 and 0.53 mass%, respectively. One can calculate
the relationships between these fractions and temperature
from Egs. (19) and (20) and Egs. (11) through (14). In
the results shown in Fig. 8, pc is larger than pp in the
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ISIJ International, Vol. 35 (1995), No. 6

1 AL T T T
(O] . .
@ .. Solidification
ot N
o
>~
% 0.5¢ _
c
Q |
forur) \
8 5./ 7
S . X
w Transformation |
0 L ! | 1 “.
1720 1740 1760
Temperature (K)
Fig. 8. Fraction of y-phase precipitating from the §-phase, pp,

and that crystallizing from the liquid phase, p¢, at
various temperatures.

temperature range of about 40K from the onset of
peritectic reaction. Because, in the present simulation,
the widest temperature range where peritectic reaction
progressed is approximately 20K, p. is always larger
than p,. This may be one of the principal cause for the
results shown in Fig. 7.

It is shown in Figs. 4 through 7 that a small quantity
of y-phase precipitates from d-phase or crystallizes from
liquid phase. In the present simulation, all the amount
of this type of y-phase is considered to precipitate at /y
interface or crystallize at p/liquid interface and to
contribute to the growth of y-phase which is formed
between ¢ and liquid phases and is growing by carbon
diffusion. However, some quantity of this type of y-phase
may precipitate or crystallize away from the interfaces,
when the cooling rate is very high, or when the size of
é-phase or liquid phase is very large. The mechanism
and kinetics of the growth of this type of y-phase is
important as well as the diffusion-controlled mechan-
ism®? for the consideration of peritectic reaction during
cooling. Calculation of peritectic reaction by taking ac-
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count of this phenomena is considered to be signifi-
cantly important in the future.

4. Conclusions

The process of peritectic reaction during cooling of an
iron—carbon alloy has been simulated, and the effect of
cooling rate on the growth behavior of y-phase has been
investigated. The results are summarized as follows.

The growth of y-phase progresses with the precipitaion
from d-phase and the crystallization from liquid phase
as well as the diffusion of carbon. All these mechanisms
induce the growth of y-phase with increasing cooling rate.
The ratio of y-phase which grows by precipitation and
crystallization increases with increasing cooling rate,
while that by carbon diffusion decreases. The decrease
in the ratio of the diffusional growth is more remarkable
for the migration of y/liquid interface than for &/y
interface.
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