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Abstract. Transverse cracking on the surface of continuously cast steel products has been one of the main 
problems of this stage in steelmaking for many years. The incidence of this problem has been found in 
microalloyed steels  as well as some plain carbon steels containing residual elements. In this work, the hot ductility 
and fracture mechanisms of a C-Mn steel containing 0.6%Cu and 0.053%Sn as residual elements have been 
evaluated. To simulate the thermo -mechanical conditions of the straightening operation, tensile tests were carried 
out at temperatures ranging from 700ºC to 1100 ºC with an initial strain rate of 5·10-3 s -1. Specimens were subjected 
to three different reheating temperatures prior to the hot ductility test, including 1100 ºC, 1300ºC and melting.. 
After each test, the reduction in area of the samples tested to fracture was used as a measure of the hot ductility. 
The fracture surfaces were then examined by scanning electron microscopy. The widest and deepest ductility 
trough was obtained for the specimens tested after melting; for these conditions brittle fractures are interdendritic 
showing very low ductility. After reheating at 1330ºC, fracture features showed intergranular fracture combined 
with some plastic deformation corresponding to the test temperature. Reheating at 1100ºC produced a finer 
microstructure and the fracture features showed a mixture of intergranular with some interdendritic features.. Also, 
ductile behaviours were associated with void coalescence. The different results obtained depending on the 
thermal cycle can be attributed to the presence of the residual elements in the steel through different segregation 
and precipitation patterns. 
 
Resumen. El agrietamiento superficial en productos de colada continua es uno de los principales problemas que 
presenta esta etapa de la producción de acero. La incidencia del problema está relacionada con la composición 
química del acero, habiéndose mostrado susceptibles de presentar el problema algunos aceros al carbono con 
altos contenidos en elementos residuales. Para el presente trabajo la ductilidad en caliente y mecanismos de 
fractura de un acero al carbono con 0.6%Cu y 0.053%Sn han sido evaluados. Para simular las condiciones 
termomecánicas de la operación de desdoblado se llevan a cabo ensayos de tracción a temperaturas en el 
intervalo de 1100ºC a 700ºC y a una velocidad de deformación inicial de 5·10-3 s -1. Tres ciclos térmicos se aplicaron 
a las probetas antes de que éstas fueran ensayadas . Dos ciclos térmicos implicaban un recalentamiento de las 
probetas a 1100ºC y 1330ºC y el tercero comportaba una fusión de la probeta y posterior solidificación. Después 
de cada ensayo, la reducción del área de las probetas ensayadas hasta la fracutura se utilizaba como medida de la 
ductilidad y las superficies de fractura se observaban en microscopía electrónica de barrido. Tras condiciones de 
fusión las probetas presentaron peores ductilidad que se extendían para un intervalo más amplio de temperaturas 
que cuando las probetas eran sometidas a ciclos térmicos de recalentamiento, y las fracturas frágiles eran 
interdendríticas. Después de recalentar a 1330ºC las fracturas eran intergranulares combinadas con algo de 
deformación plástica dependiendo de la temperatura de ensayo. Recalentamientos a 1100ºC producen una 
microstura más fina y las superficies muestran una combinación de fractura interdendrítica con algo de 
intergranular. Los comportamientos dúctiles se asociaron a coalescencia de cavidades. Los diferentes resultados 
obtenidos se pueden relacionar con la presencia de elementos residuales y como los diferentes ciclos térmicos 
influyen en sus patrones de precipitación y segregación. 
 
 

1. INTRODUCTION 
 
Transverse cracking in the surface is a problem that 
takes place during the straightening operation of the 
continuous casting process that is carried out at a 
temperature range in which most steels present poor 
ductility [1-2]. 
 

The hot ductility of several steel grades have been 
extensively studied so far, but the increasing amount of 
residual elements as a consequence of the generalized 
use of recycled steel scrap, opens a new field of study 
on the hot ductility and embrittlement mechanisms . 
Residual elements such as Cu and Sn are of special 
interest since they cannot be preferentially oxidized by 
normal steelmaking methods [3-4]. 

184
 
 

 ANALES DE MECÁNICA DE LA FRACTURA   Vol. 22  (2005) 

 
 



The hot ductility tensile test has been useful to simulate 
the conditions during the unbending operation in the 
continuous casting, even though it has its own 
drawbacks [5]. When the ductility loss is due to 
intergranular precipitation (e.g. microalloyed steels) a 
“solution treatment” could be adequate to assess a steel 
likelihood to exhibit transverse cracking. On the other 
hand, when particles such as MnS or TiN are to be 
evaluated or the pattern of segregation, that weaken the 
grain boundary, is to be reproduced, tensile samples 
should be tested directly after in-situ melting. In this 
article, different reheating temperatures: 1100ºC, 1330ºC 
and melting, were used to observe the effect on the 
subsequent hot ductility of the steel. Tests were carried 
out on samples taken from the as-cast billet in the 
casting direction.  
 
The surfaces of the samples tested to fracture were 
examined by scanning electron and optical microscopy 
in order to evaluate the fracture mechanisms . 
 
 
2. EXPERIMENTAL METHOD 
 
The steel chosen was a C-Mn steel with a high amount 
of residual elements, especially Cu and Sn, due to 
recycled scrap. This steel is commonly used for 
structural applications and shows the problem of 
transverse cracking on the corners during casting. The 
composition of the steel is given in Table 1. The amount 
of Cu is high and no Ni has been added to alleviate the 
hot ductility loss produced by Cu. The amounts of Sn 
and S are also high.  
 
Cylindrical specimens, 9.5 mm in diameter and 125 mm in 
length were machined directly from the as-cast billet in 
the casting direction. The thermal cycles applied to the 
samples are shown in Fig. 1. The first thermal cycle 
corresponds to a reheating treatment at 1100ºC previous 
to testing. In the second thermal cycle the samples were 
reheated at 1330ºC, and the third cycle consists of in-situ 
melting of the sample in order to most closely simulate 
the thermal history of continuous casting. The thermal 
schedules were applied to specimens using an induction 
heating system. Specimens were fixed between the 
anvils of a fully computerized MTS machine and placed 
in a quartz tube under atmosphere of argon with 1% 
hydrogen to minimise oxidation. The temperature was 
measured by an infrared pyrometer focused on the 
middle section of the specimen and adjusted by a 
controller in accordance to the programmed thermal 
schedules. 
 
After the application of the different reheating 
conditions, the samples were cooled down at a constant 
cooling rate of 10ºC/s to the test temperature. This 
cooling rate is close to the one experienced by the billet 

surface when it goes out of the mould. Samples were 
then maintained at the testing temperature for 3 minutes 
and the test is carried out at an initial strain rate of 5·10-

3s -1 that is also similar to the one experienced by the 
billet surface during the unbending operation in 
continuous casting. Hot ductility was quantified by the 
reduction in area (%RA) of the samples tested to 
fracture. 
 
Once the tests were carried out, one half of the sample 
was quenched in water in order to prepare longitudinal 
sections for metallography, and the other half was used 
to examine the fracture surfaces, using a scanning 
electron microscope JEOL T840 SEM. 
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Fig. 1 Thermal cycles applied to the samples previous to 
the deformation test: a) reheating at 1100ºC, b) 
reheating at 1330ºC, c) melting 

 
 
3. RESULTS 
 
3.1. Hot ductility curves 
 
The hot ductility curves can be seen in Fig. 2. As can be 
seen the major difference is between the reheated and 
melted specimens. The hot ductility trough for samples 
tested after melting is significantly wider and deeper 
than the ones after reheating at 1100ºC and 1330ºC. On 
the other hand, there was little difference between 
specimens reheated at 1100 ºC and 1300 ºC. 
 
Fig. 2 shows that reheating at 1100 ºC and 1330ºC 
produces almost the same hot ductility trough. However, 

%C %Si %Mn %P %S %Cr %Ni %Cu %Sn Mn/S 

0.23 0.125 0.9 0.011 0.021 0.075 0.121 0.59 0.053 42 

Table 1 Chemical composition (% in mass) 
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at 700 ºC the hot ductility of specimen reheated at 1100 
ºC was higher than that of 1330 ºC.  
 
The loss of ductility for the reheated specimens is in the 
austenite single phase region, around 900ºC and it  
remains poor with decreasing temperature, without any 
recovery at the lowest temperature tested. 
 
For the specimens tested after melting, the minimum 
ductility values are lower than the ones after reheating 
and the loss of ductility takes place at higher 
temperatures, around 1000ºC. 
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Fig. 2 Hot ductility curves after different thermal cycles 

 
3.2. Fractographies 
 
To investigate the causes of the embrittlement in the low 
ductility region, the fractured surfaces of the tensile 
specimens were examined, and are shown in Figs.3 to 5. 
The fracture surfaces of the specimens having low 
ductility revealed different mechanisms corresponding 
to the thermal cycle applied previous to testing. Fig. 6 
shows improved ductility values in the high austenite 
temperature range, for any of the thermal cycles, that 
was associated with transgranular ductile dimples. 
 
The fracture surfaces of the brittle samples reheated at 
1100ºC seem to have almost the same features. As can 
be seen in Fig. 3, the fracture surfaces of the samples 
tested at 700ºC and 900ºC (both with %RA around 25%) 
present a kind of interdendritic fracture with smooth, 
globular features that could be related to a  layer of 
previously liquid metal. However, there is another type 
of fracture feature which is a coarser feature that is 
reminiscent of a granular structure. Therefore, the 
fracture feature consists of a combination of 
intergranular and interdendritic fracture. The samples 
reheated at 1330ºC in the brittle range of the trough 
show intergranular fracture, Fig.4. At the lower 
temperatures, the fracture surface is completely 
intergranular by grain boundary decohesion, as can be 
seen in Fig. 4a, in which the surfaces of the grains look 

smooth and recognizable. As the temperature rises, and 
so does the ductility, the surface of the grains show 
roughness , so that for 900ºC it is somehow similar to the 
one observed for samples tested after reheating at 
1100ºC, Fig. 4c.  
 
After melting, the fracture surface obtained for the 
samples tested at any brittle temperature is almost fully 
interdendritic, as shown in Fig. 5 which shows the 
sample tested at 900ºC. At higher magnification (Fig. 5b), 
the surface of a dendrite is apparent. A line with 
elongated features can be seen that is supposed to be 
the union between both parts of the sample at the 
moment of rupture. 
 

a) 

b) 
 
Fig. 3  Fracture surfaces of the samples reheated at 
1100ºC and tested to fracture at a) 700ºC and b) 900ºC 
 
 
 
3.3. Microstructures 
 
The longitudinal microstructures of some specimens 
quenched after fracture are shown in Figs. 7-9. These 
mictrostructures can help to identify the mechanisms of 
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a) 

b) 
Fig. 5 a), b)  Fracture aspect of the sample tested at 
900ºC after melting 

 
Fig. 6  Transgranular dimples for samples tested at 
1000ºC after reheat treatment at 1330ºC 

 
 
fracture especially when they are considered with regard 
to the fracture surfaces. Noticeable differences can be 
observed for samples that have reheated at different 
temperatures. 
 
After reheating at 1100ºC, although the fracture surfaces 
looked similar, by microstructural observation a 
significant difference can be distinguished between 
samples tested in the austenite or austenite + ferrite 
regions. As shown in Fig. 7a the sample tested at 700ºC 
exhibits the presence of a ferrite layer at the austenite 
grain boundaries and the fact that intergranular cracks 
follow this ferrite layer. At higher temperatures, 800ºC 
and 900ºC, samples reveal a higher level of internal 
cracking, while ferrite is not observed. These cracks are 
not as straight as they should be if they were 
intergranular at the austenite grain boundaries. Fig. 7b 
shows this effect in the sample tested at 800ºC after 
reheating at 1100ºC. 
 
For samples tested after reheating at 1330ºC, in the brittle 
region, the fracture surfaces show intergranular aspects 
for the specimen tested at 700ºC and 800ºC , Fig 8. This 
could be related to the existence of the ferrite layer 
surrounding the prior austenite grain boundaries. Figure 
8 demonstrates the intergranular nature of the cracks. 
The austenite grain boundaries are decorated with ferrite 
and cracks are propagated through this thin layer. At 
higher temperatures, 900ºC, where there is no ferrite 
layer, cracks change their morphology and the aspect of 
the internal cracking is similar to the one of the samples 
reheated at 1100ºC and tested in the austenite single 
phase region that have been seen in Fig. 7b. For the 
samples reheated at 1330ºC the internal cracks are 
coarser due to the larger grain size corresponding to this  
reheating temperature  
 
As mentioned before, the samples tested after melting at 
different temperatures showed interdendritic fracture in 
the low hot ductility range of the trough. This dendritic 
structure is also evident by metallography examination 
as can be seen in Fig. 9 for the sample tested at 900ºC. 
At higher magnification, Fig. 9b, it is apparent that small 
sulphide particles precipitated preferably at the 
interdendritic space. 

 

 
a) b) 

 
c) 

Fig. 4 Fracture surface of the samples reheated at 1330ºC and tested at a) 700ºC, b) 800ºC and c) 900ºC 
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a) 

b) 
Fig. 7  Metallography of the samples reheated at 
1100ºC before being tested at a) 700ºC and b) 800ºC  
 

 
Fig. 8  Metallographies of the sample tested at 700ºC  
after reheatment at 1330ºC 
 
 
4. DISCUSSION 
 
With the fracture features observed by scanning 
electron microscopy and metallography, it is possible to 
relate the brittle behaviour of the present steel with 
different mechanisms , depending on the test temperature 
and thermal cycle applied to the samples.  
 
One of the first things that is  apparent by observation of 
Fig. 2, it that samples tested after different reheating 
conditions have similar ductility troughs, even if the 
grain size at 1330ºC was higher than that at 1100ºC 
(250µm and 100µm respectively). Larger grains are 
expected to lower the ductility due to the intergranular 
nature of crack propagation. However, hot ductility 
values after both reheat temperatures are very close, and 
the hot ductility is even slightly better after reheating at 
 

a) 

b) 
Fig. 9  Metallography of the sample tested at 900ºC 
after melting 
 
 
the highest temperature. Thus the grain size is not the 
parameter controlling the hot ductility. 
 
At low temperatures, the mechanism responsible for 
reducing the ductility of the steel could be the formation 
of a thin ferrite layer surrounding the previous austenite 
grains, Figs. 7a and 8. When the amount of ferrite 
increases at lower temperatures, the ductility is 
susceptible to increase due to the ease of ferrite to 
recover dynamically. At the test temperatures used in 
this study the ferrite did not increase enough to improve 
the ductility. As the ferrite is induced by deformation 
and appears in its first stage surrounding the austenite 
grains, a smaller grain size provides more grain boundary 
area for the ferrite to precipitate. This could be the 
reason for the samples reheated at 1100ºC that seem to 
recover easier at low temperatures than the samples 
reheated at 1330ºC, Fig 2. 
 
Intergranular failure of samples in the austenite 
temperature region can be explained by the influence of 
different mechanisms that relate to the presence of 
inclusions and the segregation of Cu and/or Sn to the 
grain boundaries. In this situation segregation of Cu 
would lead to the formation of low melting point 
compounds [6]. However, the present content of Cu 
does not seem enough for this to happen; only some Cu 
could be found associated with MnS particles; more 
work has to be done to evaluate this mechanism. What 
is more likely to be happening is the segregation of Sn to 
the grain boundaries; this element if segregated to grain 

188
 
 

 ANALES DE MECÁNICA DE LA FRACTURA   Vol. 22  (2005) 

 
 



boundaries can strongly reduce the grain boundary 
cohesion in iron [7]. 
 
The thermo mechanical conditions of the samples 
reheated at 1330ºC can promote the non-equilibrium 
grain boundary segregation of Sn Song et al. [7].  
showed that Sn segregation can reach a maximum value 
for samples cooled at 10ºC/s (intermediate cooling rate) 
from a solution treatment temperature close to the one 
used in this work. Thus, the samples reheated at 1330ºC 
are likely to be segregating Sn to the austenite grain 
boundaries, pinning them and favouring grain boundary 
decohesion. 
 
The situation changes when samples are reheated at 
1100ºC. Fracture surfaces showed an interdendritic 
decohesion mixed with some intergranular features. Due 
to the as-cast condition of the original steel, there could 
be some remaining segregation patterns due to 
solidification of the billet. This initial segregation in the 
samples might have been reduced to some degree during 
the subjected thermal cycle. However, this temperature 
might not be high enough to promote segregation at the 
austenite grain boundaries during reheating. Thus, the 
segregation caused by initial solidification could play an 
important role in reducing the hot ductility of specimens 
reheated at 1100 Cº. 
 
Melting previous to the test is supposed to reproduce 
the as-cast structure of the billet surface. In this 
condition, brittle fractures are related to interdendritic 
decohesion, Fig.5a. In this kind of brittle fracture, no 
deformation is tolerated by the structure. Furthermore, in 
specimens melted previous to the test, precipitation of 
MnS inclusions during solidification could have taken 
place [8]. These particles can play an important role to 
reduce hot ductility since they are found in the 
interdendritic regions. 
 
 
4. CONCLUSIONS 
 
This steel, with the given contents of S, Cu and Sn had 
poor ductility for a wide range of temperatures, 
indicating a high susceptibility to the presence of 
transverse cracking. The ductility troughs showed 
differences depending on the thermal history of the 
specimens. The widest and deepest area reduction 
trough was obtained after melting the samples. 
Reheating conditions at different temperatures gave 
similar ductility behaviours.  
 
Thus, parameters of the tests such as reheating 
temperature and test temperature have a strong 
influence on the results . Interpretation of hot ductility 
results should be discussed depending on the 
composition of the steel and the different mechanisms 
that could be acting under each test condition. 
 
For the present composition, the high amounts of Sn 
could influence ductility by segregating to the 
interdendritic spaces during solidification or to the grain 

boundaries during later thermo mechanical processes. Cu 
in the present contents is not susceptible to be 
segregated. 
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