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A New Tensile Testing Procedure for Predicting
Transverse Cracking Susceptibility of Continuous
Casting Slabs

T. Revaux, J.P. Bricout, and J. Oudin

The testing facility used for simulation procedures of the thermomechanical history of continuously cast
slabs before the straightening operation is described. The tests were made on in situ solidified specimens
to reproduce the continuously cast microstructure and to follow the temperature history of the continu-
ous casting process. The basic principle and procedure of the test are explained. The hot ductility curves
and microstructures obtained are discussed for the approximate temperature range 700 to 1100 °C. Re-
sults are compared with one another and with other tensile test data.
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1. Introduction

POTENTIAL advantages of the continuous casting of steel in-
clude the possibility of hot charging and direct rolling immedi-
ately after casting, which precludes conventional surface
inspection at room temperature. A defect-free surface becomes
a prime requirement for the economic production of slabs. Un-
fortunately, one problem that applies specifically to the con-
tinuous casting of steel remains transverse cracking, which
occurs when the vertical cast strand is straightened. The trans-
verse cracks are generally fine and can penetrate to an approxi-
mate depth of 5 to 8§ mm below the surface.

The straightening operation is carried out in the temperature
range from 1000 to 700 °C, which corresponds with the inter-
val in which steels exhibit poor ductility in standard laboratory
hot tensile tests. The relation between hot ductility behavior in
tensile testing and the occurrence of transverse cracking in the
straightening operation has led to intensive studies, which have
alleviated this problem to some degree. Excelient reviews on
cracking in relation to continuous casting were published, such
as the early survey by Lankford (Ref 1) and the more recent
publications by Thomas et al. (Ref 2), Maehara et al. (Ref 3),
and Mintz et al. (Ref 4). However, on a more fundamental
level, standard laboratory hot tensile tests do not accurately
simulate the straightening operation in continuous casting. A
major disparity is the degree of straining involved. In the
straightening operation, it is at most only 1 to 2%, whereas in a
hot ductility test, the fracture strains are often in the 10 to 100%
range when tested at low strain rates. Thus, the mechanisms oc-
curring during standard tensile tests do not necessarily coin-
cide with those associated with transverse cracking. Moreover,
the usual laboratory tests do not reproduce the actual tempera-
ture history of continuous casting of steels during current pro-
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duction processes because the deformation is often achieved
on tensile specimens reheated from room temperature.

In spite of everything, because field research in production
plants is possible only to a limited extent, the suitable approach
remains the application of objective simulation procedures in
the laboratory. Because metallurgical structure and hot ductil-
ity of continuous casting steels mainly depend on temperature
history after solidification, developing a testing procedure
more representative of temperature path and metallurgical
structure before the straightening operation is important.

2. Laboratory Hot Tensile Tests

Today, the most adequate and most used method for study-
ing hot ductility is the hot tensile test, where reduction in area
at the final rupture is taken as a measure of the hot ductility. For
the study of transverse cracking, specimens are usually heated
to a temperature above the solution temperature in the 1300 to
1350 °C range, both to dissolve all the microalloy precipitates
and to produce a coarse grain size (Ref 5 to 10), and cooled to
test temperature at a rate similar to that undergone by the con-
tinuously cast strand (60 to 100 K/s). Testing is then carried out
at a strain rate comparable to that experienced during straight-
ening; i.e., approximately 103 to 10~%/s. However, the micro-
structure at the testing temperature obtained in this way may
differ considerably from the microstructure obtained if the ma-
terial is first allowed to solidify and then to cool to testing tem-
perature directly. The differences in microstructure can entajl
that the material will display different ductility and strength
values. Consequently, more sophisticated simulations of the
continuous casting operation involve actually melting the sam-
ples. The expression “in situ solidified” is commonly used for
the tensile test specimen cooled directly from the liquid phase
to the testing temperature.

The Gleeble machine (Dynamic Systems Inc., Route 355,
P.O. Box 1234, Poestenkill, NY 12140) is most often used be-
cause of its ability to melt a sample and its versatility in simu-
lating the thermal cycle. In this case, heating is by electrical
resistance, which has the advantage that there is no practical
limit to the possible heating rate, and temperature gradients can
be kept to a minimum. The molten material was kept in place
using a quartz tube around the test rod (Ref 11). See Fig. 1. This
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process was used for more than fifteen years by Suzuki et al.
(Ref 12) for simulating the continuous casting of steel. Even
though the method was perfected, this test still shows many
problems (Ref 10): gravitation collapse of the liquid, incom-
plete fusion of the specimen, shrinkage cavity formation, and
lack of repeatability.

Other testing equipment is available to obtain the high tem-
peratures required. Singer and Cottrell (Ref 13) used a resis-
tance heated furnace around a tensile testing machine.
Trubisyn and Vasilevski (Ref 14) cast tensile test rods in a mold
placed in a tensile testing machine. Kinoshita, Kasai, and Emi
(Ref 15) applied an induction coil around a tensile test rod fit-
ted in a tensile testing machine. B. Rogberg (Ref 9) designed a
heat source consisting of three gold-plated ellipsoidally shaped
reflectors fitted to 800 W halogen lamps. The tensile specimen,
whichis 40 mmin length and 8 mm in diameter, is placed inside
a quartz tube, and the melted zone is kept in place by its surface
tension. More recently, J. Hertel et al. (Ref 16) designed inter-
esting testing equipment in which a 20 mm in diameter and 110
mm in length specimen is placed in a tightly fitting alumina
tube to prevent an outflow of the melt (Fig. 2). However until
now, despite wide experimentation, the tensile tests after re-
melt heat do not allow objective investigations, essentially be-
cause of the incidence of the shrinkage cavity (Ref 12, 15, 17).
Therefore, prior investigations consisted of designing a labora-
tory hot tensile test on an in situ solidified sample with shrink-
age cavity shifted out of the deformation zone. The main
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purpose here is to produce a tensile testing specimen with the
columnar crystal structure of continuously cast slab surface by
simulating the thermal history of the process.

3. Tensile Testing Equipment

The basic principle of the test was fully explained in pre-
vious papers (Ref 18, 19). It involves melting a sample of the
studied steel to obtain a notched tensile specimen. The test is
then achieved at the required temperature, after a controlled
cooling rate.

The starting specimen set consists of two round-bar blanks
and a calibrated notched silica crucible; main dimensions are
given in Fig. 3. By use of a cone-shaped silica crucible, the
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Fig.3 Two blanks and silica crucible. The initial testing con-
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shrinkage cavity was shifted in the upper part of the crucible,
about 10 mm above the notched zone. The troubles inherent in
shrinkage cavity are avoided during stress measurements or
during fracture surface analysis.

Figure 4 illustrates the three main sequences of the tensile
test and shows the crucible and the parts of the two blanks,
which are inside the inductor, The blanks are first heated at 20
°C/s up to 30 °C above liquidus in a flowing argon atmosphere
to prevent occurrence of oxidation; the progressive raising of
the testing machine lower ram allows the crucible to fill up
(Fig. 4a). After 1 min holding in the liquid state, solidification
occurs at a required cooling rate (15 °C/s) with a light compres-
sion of ~100 N to reduce the shrinkage cavity and cause the cru-
cible destruction. Then, after the elimination of the crucible by
using two sliding rods (Fig. 4b), the tensile test is carried out at
a definite temperature, typically in the range of 700 to 1100 °C.
Temperature is time controlled by a bicolored radiation py-
rometer with optical fiber sighted between the turns of the in-
duction coil (Fig. 4c). The used elongation rate is 0.25
mm/min, which corresponds to a mean strain rate defined as the
elongation rate-initial notch width ratio of 10-3/s. The thermal
cycle of this testing procedure is schematized in Fig. 5(a) and
referred to as “melting-procedure” or M procedure.

In comparison with the other remelting procedures, such as
those using the Gleeble machine, the basic advantages of this
test are (a) a complete remelting along the cross section of the
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sample, (b) a solidification without shrinkage cavity in the de-
formation zone of the sample, and (c) a reproducible geometry
of the sample. Moreover,the notch favors microvoid growth
and coalescence in producing depressive hydrostatic stresses.

For comparison, to assess the thermal history influence,
some specimens were in situ solidified, cooled to room tem-
perature, reheated to 1350 °C, held for 1 min, cooled at 15 °C/s
to test temperature, held for 1 min, and tested to failure. The
thermal cycle of this testing procedure is schematized in Fig.
5(b) and denoted as “reheating-procedure” or R procedure. The
specimen geometry is identical for the R and M procedures. An
accurate assessment of the temperature path influence is possi-
ble.

Table 1 gives the chemical compositions of the Nb (nio-
bium) microalloyed steels used. Heats M1 and M2 are Nb con-
taining steels, and heats M3 and M4 are Nb-V containing
steels. Also note that heat M4 is high in V (vanadium) and con-
tains a small amount of Ca (calcium).

4. Temperature Path and Metallurgical Structure

The influence of temperature path on metallurgical struc-
ture was studied on only heat M1. Metallographic examina-
tions of the structures resulting from M and R procedures were
realized both on longitudinal and cross sections in the notched
zone after a continuous cooling to ambient temperature at a rate
of 15 °Cls.

The cross-sectional micrograph in Fig. 6 clearly shows the
strong influence of the temperature path on the size and mor-
phology of the grains. Figure 6(a) shows the solidification
structure of a specimen melted and then cooled at 15 °C/s to
ambient temperature (M cycle). At the specimen surface, co-
lumnar grains are shown extended toward the specimen axis. In
Fig. 6(b), the metallographic structure of a specimen treated in
accordance with the R cycle shows a homogeneous structure
with equiaxed grains. The grain size in the as-cast state is
coarse and compares favorably with grain size measurements
taken at the surface of continuously cast slabs. Reheating re-
fines the grain size clearly.

The 7y grain size measurements from the surface toward the
axis of the specimen are given in Fig. 7. Prior y grain size is
measured easily because outlining by ferrite occurred during
cooling. For the M specimens, the grain shape was charac-

solidification
15°C.s -1

melting

1450°C

(M+H/1450°C)-test
20°C.s -1

(a) M-testing procedure

(b) R-testing procedure

>
(¢) (M+H)-testing procedure time

Fig.5 Temperature histories: (a) tensile test of in situ solidified specimens (M test); (b) tensile test of in situ solidified, cooled, and re-
heated specimens (R test); and (c) tensile test of in situ solidified, held 1 min at 1450 °C specimens (M + H/1450 test)
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terized by length (D), width (d), and the size factor (D/d). A2
mm thick columnar region at the periphery and a finer,
equiaxial grained zone at the center of the specimen are clearly
identifiable (Fig. 7a). The columnar structure is caused by crys-
tal growth that is perpendicular to the crucible surface during
the solidification. As the austenitic grains are equiaxed for R
specimens, the size factor, D/d, is 1 (Fig. 7b).

The interest of tests after remelting is shown here; the tem-
perature path influence on the microstructure and, conse-
quently, the size and location of the precipitates is indisputable.
Moreover, since cracks are present at the slab surface and
propagate inward, the presence of columnar grains at the sam-
ple surface is fundamental to reproducing the growth of trans-
verse cracks.

Although the remelted tensile samples likely give results
that are more closely related to the continuous casting process,
this simulation does not perfectly fulfill all the characteristics
of the straightening during continuous casting. In particular,
the grain size near the surface of the continuously cast strand is

Table1l Chemical composition of Nb-microalloyed steels

likely to be 2 to 5 times larger than the one observed in remelted
tensile samples. Therefore, the size and morphology of precipi-
tates are also expected to differ from those observed at the
strand surface. Thus, the M procedure must be modified to re-
produce more precisely the grain size of continuously cast
strand.

5. Temperature Path and Ductility

5.1 C-Mn-Nb and C-Mn-Nb-V Microalloyed Steels

In C-Mn (carbon-manganese) steels with no microalloying
additions, the ductility trough is produced by strain concentra-
tion in thin films of the softer deformation induced ferrite,
which surrounds the austenite grains. This strain concentration
produces cavitation around the MnS inclusions; these cavita-
tions link up to result in intergranular failure.

In microalloyed steels, the main mechanism of hot embrit-
tlement is due to dynamic precipitation of nitride or carboni-

Compesition, wt %
Heat C Mn P S Si Al Nb v N Ca
M1 0.113 1.468 0.014 0.005 0.492 0.05 0.033 0.001 0.016
M2 0.110 1.367 0.010 0.002 0.30 0.027 0.034 0.003 0.006
M3 0.106 1.334 0.010 0.002 0.29 0.027 0.033 0.024 0.004
M4 0.117 1.440 0.012 0.002 0.280 0.062 0.034 0.054 0.010 0.01

M-testing procedure, V. = 15°C.s"!

(a)

R-testing procedure, V. = 15°C.s’!

®)

Fig. 6 Metallographic structures related to C-Mn-Nb steel (M1) after (a) M and (b) R tests. Radial sections level the notch of the sample.
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tride, such as AIN and Nb(C,N), which occurs at low strain rate
in the temperature range of 700 to 1100 °C (Ref 20). The grain
boundary precipitation that usually occurs is frequently ac-
companied by the formation of relatively weak, precipitate-
free zones on both sides of the boundaries (Ref 21). Fine matrix
precipitation also can take place and lead to significant matrix
strengthening. The situation is then similar to the soft films of
deformation-induced ferrite and leads to embrittlement in the
single-phase austenite region by a combination of microvoid
coalescence and grain-boundary sliding or shear. Thus, inter-
granular fractures are of mixed character and contain flat facets
as well as coalesced microvoids (Ref 4). Furthermore, Y. Mae-
hara and T. Nagamichi (Ref 20) showed that segregation of sul-
fur atoms to the grain boundary Nb(C,N) precipitate/matrix
interfaces enhances decohesion and consequent nucleation of
microvoids. Thus, ductility loss is reduced by decreasmg sulfur
content to less than 10 ppm.

Table 1 indicates the compositions of the two steels tested.
Heat M2 is Nb containing steel, and heat M3 is Nb-V contain-
ing steel. Note that the S (sulfur) level is very low, and suffi-
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cient Mn is present to prevent classical hot shortness even un-
der conditions far removed from equilibrium.

Figure 8 shows the ultimate reduction of area, RA = (S -
S1)/S. Syis the initial notch cross section, and Sris the ultimate
cross section, versus temperature for heats M2 and M3, and for
M and R tests. Ductility clearly is strongly influenced by tem-
perature history. The ductility trough is indeed deeper and
wider for M tests. Note that RA values are nearly zero for M
tests at 900 °C for heat M3. Moreover, for heat M3, note that the
decay of ductility from higher temperatures is very sharp for
both M and R tests. So, heat M3 will be more sensitive to trans-
verse cracking if the straightening operation takes place in the
temperature range of 900 to 1000 °C.

As for heat M1, the metallographic examinations of the un-
strained zone of the tensile specimens showed that austenite
grain size of in situ solidified specimens is always much
coarser than for R specimens for both heats M2 and M3. (See
Fig. 9.) Columnar grains perpendicular to the tensile direction
are still present at the surface of the in situ solidified samples.
The trough region is invariably associated with intergranular
fracture. The fracture facets are covered with fine dimples or
microvoids. (See Fig. 10.)

Precipitation is likely very affected by the solidification
processes. Thus, the precipitate distributions in the as-cast
specimen can differ from those occurring after solution treat-
ment. Intense segregation of microalloying additions to the in-
terdendritic boundaries probably occurs during solidification
and will lead to interdendritic fracture and poor ductility. Such
behavior would account for the importance of total sulfur level
in controlling the hot ductility in the as-cast condition because
the sulfur will segregate to the interdendritic boundaries during
solidification and precipitate out at the y-grain boundaries dur-
ing cooling to the test temperature.

On the other hand, on reheating to 1350 °C, new y-grain
boundaries are produced away from the segregated areas. The
sulfur redissolves at 1350 °C and subsequently reprecipitates
out at these new boundaries that then control hot ductility.
Since y-grains are equiaxed and less coarse, the increase in spe-
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M-testing procedure

R-testing procedure
Fig.9 Metallographic structures of the unstrained zone related

to C-Mn-Nb steel (M2) strained at 1000 °C; 0.25 mm/min elon-
gation rate

cific grain boundary area reduces also the precipitate density
on the grain boundaries. Therefore, R procedure is less penaliz-
ing than M procedure for hot ductility of microalloyed steels.

In Nb-V containing steel (heat M3), the ductility loss due to
Nb addition is also enhanced by the addition of V. Se, the pre-
cipitation of VC(N) adds its detrimental effect to that due to
NbC(N) precipitates (Ref 22).

5.2 C-Mn-Nb-V/Ca Microalloyed Steels

Previous works showed that the detrimental effect of sulfur
on hot ductility depends on Mn and Ca contents (Ref 20, 23,
24). The mechanism usually considered is the embrittlement
by precipitation of fine FeS particles, which segregate to the
grain boundary during cooling or deformation. Mn additions
replace them with MnS or (Fe,Mn)S particles formed at higher
temperature, which are coarser, more spaced, less systemati-
cally intergranular, and less deleterious.

Ca has the same effect as Mn, but is more efficient. Ca addi-
tions are mainly beneficial because they reduce the volume
fraction of sulfides formed on solidification as well as the
amount of S precipitated in a finer form during cooling after so-
lidification (Ref 24). Ca efficiency in relation to sulfur depends
also on oxygen elimination by another addition (Ref 25). The
favorable action of Ca on hot brittleness is different according
to whether or not there are other additions. Ductility is not im-
proved by an addition of Ca alone, but only when Ca is associ-
ated with Al (aluminum), which traps oxygen (Ref 26).

For heat M4 (C-Mn-Nb-V/Ca steel), hot ductility is not sig-
nificantly influenced by the temperature path, and the ductility
trough is more narrow than for Ca free steels, such as heat M3
(Fig. 11). For heat M3, the ductility trough is indeed clearly
shifted toward the higher temperatures although the levels of
Nb, V, N, and Al were lower than those of heat M4.

This behavior is explained by the fact that Ca reduces also
solute S atoms in steel. Hot embrittiement due to sulfur was
widely reported in the literature (Ref 3). If solute S atoms re-
main during low strain rate in the continuous casting of steel,
they will segregate to the grain boundary precipitate/matrix in-

Journal of Materials Engineering and Performance

R-testing procedure

M-testing procedure

Fig. 10 Fracture surfaces related to C-Mn-Nb steel (M2)
strained at 900 °C; 0.25 mm/min elongation rate
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Fig. 11 Ultimate reduction in area versus temperature for C-
Mn-Nb-V/Ca (M4) and C-Mn-Nb-V (M3) steels; 0.25 mm/min
elongation rate

terfaces and to the austenitic grain boundaries, leading to easy
decohesion of these interfaces and consequent nucleation of
microvoids. With slow strain rates (103 to 10%/s, some inves-
tigators (Ref 27-29) believe that sulfur acts in the scope of a
creep damaging process by segregating at the surface of the
creep cavities located at the grain boundaries and strongly im-
proves their growth velocity. The sulfur-intergranular precipi-
tate synergy, which is often observed, results from the strong
amplifier effect of these precipitates on cavity nucleation.

Thus, for steel solution treated at 1350 °C, the amount of S
that goes back into the solution and then the part that remains in
solution at the testing temperature could be effective in reduc-
ing the ductility. In as-cast steels, all the sulfur goes back into
solution, and the solute S level at the testing temperature is
higher than before. However, since the solute S level is very
low in heat M4, there is no significant difference in hot ductil-
ity deduced from M and R testing procedures.
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Fig. 12 Ultimate reduction in area versus temperature for C-
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Fig. 14 Metallographic structures of the unstrained zone re-
lated to C-Mn-Nb-V/Ca steel (M4) strained at 800 °C and 0.125
mm/min elongation rate. After M test, Vo = 12 °C/s. After (M +
H/1450°C) test, V.= 9.5 °C/s

In spite of everything, M tests might not precisely simulate
the as-cast structure in continuous casting because the
austenite grain size is more reduced in test. In continuous cast-
ing, the maximum surface strain on bending is about 2%,
whereas the fracture strains are often higher than 5% with labo-
ratory hot tensile test. Thus, the cracking conditions observed
with current tensile tests are not necessarily those that occur
during transverse cracking. To obtain a testing procedure capa-
ble of reproducing more precisely the as-cast structure in con-
tinuous casting, a melting procedure including a 1 min holding
at 1450 °C was applied to heat M4 specimens (Fig. 5c).

Figure 12 shows the ductility curves for the melting and
1450 °C holding procedure, denoted as “M + H/1450,” and for
a simple melting procedure. The ductility curve relative to the
M+H/1450 procedure is shifted toward the lower RA values.
Note that RA is equal to zero at 800 °C.
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Fig. 13 Ultimate reduction in area versus cooling rate for C-
Mn-Nb-V/Ca steel (M4) strained at 800 °C and 0.125 mm/min
elongation rate. Influence of temperature path after in situ solidi-
fication
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Fig. 15 Austenite grain size versus cooling rate for C-Mn-Nb-
V/Ca steel (M4). Influence of cooling rate and temperature path
on the austenite grain size at 800 °C

Figure 13 exhibits reduction in area versus cooling rate for
heat M4 strained at 800 °C and 0.125 mm/min. Ductility is
clearly influenced by temperature path and cooling rate. The
uliimate reduction in area related to the M + H/1450 testing
procedure is lower than the one related to the M testing proce-
dure. For the M+H/1450 testing procedure, striction is nearly
zero for cooling rates in the range 2 to 10 °C/s, which are typi-
cally the rates experienced by the strand surface during the con-
tinuous casting operation. Probably the mechanism giving
intergranular cracks with test is now very close to the trans-
verse surface cracking mechanism in continuous casting.
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The samples obtained from the M + H/1450 testing proce-
dure, which have been subjected for a longer time at high tem-
perature, are distinguished by a coarser structure as shown in
Fig. 14 and 15. The after solidification 1450 °C holding allows
the metallurgical structure of the continuously cast slab to be
reproduced very precisely. Columnar grains are 3.2 mm in
length and 1.6 mm in width as shown in Fig. 16.

The ductile character of the intergranular decohesion seems
to be due to the necking of the no-sggregated zones leading to
the formation of ductile “ligaments” (Fig. 17, 18). The plainly
intergranular fracture areas are due to an intense segregation of
sulfur at the austenite grain boundaries and at the microvoid
surfaces created around Nb(C,N) and V(C,N) particles located
at the grain boundaries (Fig. 19). Moreover, raising the cooling
rate induces a ductility increase because decreasing of the
austenite grain size reduces the precipitate density on the grain
boundaries.

6. Conclusions

As one aid in clarifying the mechanism of cracking in con-
tinuously cast slabs, a new tensile testing procedure was pro-
posed. It includes melting and solidification in the form of
notched specimens by simulating the slab thermal history. The
choice of the specimen and crucible geometry was determined
to shift the shrinkage cavity out of the notched zone and thus
avoid any trouble during test measurements. It is a basic advan-
tage in assessing stresses and strains for the analysis of surface
fractures. Compared with other tests, the notched specimens
offer a great interest in producing very depressive hydrostatic
stress, producing significant triaxiality, and thus favoring mi-
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Fig. 17 Fracture surfaces related to C-Mn-Nb-V/Ca steel (M4)
strained after (M + H/1450 °C) test at 800 °C and 0.25 mm/min
elongation rate
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Fig. 18 Schematic representation of crack by plastic instability
of the area between the voids leads to intergranular fracture fac-
ets with “craters”
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dynamic precipstation of Nb(C.N)
segregation of sulphur atoms 1o
incoherent precipstate / matrix interfaces

nuclcation of microvosds by decohesion
of precipstates from matnix

Fig. 19 Schematic representation of intergranular microvoid
formation in Nb steel during low strain rate deformation in low
temperature 'y region

crovoid growth and coalescence. The late step is quickly
reached when the specimen notched zone has poor ductility.
Hot ductility of Nb-microalloyed steels was analyzed in re-
lation with temperature history after solidification. The gap be-
tween the in situ solidified procedure and the reheated
procedure is very important and gives evidence of the tempera-
ture history effect on hot ductility. For Nb-V microalloyed
steels, ductility loss due to Nb addition is enhanced by V addi-
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tion. The ductility trough is deeper and shifted toward higher
temperatures.

Ca treatment improves the hot ductility of in situ solidified
samples probably because the total sulfur content is reduced.

The in situ solidified procedure, which includes a high-tem-
perature holding step, produces a solidification structure with
coarse columnar grains similar to the continuously cast micro-
structure. For C-Nb-V/Ca steel, this testing procedure gives re-
duced hot ductility because of grain coarsening and, more
importantly, sulfur segregation on austenitic grain and carboni-
tride boundaries.
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