Shrinkage of carbon steel by thermal
contraction and phase transformation during
solidification

L.-G. Zhu**? and R. V. Kumar*?

In high speed continuous casting, optimisation of mould taper is important for intensifying heat
transfer and improving the quality of cast products. In order to calculate the shrinkage during
cooling, the thermal linear expansion coefficient (TLE) model has been developed and combined
with phase transformation relevant to continuous casting of steel. In the present paper, a model to
predict the shrinkage and to optimise mould taper for high speed casting is presented by taking
into account variations in the TLE of steel and the effect of phase transformation during
solidification of steel with varying carbon content. The TLE of steel purely from thermal contraction
is nearly independent of carbon content when no 6—y phase transformation is involved. For
example, the TLE of 0-05% carbon steel is calculated to be 21:3x107° K™, while the TLE of
0-60% carbon steel is shown to be 19:88 x 107¢ K™'. However, phase transformation processes
which are greatly dependent upon the carbon content account for large difference in the
shrinkage behaviour between the various grades of steel and extremely high apparent TLEs are
calculated for low carbon steels; for example the apparent TLE for a 0:05 wt-%C steel is

calculated to be 111-81x 107 K™,
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List of symbols

a, lattice parameter of /. phase, A
fs fiiq fractions of solid steel and liquid steel
respectively
fs, f; fractions of §-Fe and /-Fe respectively
T temperature, °C
T; the liquidus temperature, °C
Tmax temperature of phase transformation at
the beginning, °C
Tmin temperature of phase transformation at
the end, °C
T, the solidus temperature, °C
TLE thermal linear expansion coefficient, K ™!
Vrer specific volume of steel at the reference
temperature TRgp, cm?
Vt specific volume of steel at given tempera-
ture 7, cm®
specific volume of J-Fe, A-Fe and liquid
steel, cm® g~
AV ratio of change in specific volume
We carbon content of the phase, wt-%
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Introduction

Since 1990, many improvements in continuous casting
operation and control related to the billet quality and
productivity have been achieved, the two most notable
ones being the high speed of casting and the high
cleanness of products. For a typical 120 mm square
section billet, the casting speed has been increased from
1-8 to 40 m min~'. But a significant increase in casting
speed has undoubtedly increased the turbulence and
decreased the dwelling time of molten steel in the mould
so as to increase the propensity for many surface defects
and accidental damage such as depressions, cracks and
off squareness as well as breakouts. The main reasons
causing the above defects are poor and uneven heat
transfer arising owing to steel shrinkage and shorter
dwelling time in the mould resulting from the higher
speed.'”’

Studies on steel shrinkage in mould during high speed
casting have provided useful information; however, the
variations in the thermal linear expansion coefficient
(TLE) of steel for steels with different carbon contents
and effects of phase transformation have received little
attention.>'° In the present paper, a model to predict
the shrinkage and to optimise mould taper for high
speed casting, is presented by taking into account
variations in the TLE of steel and the effect of phase
transformation during solidification of steel with varying
carbon content.
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Mathematical models

Conversion of molten metal into a solid semifinished
shape involves a decrease in temperature by the removal
of heat and shrinkage of the steel. The volume of steel
will change owing to the combined effects of thermal
contraction and phase transformation. Shrinkage in the
liquid, during solidification and in the solid state as well
as during the phase transformations are considered in
this model.

The TLE, which can be determined in turn from the
phase fractions found by microsegregation analysis and
the specific volume ¥ of each phase of the steel, can be
calculated from

pr \ 13
AV =1-— 1
(VREF) M
_O(AY)
TLE=— (2
where
Vr=Vafs + Vifi)fs + Vighiq (3)
V;,=0-123449-38 x 10-%(T—20) 0]

Vs=0-1225+9-45x 10~%(T—20)+7-688 x 10~ (5)

At the end of cooling, it is assumed that only the
austenitic A phase is present in the system. The lattice
parameter «a of the y phase for given carbon content and
temperature is calculated using the formula developed
by Park et al''"'?

a,=ajc=0+

(0:0317 — 11:65x 1077=0-:05x 107/ T2 We  (6)

Aje—0=3-5736+7-8236 x 107°T 7
The TLE can be calculated as follows
0(Aa /)
TLE= ———*~ 8
ar (®)

The values of f5, f;, fs, fiiq and Trgr are calculated using
the Fe-C phase diagram'® and tabulated as shown
below

(1) for We<0-1%

Ts=1541 — 477 7We ©)

T1=1541 — 81-13We (10)

Timax =990 We+1394 (11)
99

Thin=—= 1394 12
018 We+139 (12)

Fractions of various phases for Wc<0-1% are
for T > Ti, TRgp = 1600:C,fnq = 1,f5=0,f(5 =(),
/=0

for Ts<T <Ti, Trer =T, fiiq=(T—T5)/(Ti—T5),
Js=1=fig: 6=1,/:=0
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(i)

(iif)

for Tmax <T < T, Trer =T, fiiq=0, fs=1,
fs=1,£=0

for Tmin < T < Tmaxs TREF = Tmaxs fliq =0, fs=1,
f3=1— [(990 W + 1394 — T) /(990 We— % wo,
fi=1-f5

for T < Twin, TREF = Tmin, fliq =0, s =1, f5=0,

fi=1
for 0-1% < We<0-18%

T, =1493 (13)

Ty=1541 — 81-13Wc (14)

Tinax = 1493 (15)
99

Tin = 15 We+1394 (16)

Fractions of various phases for 0-1%< We<
0-18% are

for T> Ty, Trer =1600°C, fiiq =1, f5=0, f;=0,
£i=0

for T,<T <T,Trer=T1, f5=1, /;=0,
Siiq=(T—=Ty)/(T\—T5), fs=1-fiiq

for Tmax < T <Ts, Trer =T, f5=1, f,=0,
Jig=0, fs=1

for Tinin T <Tax, TREp= Tmaxaﬁiq :Oafs: la
Jo=(T—Twin)/(1493—Twnin), /=115

for T < Tin, TREF = Tmin:ﬁiq =0:f;= lafd =O7
fi=1

for 0-18%<We<0-51%
Ty=(0-51— We)(1493 — 1400)/(0-51 — 0-18)+

1400 17
Ti=1541 — 81-13We (18)
Tnax =T 19)
Trnin = Trmax (20)

Fractions of various phases for 0-18%<Wec<
0-51% are

for 7> Tl, TREF: 16000C,fqu: l,fs:(),flzo

for s <T<T, Trer=T, f5=1, 1,=0,
Siq=(T=T\)/(Ti—Ty), fs=1—fiiq
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1 Thermal linear expansion coefficient of steel with dif-
ferent carbon contents versus temperature

for T < Tiax, TREF = Tmaxaﬁiq=0:fé= 1,f6=0,

fi=1

(iv) for We>0-51%
T,=1493 — 178-8(Wc—0-18) (21)
T1=1493 — 92:04(Wc—0-51) (22)
Tmax=Ts (23)
Tnin = Tmax 24)

Fractions of various phases for We>0-51% are

for T > T, TREF=16OOUC,th=l,fSZO,f;VZO

for T,<T <Ty, Trer =11, f5=0, f; =1,
Jiq=(T=T\)/(Ti—T5), fs=1—-fiiq

for T < TmaXaTREF= Tmax»fliq=0a_f;= 1aﬁ5=07
fi=1

Results and discussion

Thermal linear expansion coefficient of steel
with different carbon contents

In Table 1 the transformation temperatures are listed
for steels containing carbon varying from 0-05 to
0-6 wt-%. The calculated values of the TLEs of steels
with different carbon contents are illustrated in Fig. 1 in
the temperature range 800-1550°C and an amplified
version in the temperature range 800-1400°C is shown in
Fig. 2.

Table 1 Solidus, liquidus and phase transformation
temperature of different steel grades, °C

Carbon content, % T Ts Tinax Trin
0-05 1536 1517 1443 1421
0-09 1533 1498 1483 1443
012 1531 1493 1493 1460
018 1526 1493 1493 1493
0-45 1504 1416 1493 1416
0-60 1484 1417
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2 Thermal linear expansion coefficient in temperature
range 800-1400°C
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3 Volume fraction of o phase versus temperature for
0-05% carbon steel

It can be seen that the TLE values of steels with
different carbon contents do not vary much when no
phase transformation is involved; the TLE values at the
median temperature of 1200°C are listed in Table 2.
However, the apparent TLE value increases sharply to a
maximum when the § phase begins to change into the y
phase at the starting temperature of the phase transfor-
mation; the maxima of TLE of steel with different
carbon contents are given in Table 2. The maximum
TLEs at the starting temperature of the phase transfor-
mation are calculated for steels with 0-05, 0-09, 0-12 and
0-18% carbon content, whereas for the steels with 0-45
and 0-60% which have no 6—y phase transformation, no
maximum value can be reported. Thus the effect arising
from J—y phase transformation is clearly dominating in
the shrinkage behaviour.

Effect of phase transformation

The effect of phase transformation on carbon steels of
different grades are analysed by calculating the volume
fraction of the ¢ phase and shown in Figs. 3-8 for
carbon content varying from 0-05 to 0-:6%. For a steel
with 0-05% carbon, the calculated volume fraction of §
phase with temperature is illustrated in Fig. 3. The

Table 2 Median and maximum values of TLE of different
steel grades, 10 * K™’

Wt-%C 005 0-09 012 0118 045 0-60

Median 2130 2126 2123 2114 2046 1988
Max. 111-81 7193 8179

Ironmaking and Steelmaking 2007 voL 34 NO 1

73



Zhu and Kumar Shrinkage of carbon steel by thermal contraction and phase transformation

74

1.0 A
| C%=0.09
0.8 4
064
0.4+
024
0.0 —

T T T T T T T T T
1360 1380 1400 1420 1440 1460 1480 1500 1520 1540

Volume Fraction of Delta
Phase,dimensionless

Temperature,’C

4 Volume fraction of § phase versus temperature for
0-09% carbon steel

0.8
0.6+
0.4+

0.2

i

T T T T T T T T T
1360 1380 1400 1420 1440 1460 1480 1500 1520 1540

Volume Fraction of Delta
Phase,dimensionless

Temperature,°C

5 Volume fraction of § phase versus temperature for
0-12% carbon steel

C%=0.18

0.8

0.6 -

0.4

0.2

Volume Fraction of Delta
Phase,dimensionless

0.0 —

T T T T T T T T T
1360 1380 1400 1420 1440 1480 1480 1500 1520 1540

Temperature,”C

6 Volume fraction of o phase versus temperature for
0-18% carbon steel

results show that no solid phase appears from the
casting temperature of 1540°C to the liquidus tempera-
ture 7; (1536°C), below which the volume fraction of &
increases from 0 at 7; to 1 at the solidus temperature T
(1517°C). The volume fraction of J remains at 1 from T
until the temperature falls down to Tp,,x=1443°C
corresponding to the start of J—y transformation;
however, the ¢ phase changes to y phase completely by
Tmin (1421°C). Below 1421°C, the solid phase is only y
phase. Because the temperature range of d—7 phase
transformation is very small, just 12 K, the apparent
TLE during 6—y is 111:81 x107® K™', which is the
biggest for this steel grade.

The behaviour of steel containing 0-09% carbon is
similar to that of a 0-05%C steel. Volume fraction of ¢
phase with temperature is illustrated in Fig. 4. It is
shown that from the casting temperature of 1540°C to T
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(1533°C), no solid phase appears, and then the volume
fraction of ¢ increases from 0 at 7; to 1 at T, (1498°C).
The volume fraction of ¢ equals 1 below T until the
temperature falls down to Ty, of 1483°C, and then the
0 phase changes to y phase completely from 7,., of
1483°C to T, of 1443°C and below 1443°C, the solid
phase is entirely y phase. Because the temperature range
of phase transformation 40 K, which is larger than that
of the steel containing 0-05% carbon, the apparent TLE
during J—y is comparatively smaller at 71-93x
107 K~ '. These two low carbon steels with 0-05 and
0-09% carbon are not peritectic steels, and especially, for
the steel with 0-:05% carbon, the 6—y temperature range
is very small, so the effect of this transformation on heat
transfer at meniscus in mould will not be significant.

The steel with 0-12% carbon is hypoperitectic. The
peritectic reaction, L+ d—, takes place between T, of
1493°C and Ty, of 1460°C. Because d concentration is
higher than equilibrium concentration of the peritectic
reaction, only a part of the d phase reacts with the liquid
phase to produce y; the rest of 0 phase, changes to y
phase gradually when the temperature falls. As shown in
Fig. 5, the temperature range of the 6—y transformation
is 33 K, falling in between the values of 0-05 and 0-09%C
steels and the corresponding apparent TLE value at
81:79 x 107 ® K~ ! is also in between the apparent TLE
values of the 0-05 and 0-09%C grade steels.

A steel containing 0-18% carbon is peritectic. Under
equilibrium conditions the peritectic reaction, L+ d—,
takes place at 1493°C. All of the 6 phase reacts with the
liquid phase to produce y, forming 100% of the y phase.
A peritectic steel will suffer sharp change of volume in
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0-60% carbon steel
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mould at the meniscus, thus in continuous casting a
peritectic grade should normally be avoided.

In a hyperperitectic steel containing 0-45% carbon, the
amount of the liquid phase is more than that required
for reacting with J-Fe, thus the y phase and residual
molten steel coexist after the peritectic reaction is
completed, and the change of volume owing to J—y
need not be considered in the presence of molten steel.

Finally, for the steel containing 0-:60% carbon content
the peritectic reaction is absent and does not undergo
the 0—7 phase transformation, hence, steel shrinks only
by thermal contraction below the solidus temperature.

Conclusions

In the present work, the TLEs of steels with different
carbon contents are calculated by taking into account
the phase transformation and the peritectic reaction.

1. TLEs of steels with different carbon contents are
close to each other when no phase transformation is
involved. It increases sharply to the maximum when
phase 6 begins to change into phase y at the starting
temperature of this phase transformation.

2. The solidification shrinkage and phase transforma-
tion process are different for steel grades with different
carbon contents. The steels with 0-:05 and 0-:09% carbon
content undergo the d—7y change in the temperature
range specified from the Fe-C phase diagram as Tiax
and T,;,, but are not peritectic. Steels containing 0-12,
0-18 and 0-45% carbon involve the peritectic reaction,
with the 0-12% carbon steel being hypoperitectic, i.e.
after the peritectic reaction, the ¢ and the y phases
coexist. The 0-45% carbon steel is hyperperitectic and

after the peritectic reaction, liquid phase coexists with
the y phase; while the 0-18% carbon steel is peritectic,
just below the peritectic temperature only the y phase
exists. Finally, for the steel containing 0-60% carbon the
peritectic reaction is absent and does not undergo the
J0—y phase transformation. Hence, steel shrinks only by
thermal contraction below the solidus temperature.

3. In order to calculate the shrinkage during cooling,
the TLE model has been developed and combined with
phase transformation relevant to continuous casting of
steel.
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