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Synopsis 

  The effect of C on hot ductility of low alloy steels has been studied in 

view of surface cracking of continuously cast (CC) slabs. As the ductility 

was not affected by C content in hot tensile test of the reheated specimens, 

the well-known C dependency of surface cracking susceptibility in CC slabs 

can be ascribed to the microstructural change during the solidification pro-

cess. Austenite grain size of as-cast materials was found to depend largely 

on C content, i.e., the maximum grain size in O.1ON0.15 % C region. 

This can be explained by the higher austenite formation temperature in these 

C region. Austenite grain growth rapidly occurred after the complete 

transformation or solidification into r phase, as the strong pinning effect 

of the second phase such as o-ferrite or liquid phase on r grain boundary 

migration was relieved. Carbon dependency of r grain size became more 

marked with increasing cooling rate up to that of ordinary continuous cast-

ing. 

  Such coarsening of r grains enhanced intergranular fracture, resulting in 

ductility loss inversely proportional to the r grain size. Uneven surface 

solidification in the mold due to the peritectic reaction will produce much 

coarse r structure because of the local delay of cooling. Surface cracking 

susceptibility will also be largely accelerated by this mechanism. Carbon 

range where surface cracking susceptibility was the largest varied with the 

chemical compositions. This shift can be explained in terms of the effect 

o f alloying elements such as Mn on the peritectic composition.

I. Introduction 

  Hot cracking susceptibility of low alloy steel slabs 
during continuous casting (CC) and the direct rolling 

(DR) processes has been well known to depend 
largely on C content, i.e., the maximum susceptibility 

is in 0.10 0.15 % C region.l-3) However the mecha-
nism has not been fully understood in spite of the 

quite important problem in a practical point of view. 
  Morozenskii et a1.4) reported that the zero ductility 

temperatures of the steels containing 0.170.20 % C 

were much lower than the solidus temperatures, and 
they suggested that this phenomenon should be ex-

plained in terms of shrinkage behavior during the 
solidification process. Recently this phenomenon 
has been studied in detail in relation to the peritectic 
reaction,5) and it was revealed that the solidified shell 

of the steels containing such C content became easily 
uneven in the mold due to transformation from o-

ferrite to austenite within liquid phase, resulting in 
the reduction of heat extraction in the mold.3,6-11) 

Fracture of the shell, so called break out, can occur 
at the thinner part of the unevenly solidified shell.9) 

Thus cracking just below the solidus temperature 
could be explained partly by this mechanism, however, 

surface cracking occurring in the temperature range 
from low temperature austenite to rfa duplex phase

region where the solidification was completed could 

not be explained by this model in any ways. 

  On the other hand, the microstructural change 

during solidification and cooling processes can affect 

on the hot ductility even in the temperature range 

from r to T I ce duplex phase region, i.e., the ductility 

has been well known to depend largely on the austenite 

grain size,l2) because the surface cracking is mostly 
accompanied by the intergranular fracture of aus-

tenite.l3-23) However any reports have not been 

concerned with such point of view. 

  Consequently, in the present study effect of C on 

hot ductility has been studied with particular emphasis 

on the grain growth behavior of austenite during the 

solidification and cooling processes, in order to eluci-

date the mechanism of the C dependency of the sur-

face cracking susceptibility in CC and DR processes.

II. Experimental Procedure 

  Chemical composition of the steels used is given 

in Table 1. They were prepared in an induction 

furnace as 50 kg ingots and were hot forged and hot 

rolled into bars of 20 mm in diameter. From those 

bars cylindrical specimens with 15 mm diameter and 

40 mm length for remelting test and two kinds of 

tensile specimens were machined in the direction 

parallel to the rolling direction. The gage length 

and diameter of the tensile specimens were 20, 8 mm 

and 140, 10 mm, respectively. Cylindrical specimens 

were remelted in an alumina crucible with 20 mm in 

diameter and 40 mm in height by heating at 1 580 °C 

in an Ar atmosphere, cooled to 900 °C at a given rate 

from 0.28 to 5 °Cs-1, and then quenched into water. 

The cooling rate was controlled with using a thermo-

couple inserted near the specimen. Investigation of 

the transformation behavior was also carried out by 

means of thermal analysis with using differential 

curve of the cooling curve which was recorded with 

using another thermo-couple attached to the speci-

men.24) On these specimens metallographic exami-

nation was conducted by means of optical microscopy. 

The former tensile specimens described above were 

heated at temperatures from 1 100 to 1 350 °C for 

10 min in an infrared imaging furnace attached to an 

Instron-type tensile machine, and were cooled down 

to 800 °C or 900 °C at a rate of 3 °Cs-1. After 

keeping for 1 min at that temperature, they were 

isothermally strained up to failure at an initial strain 

rate of 0.83 X 10-3 s-1. The latter specimens inserted
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into quartz tubes were set to a Gleeble-type tensile 

machine and partly remelted by electroresisted 

heating. The remelted zone was 7 mm in length. 

They were subsequently cooled down to a deforma-

tion temperature of 1 050 °C at a rate of 2 °Cs-i, and 

after keeping for 1 min they were pulled up to failure 

at a strain rate of 1.0 s-i. These tensile tests were 

also conducted in an Ar atmosphere, and the fracture 

surfaces were examined by means of scanning electron 

microscopy.

III. Experimental Results 

1. Effect of C on Hot Ductility of Reheated Specimens 

  In order to clarify the C dependency of ductility 

in reheated specimens, Steels Al to A5 containing Nb 
were deformed at 800 and 900 °C at a strain rate of 

O.83 x 10-3 s-i after solution treatment at 1 300 °C. 
Relationship between the reduction of area (RA) and 

C content is shown in Fig, 1. It can be seen that the 
ductility is not affected by C content in the reheated 

specimens. Figure 2 shows the effect of austenite 

grain size (D7) on tensile properties in Steel A2 
specimens deformed after heating at 1 100 to 1 350 °C. 

It can be seen that RA decreases inversely proportional 
to the grain size as in Fig. 2(b). The fracture surfaces 

were significantly influenced by the heating tem-

perature as in Photo. 1. In the specimens with coarse 
grain, fracture occurred in a completely intergranular 
fracture mode as in Photos. 1(a) and (b). While 

for the fine grain structure the transgranular fracture 

was also observed and the fraction increased with 
decreasing the grain size, as in Photos. 1(c) and (d). 

In each case most of NbC is considered to be dis-
solved within the matrix at heating temperatures.25) 

In fact the decrease in strength due to lowering the

heating temperature cannot be recognized, as in 

Fig. 2(a). This result shows almost the same matrix 
strengthening due to dynamic precipitation of NbC 

occurs in any conditions investigated. The ductility 
loss can be caused by such precipitation of NbC on 

both grain boundary and matrix during the slow 
strain rate deformation in low temperature region of 
austenite.19,20) 

2. Effect of C on Grain Growth Behavior of Austenite 

  Photograph 2 shows microstructures of Steels Al 

to A5 specimens quenched from 900 °C on the way of 
continuous cooling at a rate of 5 °C s-i after remelt-

ing. The austenite grain boundaries were revealed 

by chemical etching in 5 % picric acid solution con-
taining small amount of surfactant. It should clearly 

be noted that the grain size of 0.12 and 0.14 % C 
steels is much coarser than that of lower or higher C 

steels. 
  The effect of C on the grain growth behavior of 

austenite was further investigated in detail with using

Table 1. Chemical composition of steels used. (wt%)

Fig. 1. Effect of C content on hot ductility. Steels Al to 

       A5 (0.35Si-l.5Mn-0.05Nb). The specimens were 

       deformed at 800 °C or 900 °C at a strain rate of 

       0.83 x 10_3 s-1 after solution treatment at 1 300 °C.
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Steels Cl to C9 specimens in which pinning effect due 

to carbonitride precipitates such as NbC on the r 

grain growth was considered to be negligible. Photo-

graph 3 shows grain growth of Steel C5 (0.16 % C) 
during continuous cooling at a rate of 0.28 °Cs~1. 

Marked grain growth occurred between 1 470 °C and 
1 430 °C and that the change of the grain size below

1 430 °C was rather small. The variations of r grain 

size with quenching temperature in Steels Cl (0.03 % 
C), C5 and C9 (0.28 % C) were summarized in Fig. 3. 

The grain sizes were determined by linear analysis. 
It can be seen that the temperatures showing rapid 

grain growth in Steels Cl and C9 decreased by about 
50 °C lower than that in Steel C5. The grain sizes 
of medium C (0.15 %) steels after cooled to low 

temperature region of austenite were much larger 
than those of lower or higher C steels, and this was

Fig. 2. 

Relationship between tensile properties and 

reciprocal of r grain size (D1 ). Steel A2 

specimens were solution-treated at 1 100 

1 350 °C and then deformed at 800 °C or 

900 °C at a strain rate of 0.83 X 10-3 s-i.

Photo. 1. Effect of r grain size on 

   deformed at 800 °C at a 

  (a) 1 350, (b) 1 300, (c) 1

fracture surface. Steel A2 

strain rate of 0.83 X 10_3 s-i 

200 and (d) 1 100 °C.

specimens were 

after heating at

Photo. 2. Effect of C on r grain size. Steel Al to A5 specimens were remelted at 

   of 5 °C s-i and then quenched into water.

1 580 °C, cooled to 900 °C at a rate
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the same result with Nb steels shown in Photo. 2. It 

should be noted that the temperatures showing rapid 

grain growth were in quite good agreement with 
austenitizing temperatures determined by the thermal 

analysis, as indicated by arrows in the figure. In 

each steel, the change of grain size after occurrence of 

the rapid grain growth was quite small. During 

isothermal holding, a similar microstructural change 

was also observed to occur as in Photo. 4 and Fig. 4. 

Steel C5 specimens were isothermally held at 1 450 °C 

after remelting. Rapid grain growth occurred in the 

holding time between 2 min and 4 min.

3. Effect of C on Hot Ductility during Cooling after 
   Remelting 

  Steels B 1 to B5 specimens with low Mn and rela-

tively high S contents were deformed at 1 050 °C at 
a strain rate of 1.0 s-1 after remelting. The fracture 

surfaces are shown in Photo. 5. Typical intergranu-
lar fracture was observed to occur in Steels B2 

(0.11 % C) and B3 (0.13 % C), while in Steels B1 

(0.05 % C), B4 (0.20 % C) and B5 (0.24 % C) trans-
granular fracture also took place. Especially in Steel 
B5 specimen, the transgranular fracture mode was 

dominant. The fracture units of intergranular frac-

Photo. 3. Grain growth of r phase during continuous cooling. 

Steel C5 specimens were remelted at 1 580 °C, cooled 

to given temperatures at a rate of 0.28 °C s~l, and 

then quenched into water.

Photo. 4. Grain growth of r phase during isothermal holding 

at 1 450 °C. Steel C5 specimens were remelted at 

1 580 °C, cooled to 1 450 °C at a rate of 0.28 °C s-1, 

held at 1 450 °C for given time, and then quenched 

into water.

Fig. 3. Grain growth of Y phase during continuous cooling. 

The specimens were remelted at 1 580 °C, cooled to 

given temperature at a rate of 0.28 °C s-1, and then 

quenched into water.

Fig. 4. Grain growth of r phase during isothermal holding 

at 1 450 °C. Steel C2 specimens were remelted 

at 1 580 °C, cooled to 1 450 °C at a rate of 0.28 
°C held at 1 450 °C

, and then quenched into 

water.
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ture largely depended on the C content, i.e., the 
maximum in 0.13 % C steel. It should be also noted 

that columnar r grains growing from the surface to 

the center were formed in the medium C steels, 
although equiaxied grains were observed in lower or 

higher C steels. 

Iv. Discussion 

  The well-known C dependency of surface cracking 

susceptibility in low alloy steel slabs1-3) are illustrated 
schematically in Fig. 5. But in hot tensile test of the 

reheated specimens without remelting, such C depen-
dency of the ductility could not be recognized as shown 
in Fig. 1. And the cause of the ductility loss in the 

medium C steels, of cource, cannot be ascribed merely 
to the surface uneven solidification of the slabs due to 

the peritectic reaction.3,s-11) Therefore, this pheno-
menon must be discussed in relation to the micro-

structural change during the processes of solidifica-
tion and subsequent cooling. 

  It should be emphasized again that the surface 

cracking during the process of the continuous casting 
or the direct rolling is mainly caused by the pre-

cipitation of carbonitrides or sulfides or by the 
segregation of impurity atoms on to the austenite 

grain boundaries in the temperature range from y 
to 1/a duplex phase region, accompanying the inter-

granular fracture of austenite.13-23) Such ductility 
has been well known to depend largely on the grain 
size and to decrease inversely proportional to the 
initial grain size,12) and these were confirmed in the 

present investigation as shown in Fig. 2. From such 
point of view, the r grain size of the steels cooled to 
low temperature region of austenite after solidifica-
tion was closely examined, and it was revealed that

the Y grain size significantly varied with their C 
content, i.e., the maximum grain size existed in 

0.10 0.15 % C region as in Photo. 2. The r grain 
size measured plotted against C content in Fig. 6(a), 

and the variation of the corresponding value of RA 
with C content was illustrated in Fig. 6(b). Where 

RA was deduced from the grain size dependency in 
Fig. 2, assuming that the specimens were deformed 

at 800 °C and at a strain rate of 0.83 x 10-3 s-1. In 

the tensile test after remelting with using Gleeble 
tensile machine, the ductility could not be evaluated 

accurately due to the shrinkage cavities formed, but 
it was observed that the fracture surfaces were 

observed to be markedly influenced by the C content, 
i.e., furious intergranular fracture was recognized in 
the steels containing 0.11 and 0.13 % C with very 

coarse austenite grains compared with those in lower 

or higher C steels. It should also be noted that 
columnar r grains were easily formed in the medium 
C steels. By such columnarization the surface 

cracking susceptibility of the slabs can be significantly

Photo. 5. Effect of C on fracture surface. The specimens were remelted at 1 

   a rate of 2 °Cs-', and then deformed at a strain rate of 1.0 s-',

580 °C, cooled to 1 050 °C at

Fig. 5. Schematic illustration showing the effect of C on 

surface cracking of continuously cast slabs.'-3)
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accelerated. The C dependency of RA in Fig. 6(b) 
can be much enhanced by this effect, because the 

effective grain size affecting on the intergranular 
fracture should be taken as the columnar length. 

From these results, it can be concluded that large C 
dependency of the ductility even in lower temperature 

region arises from Y grain growth behavior during the 

processes of solidification and cooling. 
  Next discussion is concerned with the reason why 

Y grain growth behavior depends on C content. It 
can be first noted that the grain growth rapidly occur 
after cooled to certain temperatures. These tempera-

tures were varied with C content as well as the cooling 
rate, and were in quite good agreement with the 

finishing temperatures of transformation or solidifica-
tion into Y phase, which were determined by thermal 

analysis. This result indicates that Y grain growth 
is largely retarded by the existence of small amount 

of the second phase. Thus the grain size can mainly 
be determined by the austenitizing temperature, and 

can be the maximum in the steels with peritectic 
composition. The second phase should be o-ferrite 

and liquid phase on lower and higher carbon sides 

of the peritectic point, respectively, which can be 
varied with alloying elements as discussed later. In 
both cases, the phase change from o-ferrite or liquid 

phase into Y phase has to occur for the Y grain growth. 
The migration energies of such different phase 

boundaries should be much larger than that of YI Y 

boundary.26~ The phase change, disappearance of 
the second phase, can also occur during isothermal 
holding, resulting in rapid grain growth of austenite

(Fig. 4). Such strong pinning effect of the second 

phase on the grain growth of the matrix phase has 
been well known, e.g., the grain growth of o-ferrite 
in duplex stainless steels is known to be markedly 

retarded by small amount of the second r phase.27~ 
  Carbon content giving the maximum Y grain size 

is in good agreement with that showing the maximum 
surface cracking susceptibility of the slabs. The C 
content, however, was considerably smaller than 

0.18% of the peritectic point in Fe-C binary system.28f 
This can be explained in terms of the effect of alloying 

elements on the peritectic point. In the present case 
the shift can mainly be explained by Mn as follows. 

Figure 7 summarized the austenitizing temperatures 
of Steels Cl to C9 which were determined by thermal 

analysis. The temperatures were shifted to lower 
side than in Fe-C phase diagram (dotted line),28) and 

the differences between them increased with increasing 
the cooling rate. Although the C content giving the 

maximum austenitizing temperatures in the steels 
investigated here is much lower than the peritectic 

point of F-C diagram, they are in good agreement 
with the peritectic point of the deduced diagram 

(solid line), which was obtained by mixing Fe-C28> 
and Fe-Mn diagrams,29> assuming an average Mn 

content of 0.85 % in Steels Cl to C9. 

  Carbon dependency of Y grain size was much 
enhanced by increasing cooling rate, as can be 

expected from the results in Fig. 7. From Fig. 3 
and Photo. 2, the effect of the cooling rate on C 

dependency of r grain size was summarized in Fig. 8. 
It should be noted that the C dependency of Y grain 

size became more prominent, when the cooling rate 
was close to that of ordinary continuous casting. This 

is quite important in a practical point of view. 
Besides this, as the fact that r grains of the medium

Fig. 6. Effect of C 

value of RA.

content on Y grain size and calculated

Fig. 7. Variation of Y formation temperature with C con-

tent in Steels Cl to C9 cooled at various cooling 

rates with reference to the equilibrium Fe-C phase 

diagram (dotted line). Solid line was deduced by 

considering the effect of Mn.
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C steels tend to columnarize in the fast cooling condi-

tion should be considered in the discussion concerning 
with the ductility, the length of the columnar grains 

was also plotted in the figure. This effect can further 
enhance the ductility loss in the medium C steels. 

The reason why such columnar grains were easily 
formed in the medium C steels should probably be 

explained in terms of the larger temperature gradient 
of the specimens during cooling and of the peritectic 

reaction. 
  By combining the present results with uneven 

solidification phenomenon in the solidified shell, the 
cause of the ductility loss in O.lON0.l5 % C steels 

can be summarized as illustrated in Fig. 9. Even 
under the conditions that solidified shell is closely 

contacting with the mold, r grains become much 
coarser and columnar shape in the medium C steels 

compared with those in lower or higher C steels. The 
local delay of cooling, which is introduced by the 
uneven surface solidification due to the peritectic 

reaction in the medium C steels,3,6-11) will produce 
much coarser r structure, resulting in the further 

enhancement of the surface cracking susceptibility 
with Y intergranular fracture. 

V. Conclusion 

  The effect of C on hot ductility of low alloy steels 
has been studied in view of surface cracking of con-

tinuously cast slabs, and the following results were 
obtained. 

  (1) As the hot ductility was not affected by C 
content in hot tensile test under the heating condition 

without remelting, the well-known C dependency of 
surface cracking susceptibility in continuously cast 

slabs can be ascribed to the structural change during 
the solidification process. 

  (2) Austenite grain size of as-cast materials was 
found to depend largely on C content, i.e., the maxi-
mum grain size in 0.10 0.15 % C region. This can 

be explained by the higher austenite formation 
temperature in these C region. 

  (3) Austenite grain growth rapidly occurred after 
the complete transformation or solidificationn into

r phase, as the strong pinning effect of the second 

phase such as o-ferrite or liquid phase on r grain 
boundary migration was relieved. 

  (4) Carbon dependency of r grain size became 
more apparent with increasing cooling rate up to 

that of ordinary continuous casting. Under such 

conditions, columnar r grains tended to be formed 
in the medium C steels. 

  (5) Such columnarization as well as coarsening of 
r grains markedly enhanced intergranular fracture, 
resulting in ductility loss inversely proportional to the 
effective r grain size. 

  (6) Uneven surface solidification in the mold due 
to the peritectic reaction will produce much coarse 

r structure because of the local delay of cooling. 
Surface cracking susceptibility will also be accelerated 

by this mechanism. 

  (7) Carbon range where surface cracking suscep-
tibility was the largest varied with the chemical 
compositions of the steel. This shift can be explained 

in terms of the effect of alloying elements such as Mn 
on the peritectic composition. 
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