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Abstract

The hot ductility of steels containing 0-0.06wt.%NDb has been evaluated through y
grain growth experiments and hot stage tensile tests of the a+y two phase region in order
to clarify the roles of NbC precipitation and y grain size evolution resulting from Nb-
initiated solute drag on hot ductility in this important material property.

The experimental results show that (1) a decrease in y grain size as a result of Nb-
initiated solute drag improves hot ductility, (2) for a given y grain size, hot ductility
decreases with increasing Nb content because the corresponding increase in NbC
precipitation fraction increases strength, and (3) the variation in ductility with Nb content
is smaller when the y grain size is smaller. These competing effects of y grain size and
NbC precipitation affect the strain incompatibility between the o and y phases, leading to
the onset of surface cracking during continuous casting when the incompatibility is high.
The underlying mechanisms controlling ductility in Nb-containing steels are

demonstrated using a model that partitions strain between the o and y phases.

1. Introduction

Slab surface cracking is a particularly serious problem in the continuous casting of
advanced high strength steels, deteriorating surface quality and decreasing productivity.()
The cracks are believed to occur as a result of reduced ductility in the two phase (ferrite,
a, and austenite, y) region.*”” It has been reported that surface cracks are more likely to
form in microalloyed steels, especially ones containing Nb, as compared to Nb-free steel.

In Nb-free steels, the decrease in ductility (also known as embrittlement) is mainly



associated with the large y grain size and the formation of film-like a along the y
grain boundaries.®!" In the case of Nb containing steel, there is evidence that Nb
precipitation in the y leads to additional loss of ductility and consequently enhances
surface cracking.®*!%12-19 However, it has been predicted that solute Nb can reduce
embrittlement by reducing the rate of grain growth via the solute drag effect and leading
to a finer y grain size.*!®!” Thus, there is need to understand the effect of Nb on hot
ductility and surface crack formation in terms of the competition between Nb
precipitation and y grain size in Nb containing steels.

In this study, the above concomitant phenomena affecting hot ductility are
investigated for Nb contents from 0 to 0.06%. First, the evolution in y grain size is
quantified through grain growth experiments. Second, the hot ductility is quantified
through hot tensile tests and correlated to y grain size, Nb content, and NbC
precipitation. Corresponding models are developed to investigate the underlying

mechanisms controlling grain growth and hot ductility in Nb-containing steels.

2. Experimental Procedure

The chemical compositions of the steels used in this investigation are shown in Table
1, along with the corresponding equilibrium y-to-a transformation temperature (Aes)
calculated using the TCFE6 database>”) of THERMOCALC. The steels contain ~0.1%C
and different Nb additions. Note that all compositions were analyzed by spark discharge
atomic emission spectrometry and expressed in mass percent. To prepare the specimens
for y grain-growth experiments and hot tensile testing, all specimens were homogenized
for 72 hours at 1100 °C to break down the as-cast microstructure, and then austenitized
twice for 60 s at 900 °C followed by a water quench for grain refinement.'® In order to
estimate the initial y grain size for subsequent grain-growth experiments, one of the
specimens was austenitized a third time at 900 °C, briefly, and then immediately quenched
in water.

Grain Growth Experiments: y grain-growth experiments were conducted at
temperatures of 1100 °C, 1200 °C, 1300 °C, and 1400 °C, for holding times, t, of 300 to
4000 s. Following the isothermal treatment, the specimens were cooled at a rate of 0.07
°C/s to 825 °C, held at this temperature for 60 s, and then water quenched. The former y
grain boundaries were revealed using an aqueous solution of picric acid with sodium

dodecylbenzene sulfonate and hydrochloric acid. 1¥2! The microstructure was observed
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by means of optical microscopy. The grain size was measured using the linear intercept
method and the true three-dimensional grain diameter was estimated as being 1.61 times
the linear intercept diameter.?)

Hot Tensile Tests: The high temperature tensile tests were conducted using a Gleeble
Thermo-mechanical system to evaluate the hot ductility in the a + y phase. The sample
geometry was cylindrical with a gauge diameter of 6 mm and a gauge length of 10 mm.
The thermal cycle for the tensile tests involved heating to 1300 °C and then holding for
50-2000 s (holding times, #’,), in order to produce a range of y grain-sizes. This was
followed by cooling at 0.4, 1.0 or 50 °C/s down to 825 °C, holding for 60 s, and then
deforming in tension until failure at a strain rate 2 X 1073/s. The thermomechanical
processing schedule employed is summarized in Fig.1. A test temperature of 825°C was
chosen in order to understand the mechanisms of embrittlement during the initial stages
of y-to-o. transformation, where the ductility of Nb-containing steels is low.®* The
reduction in area (RA) and the thickness of film-like « atthe y grain boundaries were
measured from the fracture surfaces using optical microscopy.

The fracture morphologies of tensile test specimens were observed via scanning electron
microscopy. Finally, a carbon extraction replica technique in conjunction with
transmission electron microscopy (TEM) was used to quantify the size and number of Nb

containing precipitations near the fracture surfaces.

3. Results
Example microstructures of two different steels, the Nb-free and the 0.06 %Nb after

grain growth treatment for 300 and 4000s at 1200 °C, are shown in Fig.2. As can be seen,
the prior y grains are clearly identified, allowing for accurate determination of the y
grain size. The results of grain size measurements at 1100, 1200, 1300, and 1400°C are
plotted in Fig. 3 as a function of #. Note that the standard deviation in the y grain size
was 11-23% of the average value. As can be seen, the grain size and grain growth rate
increased with increasing test temperature and decreased with increasing Nb content.
The results of the hot ductility tests, specifically the RA are given in Fig. 4 as a
function of Nb content and #,” at a cooling rate of 1.0°C/s. In the case of the same holding
time, there is a clear decrease in RA with increasing Nb content, in agreement with
previous report.?® Fig. 5 shows the influence of the cooling rate on the measured ductility

of holding time #’ at 300s for all four steels. As can be seen, the RA decreased with
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increasing cooling rate in all cases.

Fig. 6 shows the average thickness of the film-like a after deformation as a function
of holding time #’ for the tested steels and cooling rates. As can be seen, the average
thickness of film-like a is independent of all three variables of holding time, cooling
rate and composition. Since all the steels had a similar Aes temperature (Table 1) and the
same test temperature of 825 °C, the film-like a thickness would also be similar. Thus,
although the film-like a, NbC precipitations, and y grain size are all known to affect
the hot ductility of Nb-containing steels, this study focused only on the latter two
phenomena as the experiments did not allow for different a thicknesses. Examples of
microstructures prior to and post tensile deformation are shown in Fig. 7 for Steel C (held
at 1300°C for 300s and then cooled at 1.0°C/s to 825°C). In the undeformed sample (a),
no «a is present, whereas in the deformed sample (b), a film-like a phase is present at
the y grain boundary along with an intergranular crack. It is considered that this phase
formed immediately at the start of deformation because the average thickness of the film-
like a was the same across all tests as shown in Fig. 6.

Fig. 8 shows the examples of fracture micrographs after tensile deformation at a
holding time t,” of 300s and a cooling rate of 1.0 °C/s for Steel A (a) and Steel C (b).
Intergranular fractures were observed after deformation in the Nb-containing steels (Steel
B, Steel C and Steel D) for the tested holding times and cooling rates. On the other hand,
ductility dimple fractures were observed in the Nb-free steel (Steel A). From these results,
it can be stated that intergranular crack took place in the Nb-containing steels (Steel B,
Steel C and Steel D) of this study.

Fig. 9 shows an example TEM replica micrograph after 300s holding time at a
cooling rate of 1.0 °C/s for steel C. As can be seen, the precipitations are oval shape, and
easily identified from the background. EDS spectra identified these precipitations as NbC.
Fig. 10 shows the relation between diameter and number density of the NbC precipitations
found in Steel B, Steel C and Steel D with 300s holding time at a cooling rate of 1.0°C/s.
The total area of observation for each sample was 2.0 - 4.0x107''m?. As can be seen, with
increasing Nb content, the distribution shifts towards larger precipitations, i.e. towards

the right.



4. Discussion
4.1. Quantification of the y Grain Growth Kinetics

In order to evaluate the austenite grain mobility at different temperatures, a simple
non-isothermal grain growth model was used,*¥
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= Mygp, (1)

where 7, is the critical grain size as defined by Hillert®¥ [m], t is time [s], M isa y
grain boundary mobility [m*/s/J] and Ygb 18 the grain boundary energy [J/m?].?¥ Eq. (1)

is then integrated to obtain
P %MyAt. ()

where, 1o is critical initial grain radius [m].
The critical grain size is related to the average grain size by the relation®¥
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Eq. (3) is then substituted into Eq. (2) to give the expression
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where d is the average grain diameter [m] and EO is the average initial grain diameter
[m].

According to Turnbull’s theory®®), the grain-boundary mobility can be expressed as

SVmDGB _ SVmDOexp (%) (5)
b2RT b2RT ’

Mpyre (T) =
where M, is the intrinsic grain boundary mobility [m*s/J], & is the grain boundary
width [~1 nm]"®), V},, is the molar volume [m*/mol], 5 is the Burgers vector [m], R is the
gas constant [J/K/mol], Dgg is the grain boundary diffusion coefficient [m?/s], Dy is the
maximal diffusion coefficient at infinite temperature [m%/s], Q is the diffusion activation
energy [J/mol], and T is the absolutely temperature [K]. Using Eq. (4) and the grain
growth kinetics given in Fig. 3, the grain boundary mobility, M was quantified at 1100,
1200, 1300, and 1400 °C from the data for steel A. As this steel was Nb-free, the
determined mobilities can be assumed to be the intrinsic values of y grain-boundary

mobility, My, with reference to Nb. In order to quantify the temperature dependence

of My, the results were then fitted to a simplified form of Eq. (5), My (T) = §~
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exp (— RQ—T), where 4 is a constant that includes the terms . From the fitting exercise,

A = 0.26 + 0.06 [m*K/s/J]. The values of Mpyr then range from 4.87x107!! at 1100 °C
to 6.06x107'% at 1400 °C assuming Q = 173156.6 [J/mol] as reported by Zhou et al'®
for a similar C-Mn steel. The relative error is on the order of 10%.

The grain boundary mobility was then expressed as a function of the solute Nb
content in order to quantify the effect of Nb on y grain growth. According to Cahn’s
theory®”,
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where M is the grain boundary mobility in the presence of Nb [m*/s/J], Cyp is the

atomic fraction of Nb in solution, N, is the number of atoms per unit volume [m], Ey
is the binding energy of Nb to the grain-boundary [J/mol], Dy is the cross-boundary
diffusion coefficient of Nb [m?/s] and ky, is Boltzmann’s constant [J/K]. The amount of
solute Nb was estimated by using the TCFE6 database. The binding energy in Eq. (7) was

taken to be 20kJ/mol.?® The cross-boundary diffusion coefficient is much more difficult

to esﬁfgflﬁe} Qﬁg\}ﬁs %i%%l%ﬁ%ea(}i%ho&’f the measured austenite grain size given in Fig. 3 at a
holding time of 4000s (except for 1400 °C, which used the 2000s data) and the modelled
results as a function of Nb content. Following Rahman!®, the cross boundary diffusion
coefficient was used as a fitting parameter assuming that the activation energy for cross-
boundary diffusion is similar to that of Nb diffusion in the bulk ¥ phase®?. Specifically,
the pre-exponential constant for D, was adjusted to fit the data. As can be seen in Fig.
11, Egs. (4) through (8) provide a good description of the experimental grain growth data
as a function of temperature and Nb content. Further, the results indicate the strong effect

that Nb has on y grain growth. Note that D, was estimated to be

D, = 0.000168 - exp (—o=—),  (8)

which is twice the bulk value of the diffusivity of Nb reported by Kurokawa et al.®?



4.2. Effect of y Grain Size on Hot Ductility
Macehara et al® reported that the hot ductility, expressed as RA, is linearly

proportional to the inverse of the y grain size. This is confirmed in Fig. 12, which plots

—1
the measured RA as a function of d, [mm-'] for each of the four steels with 50-2000s

holding time at a cooling rate of 1.0 °C /s. In all cases, the RA is seen to linearly decrease
with decreasing inverse y grain size. The relationship between RA and y grain sizes

varies depending on the Nb content. In order to quantify separately the effect of grain size

—1
and Nb content on RA, the slopes of each RA vs d,,  curve from Fig. 12 are shown in

Fig.13 as a function of Nb content. Although Fig. 12 showed that the hot ductility
decreases with increasing Nb content at the same y grain size, Fig. 13 shows that effect
of y grain size on RA increases with increasing Nb content. In other words, the drop in
ductility with increasing Nb content is smaller when the y grain size is smaller as shown

in Fig. 12.

4.3. Effect of NbC precipitation on Hot Ductility
INbC

The relations between RA and average diameter of NbC precipitation, d,p; ', phase

NbC

-1/3 .
ot bot ) where pp,; is average number

fraction, f,y5¢, and precipitation spacing, (ph

density of NbC precipitations [m™], for all four Nb compositions are shown in Figs. 14-
16. The data were collected for the experiments performed at a holding time of 300s, and
the results for each cooling rate are given as indicated by the numbers in parentheses.

Note that in Fig. 15, the phase fraction was calculated via Eq. (9),

beC _ Total volum of NbC precipitates [m3] 100 (9)
ppt Total area of observation [m2]x Zagzl,’f [m]

where f5¢ is phase fraction of NbC precipitations [%]. This equation uses the NbC

precipitation size distribution data to determine the total volume and assumes that the

depth of the replica film is approximately twice the average precipitation diameter. Note

INBC  FNbC thC)_l/3

also that none of dypr, fpp: » and (ppp are independent since any one of these

quantities could be expressed as a function of the other two.
Beginning with Fig. 14, it can be seen that in the case of the same composition, RA

is reduced with a decrease in d%’f resulting from an increase in the cooling rate. This
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tendency matches the results reported by Crowther et al.®! Further, as shown in Fig. 15,
in the case of the same composition, RA is reduced with a decrease in fp’}’féc resulting
from an increase in the cooling rate. This implies that a large precipitation volume fraction
would improve the hot ductility, which does not agree with the bulk of the literature nor
with the conclusions seen from Fig. 14.

The apparent contradiction in Figs. 14 and 15 can be resolved by considering that the
effects of precipitations on strength requires one to consider both the precipitation fraction
and the precipitation size. As such, neither figure offers a complete description of the

effect of NbC precipitations on RA. A better understanding of the relevant mechanisms

can be obtained by considering the strengthening contribution of precipitations. This

. . 0.5 - . .
could either be expressed in terms of o~(f2¢)" /dJPE in the case of particle

bypass©®?, or more simply as o~1/L where L is the precipitation spacing. As can be

seen in Fig. 16, RA decreases with decreasing (p{,vzl,’f )_1/3. Since L « (pggtC)_lﬁ, the

results in the figure demonstrate that the main strengthening mechanism in Nb-containing
steels is precipitation strengthening®®). Note that a secondary strengthening mechanism

is the y grain refinement, which is well-documented in Nb containing steels.

4.4. Ductility competition between p)’¢ and grain size evolution

The competition between the p%’f , and grain size evolution on the hot ductility of

Nb-containing steels can be investigated using a strain partitioning model. The model is
based on the assumption that a film-like @ forms along the y grain boundaries in the two
phase (a+y) region, and that cracking occurs along the y grain boundaries. It has been
reported that the partitioning of strain between the @ and y phases depends on the grain

size and strain in y and o, 3%
+ T &y, (10)

where € is the total strain, &, is the strain in the a layers, &, is the strain in the
y grains, and d, is the thickness of a layer along the y boundary [mm].

The P ratio, P = Z—y, provides a measure of strain incompatibility at the y grain
a

boundaries during deformation. By rearranging Eq. (10), the relationship between the

global strain and the local incompatibility at the grain boundaries is obtained:
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ay o) ta
In most steel alloys, the value of P is less than 1 because the flow stress of a is less
than that of y and thus strain concentrates in ferrite.¥ Under these conditions, failure
should occur in the a layer and it can be assumed that the failure occurs when this strain
reaches the critical a failure strain, &4 . The global strain when failure takes place, &,
is then obtained by substituting &, = &, into Eq. (11),
& = gqp{D-(1—-P)+ P} (12)

dg . . . .
where the term D = d—_“ is introduced to represent the relative fractions of y and «
14

phases.

The effects of p%’f and grain size can be examined by looking at the terms in Eq.
(12), specifically the D and P ratios, both from mechanistic and mathematical
perspectives. Mechanistically, the occurrence of Nb in solution within the y grains
decreases the y grain size. As a result, the relative fraction of a increases, increasing
the value of D and consequently increasing & . Further, with increasing NbC
precipitation, the strength of the y phase is increased. This reduces the amount of
deformation in this phase for a given applied load, and result in a decrease in P. Overall,
the mechanistic effect of both p%’f and y grain size is to modify the partitioning of
strain between « and y. There is a secondary effect on the P ratio, that increasing the Nb
content will also increase the underlying strength of the y grains through solute

strengthening and grain refinement (Hall Petch mechanism), and thus further decrease the

value of P. Mathematically, it is shown through Eq.(12) that the equation’s slope (d, -

-—1 . . . .
€q,r(1—P)) of d, = increases with decreasing P and the equation’s intercept (&g, 5 *

P) decreases with decreasing P. Mechanistically, decreasing P corresponds to an
increase in the Nb content. These relations are good agreement with the results shown in
Fig. 12 and Fig. 13. Based on these results, it is important to optimize the NbC
precipitation strengthening, the y grain size and the thickness d, covering the surface

of y grains to prevent surface crack formation during continuous casting.



5. Conclusions

The effect of Nb content on surface cracking during continuous casting has been
examined through grain growth experiments and hot-stage tensile tests. There are two
competing tendencies with increasing Nb content. The first is a decrease in y grain size
as aresult of solute drag effect of Nb on grain boundary motion. In principle, the decrease
in y grain size reduces the strain incompatibility at y/a grain boundaries and thus
improves hot ductility and fewer surface cracks. On the other hand, as shown through this
research, hot ductility decreases with increasing Nb content at the same y grain size
conditions. NbC precipitations due to an increase in Nb content increases the flow stress
through precipitation strengthening, leading to a significant reduction in deformation
within the y grains as compared to the a grains. However, it is also confirmed that the
effect of y grain size on RA increases with increasing Nb content and the drop in
ductility with Nb content is smaller when the y grain size is smaller. Thus, the addition
of Nb has a complex effect because it leads to y grain refinement and NbC precipitations.
Therefore, optimizing the NbC precipitation, the y grain size and the thickness d,
covering the surface of y grains, are important for preventing surface crack formation in

Nb containing steel during continuous casting.
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7. Tables

Table 1: Chemical composition of steels (mass %)

. Aes

[C] [Nb] [Mn] [Si] [P] [S]  [SolAl]  [N] °C]
Steel A | 0.098 = 097 030 0.012 0.0029 0.030 0.0026 856.4
Steel B | 0.096 0.010 097 030 0.013 0.0028 0.029 0.0026 856.8
Steel C | 0.098 0.030 096 0.30 0.012 0.0029 0.029 0.0026 857.7
Steel D | 0.099 0.060 096 030 0.013 0.0030 0.030 0.0026 858.9
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8. Figures

Figure 1: Thermal cycle experienced by samples undergoing hot stage tensile testing

T,=1300°C
Holding time : t,’ s

Cooling rate
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temperature : 825 °C

strain rate
2x10%/s
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Figure 2: Micrographs showing the grain structure in the austenite grains after grain
growth treatments of 300 s ((a), (¢)) and 4000 s ((b), (d)) for Steel A and Steel D,
respectively, at 1200°C
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Figure 3: Measured austenite grain size as a function of holding time #; at (a) 1100°C,
(b) 1200°C, (c) 1300°C, and (d) 1400°C for all four steels
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Figure 4: Influence of Nb content on the measured ductility at different holding times,
tn” of 50, 300, and 2000s for all four steels
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Figure 5: Influence of cooling rate on the measured ductility at a holding time #;” of
300s for all four steels

—--@---SteelA
---&--- SteelB
---4--- SteelC
---B--- SteelD

50 -------¢ '-%—-—---:.—__—_::_-’- ----------------- [ aiiaintaitaltattd

RA [%]

o
o
o
(&)}
—
o
(o))
o
[e2]
o

Cooling rate ['C/s]

Figure 6: Average thickness of a film-like a for all four steels after deformation

5.0 E ; 5
o ST I T3 1T 17T
N — F-d-F-F-4-4-+-F-F-F-3-4---4-F-4-4-4---1-F-1-4- -
0 E 4.0 : BN I
g2 35 1T NSRS RER S SR RIBEEE
25 30 r-dkp-dt R S o SR S P o
P
QL 2.0 oo
) = 15 F---mmmmmmbee O Cooling rate:1.0[°C /s], t,,":50[s]
> ) : A Cooling rate:0.4[°C /s], t,:300[s]
<o 10 ----------- fommmmo ® Cooling rate:1.0[°C /s], t,’:300[s]

05 p----mmmmmm- [ B Cooling rate:50 ['C /s], t,:300[s]

: H & Cooling rate:1.0["C /s], t,:2000[s]

0 '

0 0.01 0.03 0.06

(Steel A)  (SteelB) (Steel C) (Steel D)
Nb content [%]
13



Figure 8: Fracture micrographs after tensile deformation at a holding time ¢, of 200s
rate of 1.0 [°C/s] for (a) Steel A and (b) Steel C

7

and a cooling
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Figure 9: TEM replica micrograph in Steel C
®
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Figure 10: Number density of NbC precipitations in (a) Steel B, (b) Steel C, and (c)
Steel D
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Figure 11: Comparison of the experimentally-measured austenite grain size (symbols) at
a holding time of 4000 s (except for 1400°C, which used the 2000s data) and the

modelled result (lines) as function of Nb content
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Figure 12: Measured ductility as a function of inverse austenite grain size, @_1, for all
four tested steels
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Figure 13: Influence of Nb content on the slope of the d_y_1 vs. RA plot

5.0 ,
o 45 boemoe- :
C 40 p------ 1
= :
C 35 fommm- :

3.0 p------ :

—_1

between d,
=, N
o o

L '

. H

: \

H H

: '

1

N

o

;

.
g

'Y

® This work
¢ Maeharaet al. (2) 1
A Crowther etal. (11)

Slope of the relation

-
o
T
1
|
|
|
|
|
s ek s T

o

d 0.01 0.02 0.03 0.04 0.05 0.06 O.b7
(Steel A)(Steel B) (Steel C) (Steel D)

Nb content [%)]

16



Figure 14: Relation between average diameter of NbC precipitation and RA
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Figure 15: Influence of the phase fraction of NbC precipitations on RA
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