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Influence of Ti(C,N) precipitates on austenite
growth of micro-alloyed steel during continuous
casling
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Abstract: Austenite grain size is an important influence factor for ductility of steel at high temperatures during
continuous casting. Thermodynamic and kinetics calculations were performed to analyze the characteristics
of Ti(C,N) precipitates formed during the continuous casting of micro-alloyed steel. Based on Andersen-Grong
equation, a coupling model of second phase precipitation and austenite grain growth has been established,
and the influence of second precipitates on austenite grain growth under different cooling rates is discussed.
Calculations show that the final sizes of austenite grains are 2.155, 1.244, 0.965, 0.847 and 0.686 mm,
respectively, under the cooling rate of 1, 3, 5, 7, and 10 °C-s™, when ignoring the pinning effect of precipitation on
austenite growth. Whereas, if taking the pinning effect into consideration, the grain growth remains stable from
1,350 °C, the calculated final sizes of austenite grains are 1.46, 1.02, 0.80, 0.67 and 0.57 mm, respectively. The
sizes of final Ti(C,N) precipitates are 137, 79, 61, 51 and 43 nm, respectively, with the increase of cooling rate
from 1 to 10 °C-s™. Model validation shows that the austenite size under different cooling rates coincided with the
calculation results. Finally, the corresponding measures to strengthen cooling intensity at elevated temperature
are proposed to improve the ductility and transverse crack of slab.
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According to thermal mechanical control process
and relaxation-precipitation controlling phase
transformation technique during hot rolling process, the
microstructure of steel can be refined by the addition

.2 A significant improvement

of Ti-Nb microalloys
in strength, toughness and weldability of steel can be
obtained by Ti(C,N) precipitation. However, the hot
ductility of micro-alloyed steels remains very poor
during continuous casting, which leads to the formation
of transverse cracks during the straightening process ™ ¥,
The influence factors of hot ductility in the third brittle
zone include the size of austenite grain, carbonitride
precipitation and pro-eutectoid ferrite film .

Research concerning the impact of Ti(C,N) precipitation

on the growth of austenite mainly focuses on the hot
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rolling process at current stage """, However, there has
been few investigations of austenite growth during
continuous casting, which affects the ductility of steel
directly. The formation of coarse austenite grain during
soft cooling of strand surface below oscillation marks in
slabs usually deteriorates ductility and causes transverse
cracks in the straightening process. Therefore, the
prediction of austenite grain size in micro-alloyed steels
is very important.

The main challenge in the size prediction of austenite
grains is the computational complexity of f{(¢)/r(¢) in
the Andersen-Grong equation, where f'is the volume
fraction and r the radius of the precipitates, which is
related to the nucleation and growth of precipitates
at each state including temperature and time. By
implementing some simulation models, Miettinen et
alfitted the results of Yasumoto’s experimental data’"”’
using Equation (1). For the steel grade with carbon
equivalent of 0.17%, the maximum grain size was found
at the highest temperature for totally austenitic structure.

Bernhard et al."" analyzed the influence of pinning
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precipitates of AIN on austenite growth, and the final austenite
grain size was 0.53 mm when w[N]=0.0080% and qp=2.52><103 m'.
Based on the Andersen-Grong equation, a model coupling
austenite growth with precipitates growth was established in this
work to study the impact of precipitation on the austenite growth
under different cooling rates.

e’e

D=21T, -3152-———-25088 (1)

—e

In Equation (1), 7, denotes the highest temperature of a totally
austenitic structure, °C; V, is the cooling rate of solidification,
°Cs';and D is the final austenite grain size, um.

1 Thermodynamics and kinetics of
Ti(C, N) precipitation
1.1 Thermodynamics

In order to describe the changing characteristics of carbonitride
precipitates of steel at different temperatures, the solubility
product is applied:

lgK =lg{M]-[X]; = 4-B/T @)

where, T represents absolute temperature, K, [M] and [X] are
weight fractions of dissolved metal element M (Nb, Ti and V
et al) and non-metal element X(C,N), respectively. A, B are the
regression coefficients in solubility product IgK. The equilibrium
solid solubility product of Ti(C,N) precipitates with temperature
is shown in Table 1.

Table 1: Solubility product of Ti(C,N) precipitates in
different phases "

Solid Solubility (IgK)

Molten steel Austenite Ferrite
TiN 5.9-16580/T  0.32-8000/T  6.4-18420/T
TiC 5.317-9393/T 2.75-7000/T 4.45-10230/T

The change of equilibrium solid solubility of Ti(C,N)
precipitates in different phases at different temperatures is
shown in Fig. 1. Because of a lower equilibrium solubility
compared to TiC, TiN has good stability in molten steel,
austenite and ferrite. The equilibrium solubility product of TiN
is about 1x107 at elevated temperature, so it can be speculated
that TiN could precipitate in molten steel ", Additionally, since
the equilibrium solubility product of TiN is as low as 10*=107
at austenitic temperature, controlling TiN precipitation is widely
used to refine austenite grain.

Table 2 lists the actual composition of experimental grade
steel. Equation (3) is used to describe the simultaneous equation
of TiN and TiC solubility product, and the ideal stoichiometric
of Ti, C and N in Ti(C,N,_) precipitates, in which x is partition
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Fig. 1: Equilibrium solid solubility of TiC, TiN
precipitates in different phases

Table 2: Actual composition of experimental grade steel (wt.%)

Cc Si Mn Als Mo Cr Ti Nb N

0.111 0.235 1.473 0.0415 0.100 0.332 0.015 0.0318 0.0030

coefficient I'”. Figure 2 shows the relationship between
equilibrium concentration as well as partition coefficient x
of Ti(C,N,_,) precipitates and temperature obtained through
Equation (3). As temperature decreases, the equilibrium contents
of Ti and N in austenite gradually decrease, while x gradually
increases. The partition coefficient x is only about 0.04 when the
temperature is between 1,350 °C and 1,440 °C, which means the
Ti(C,N, ) precipitates at high temperature is close to pure TiN.

GBI

M-[M] A, 3)
Cc-[C]  x-A

M_[M]_ AM

N-[N] (1-x)-A,

where, M, C, N are weight fractions of dissolved element in
molten steel, and x is the partition coefficient in Ti(C,N,_,)
precipitates.

0.016

0.014

N\
0.012
0.010
0.008

0.006

Weight fraction (%)

0.004

0.002

0.000 . L . L 0.00
1100 1150 1200 1250 1300 1350 1400 1450

Temperature (C)

Fig. 2: Equilibrium concentration of Ti and N and partition
coefficient x in precipitates
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1.2 Kinetics

The extent of precipitation, and the relationship between
precipitation temperature and time are described by the kinetics
of Ti(C,N) precipitation, and is mainly dependent on the
nucleation rate and growth rate of precipitates. Based on the
kinetics calculation results, the PTT (Precipitation Temperature
Time) curve of Ti(C,N) is plotted in Fig. 3, and it has the typical
“C” characteristics. The nucleation rate of Ti(C,N) is very low
at higher temperatures with a large component diffusion, but
is higher at lower temperatures with less component diffusion.
Compared to homogeneous nucleation, austenite grain boundary
nucleation with a critical nucleation work of 10™ Jsmol" at high
temperature calculated by linear interpolation is preferred for the

nucleation location.
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Fig. 3: PTT curve of Ti(C,N) precipitation

(lg(t,05/ty) as the starting time of precipitation;
19(,65/t;) @s the ending time of precipitation)

2 Coupling model of second phase
precipitation and austenite grain
growth

Based on the Andersen-Grong equation, a coupling model of
second phase precipitation and austenite grain growth has been
established. The hypotheses for the model include:

(a) Precipitates are stoichiometric Ti(C,N,,), and
thermodynamic parameters are calculated by the linear
interpolation method based on TiC and TiN;

(b) Precipitates are assumed to be spherical for easy
calculation;

(c) The local temperature is a simple time-dependent function
under the certain cooling condition;

(d) The diffusion coefficient of Ti is very small compared to
that of C and N;

(e) Due to the same temperature range between the starting
time of precipitation and T, the precipitate and austenite growth
perform simultaneously.

2.1 Austenite growth

Based on Andersen-Grong’s differential equations 'Y, the

change of average austenite grain size (D) with time ¢ and
temperature 7 in the presence of pinning precipitates is given by
Equation (4):

_ O 1)
Dy .exp(w].£1 _ %J(” ! 4)

In this equation, A7, denotes a kinetic constant that describes
the grain boundary mobility, assumed as 4x10” m*s"' ", and
R is the gas constant (8.3145 J-mol"-K™). klq, represents the
maximum grain diameter under normal conditions, k£ denotes
Zener limit coefficient, equal to 4/3 in this model. Exponent 7
is at most equal to 0.5 according to an analysis of grain growth
data "), O, 1s the apparent activation energy for grain growth,
Jomol™', as shown in Equation (5) *”. ¢, denotes equivalent
carbon content, weight percent.

0,, =167686+40.562c, Q)

Using the Runge-Kutta method, Equation (4) can be
simplified to Equation (6). Impacted by precipitation at the
boundary, the driving force will be counteracted by the pinning
force. When the initial austenite grain is infinitely small, the
driving force will be infinite, which is not allowed in the
mathematical model. The initial temperature of austenite

Bl and the initial

transformation is set to 1,440 °C in the model
austenite grain size is set to 100 um, which is in the range of
primary dendrite arm spacing.

20up

D(t+At)=D@t)+ M, .exp[fk-(ﬁﬂ;ﬂ)] {

1 9q,)
D(t)_k] At (6)

2.2 Ti(C,N) precipitation

The term /g, in Equation (4) represents the retardation of grain
growth by particles. According to Equation (7), g, is the fraction
A0)/r(f) for all classes of precipitates '), As the temperature
decreases, Ti(C,N,_) precipitates with different nucleation rates
and growth rates, and Equation (7) translates into Equation (8).
q, is calculated by Equation (8) and related to the summation
of the product of nucleation N(¢, 7) and (¢, 7)” at different

nucleation times 7 per volume of the system.

_I0
4q, (t)_ r(t) (7)
0,(0) = E S0 Vo) ®

where, f(¢) is the volume fraction and #(?) is the radius of the
precipitates, m. N(¢, 7) and r(t, )’ represents the nucleation and

radius of particles size squared at certain nucleation time z.

dN ()
dt

The nucleation rate per volume is calculated by

Equation (9) "

L0 N, (1) TiL. e 9)
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where, N, represents a factor that is proportional to the density
of nucleation sites, and assumed as 3.25x10% m” in this model.
The Boltzmann constant k; is 1.38x10% J-K'. Dy, (T) is the
effective diffusion coefficient of Ti in austenite, m”™s™.

The free energy (J) of critical nucleation is given by Equation
(10):

AGY _l6ro? (10)
AG,

where, o is interfacial tension between the precipitates and steel,

J-m”. AG, is free energy of nucleation per unit volume, J-m™.
When the second phase precipitates at the grain boundary, the

critical nucleation work AG*(J) will be reduced to Equation (11):

AG; = 4,xAG" (11D
where, 4, is related to the contact angle between generated

precipitates and base phase. 4, = 1(2—3cos6’+cos3¢9) , and cosf =
0.835414 1 2

With the diffusion coefficient constant Dy, being 1.5x10° m’s”,
and activation energy of diffusion Qp,;; being 251,000 J-mol”,
the effective diffusion coefficient (m™s™) of Ti in austenite is
given by Equation (12) "'

7’QD,T|
.e RT (1 2)

D.

Ti

(T)=D,

0,Ti

Assuming the growth of Ti(C,N,,) precipitates is controlled

by Ti diffusion, according to the Zener’s growth equation, the
growth rate v (m-s™) of Ti(C\N,.,) precipitates can be described

by Equation (13) %

ﬂ_ DTi(T) X()*Xe

13
dr rooX, - X, (13)

where, X, and X, denote the Ti concentration in the matrix and
austenite grain boundary, X represents the Ti concentration in
the Ti(C,N,.,) phase with value of 17,

The conversion relation between weight concentration and
molar concentration is shown in Equation (14).

_ prFe

cy = 14
®100A, (19

where, wy is weight concentration in steel, ¢y is molar
concentration in steel, and py, is density of austenite.

By solving differential Equation (13), Equation (15) can be
acquired by mass concentration.

2 _ 2 Wo = We
r(t+At)? =r(t)* +2Dy —IOOATi At (15)
Ty,
pFe

2.3 Model calculation

The algorithm of the coupling model is expatiated in Table 3.
Figure 4 describes the process of obtaining ¢,(f), which is the
most complicated calculation in the model.

Table 3: Algorithm of austenite growth

Algorithm

1: Set Diameter =1x10™* m, Q,,,=173238.9 Jim? t=T=T,=1440 °C;

2: Set At = 1°C/V, r(t)*= initial value;

3: While 1200 Do

4: Seti=0,q,=0; Initialization

5: While T>t Do

6: Compute x, [Ti], [N] lterative computations

7: Compute A, B, AG,,, V,,, 0; Linear interpolation calculation
8: Compute AG,*, dN(t)/dt-At, See Equation (9), Equation (10)
9: Compute r(t)% See Equation (15)

10: Compute g, See Equation (8)

11: Seti=+1, T=T-1;

12: End While

13: Compute Diameter; See Equation (6)

14: Set t = t—1

15: End While

Note: V,, is the molar volume of the precipitates, m*mol™.
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Fig. 4: Process of calculating q,(f) in model

Notes: Taking V. into account, the parameter t in the model is used as one of array index in each temperature gradient based on hypotheses (c).

D(¢) in the austenite growth coefficient M; -exp R+ T10)

2.4 Model results 1 (-zon] [ 1 )

When ignoring the pinning effect of precipitates on austenite, D)
the Andersen-Grong equation is solved as in the following  Finally, the sizes of austenite grains are 2.155, 1.244, 0.965,

Equation (16). The results show that the duration (Az=1 °C/V.)  (.847 and 0.686 mm, respectively, when the cooling rate is set
of each temperature gradient for austenite growth decreases 41,3, 5, 7 and 10 °C-s”, as shown in Fig. 5.

with an increase in the cooling rate, which leads to a slowdown

of austenite growth. In addition, the growth of austenite is B+ A = B(0) 4 M- [*R‘frgj";’ )] At (16)
= - €X i i+l - —_—
substantially faster at higher temperature, because of the larger 0 P D(t)
25 25
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Fig. 5: Effect of cooling rate on austenite growth (left: non-pinning effect model; right: pinning effect model)
When considering the pinning effect of precipitates on Table 4: Final austenite grain size with non-pinning
austenite, the austenite growth coefficient will be altered to and pinning effects on austenite (mm)

2, ) -
M, ~eXp[ R'(T”T"“)] (%—%’) , and the driving force for S IIEIEDIESS )
t

austenite growth will decrease as the temperature decreases.

The comparison between the non-pinning and pinning effects on Non‘;?fglcrlmg 2.15 1.24 0.96 0.84 0.68
austenite is listed in Table 4. In the pinning effect model, grain o
growth becomes stable from 1,350 °C, which results in a final P'er}gg? 1.46 1.02 0.80 0.67 0.57

austenite grain size of only 1.46, 1.02, 0.80, 0.67 and 0.57 mm.
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The change of average sizes of Ti(C,N,,) precipitates with
temperature under different cooling rates is illustrated in Fig.
6. It can be seen that the Ti(C,N,_,) precipitates are smaller at a
higher cooling rate. At high temperatures (1,350°C< T<T,),
the Ti(C,N,,,) precipitates grow rapidly with a higher diffusion
coefficient of Ti and solubility element (Ti, N) around the
austenite grain boundaries, and then gradually reach stability
from 1,350 °C. The final sizes are 137, 79, 61, 51 and 43 nm,
respectively, with an increase in the cooling rate as described in
Fig. 7.
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Fig. 6: Average sizes of Ti(C,N,,) precipitates with
temperature under different cooling rates (nm)
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Fig. 7: Final sizes of Ti(C,,N,.,) precipitates under
different cooling rates

3 Model validation

The tensile specimens were taken from 1/4 section of casting
slab in the plant, and processed into @6 mmx120 mm along the
casting direction with standard thread M6x1.0-6g at both ends
of specimens. With the aid of a Gleeble-3500 thermal simulator,
the influence of Ti(C,N) precipitates on austenite growth was
implemented under different cooling rates. Figure 8 shows the
temperature schedules in the thermal tensile test. Firstly, the
surface temperature of the specimen was heated to 1,400 °C,
measured by “R” thermocouple, and the core temperature is
assumed to be about 1,500 °C through a series of tests. Then the
specimen was held 20 seconds to ensure complete dissolution
of the Ti(C,N) precipitates and §-ferrite, and then cooled to
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1,200 °C with the cooling rates of 10, 7, 5, 3, and 1 °C-s™,
respectively. Finally, the specimens were quenched by a high
speed compressed air flow to freeze the steel structure at high
temperature. In order to observe the austenite boundaries, the
fracture samples were polished and etched with saturated picric
acid ** and a small amount of shampoo in the 80 °C water bath
for 8 minutes.

1400 | 1400°C,20s
1350C — 0

1200 | 1200C
&> 1000 |
g 800 |- quenching
©
© 600}
g- 10C's™
O 400 |
|_

200 |-

0 1 1 1 1 1 1
0 50 100 150 200 250 300
Time (s)

Fig. 8: Temperature schedules in thermal tensile test

Figure 9 is the typical micrograph of the fracture samples
etched with saturated picric acid. The austenite boundaries can
be clearly distinguished. It can be observed that along the former
austenite grain boundaries several lath martensites are formed
in an austenite grain. The final austenite sizes are 300 um to
2,000 pm under different cooling conditions. Owing to the
coarse austenite grains of continuous casting slabs, the etched
micrographs with manually traced austenite grain boundaries
are created by mixing micrographs, as shown in Fig. 10.
According to the measuring method of the average grain size of
metal in GB6394-2002, the austenite grain sizes under different
the cooling rates of 1, 3, 5, 7,10 °C-s™ are obtained and shown
in the Table 5, which are 1.41, 1.08, 0.78, 0.61, and 0.48 mm,
respectively.

Fig. 9: Martensite and austenite grain boundaries in
etched micrograph
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‘ Figure 11 demonstrates the comparison
( of predicted sizes to measured sizes of

[NOZAEY

p . ‘\ ( - austenite grains under different cooling
- B vk o5 ' : \ ol S rates. It shows that the austenite size is
O (i YD 25 \L by Z\ L & f i. 3 finer under higher cooling rate, and the
S XA g N s O A NE\M "/ computational model result is consistent

with the experiment data. The nucleation
and growth of the austenitic grains are both
an atomic diffusion process, and mainly
related to the grain boundary migration
rate, which is mainly influenced by the
velocity of the atomic diffusion near the
grain boundary. Meanwhile, according
to the Andersen-Grong equation, the
duration for austenite growth Ar=1 °C/V. is
shortened, and the growth coefficient

M; .exp(fR'(zT,Qf;,u)] [ 1 _q_PJ

D(t) k
is lessening in each duration.

Based on the above results, a higher
cooling rate at austenite transformation
temperature should be taken in order
to obtain small austenite grains. Thus,
increasing the water flow in the mold to
strengthen cooling intensity at about 1,400
°C is adopted to produce a fine austenite
structure, which plays an important role
in improving the ductility and eliminating
transverse crack of slab at the straightening
area.

4 Conclusions

(1) As temperature decreases, the
amount of Ti and N dissolved in austenite
gradually decrease, and partition coefficient
x shows a gradually increasing tendency.
The partition coefficient x is only about
0.04 when the temperature is between
1,350 °C and 1,440 °C. The precipitation of
Ti(C,N) has the characteristic “C” curve for
diffusion and nucleation. Grain boundary
nucleation is preferred for the nucleation
location compared to homogeneous
nucleation.

(2) Without considering the pinning
effect on austenite growth, the model
indicates the final size of austenite grain
size would be 2.155 mm, 1.244 mm, 0.965
mm, 0.847 mm and 0.686 mm under the
L — cooling rate of 1, 3, 5, 7, 10 °C+s™". For the
Fig. 10: Etched micrograph with manually traced austenite grain boundaries ~ model considering the pinning effect, grain

(Left: micrograph and traced austenite grain boundaries; Right: traced austenite growth is found to remain stable from 1,350
grain boundaries.) °C, and the final austenite grain size would
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Table 5: Measured austenite sizes under different cooling
rates

Cooling rate (°C's™)

5 7
Grain size
(mm) 1.41 1.08 0.78 0.61 0.48
16
14F o
T oL —=—model prediction
g i e measured
.g 10T \'
w
c o8l
.§ \.
> o6t T —
S oal ¢
@
=}
L 02}
00 n 1 " 1 n 1 n 1 73 1
0 2 4 6 8 10
Cooling rate (*C-s™)
Fig. 11: Predicted sizes and measured sizes of

austenite grains under different cooling rates

be only 1.46 mm, 1.02 mm, 0.80 mm, 0.67 mm and 0.57 mm.
By determinant factors of the diffusion coefficient of titanium and
solubility element (Ti, N) in the austenite grain boundaries, the final
sizes of Ti(C,N,_,) precipitates are 137 nm, 79 nm, 61 nm, 51 nm
and 43 nm, respectively, with an increase in the cooling rate from 1
to 10 °C=s™.

(3) According to thermal tensile testing and OM observation
on the micro-alloyed steel, the experiment results are consistent
with calculation results in terms of austenite size. The
corresponding countermeasure of increasing the water flow
in the mold is proposed to improve the ductility and eliminate
transverse crack of slab.
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