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Abstract 
The hot ductility of a Nb-microalloyed steel is investigated by means of tensile tests at strain rates of 
3·10-4, 3·10-3 and 3·10-2/s after austenitization and cooling to isothermal test temperatures in the range 
of 700 to 1000°C. The ductility, determined by the reduction of area at fracture, is correlated with 
damage formation utilizing microfocus X-ray computed tomography (μXCT). 
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1  Introduction 
In continuous casting of steel, mechanical and thermal stresses may cause intergranular crack 
formation owing to a decrease in ductility within a temperature range of typically 700 to 1000°C [1-3]. 
The reduction of area at fracture (RA) determined from hot tensile tests of samples taken from the slab 
is commonly used to assess the susceptibility to crack formation in the course of continuous casting. 
Samples are strained to failure following austenitization and cooling to different isothermal test 
temperatures. Strain rates in the order of 10-4 to 10-3/s are usually applied corresponding to the 
conditions during straightening of the slab. 
Two different mechanisms are responsible for low ductility at these strain rates [3]: 1) the formation of 
deformation-induced ferrite, which preferentially forms thin films at the austenite grain boundaries, 
favours crack formation due to lower strength of ferrite. At lower temperatures, ductility increases as 
ferrite forms in larger amounts, thus reducing strain localization. 2) At temperatures above Ae3, or if 
there is insufficient time for ferrite to form, intergranular damage of austenite may occur mainly due to 
the presence of fine grain boundary and matrix precipitates in combination with grain boundary 
sliding. In hot tensile tests, dynamic recrystallization (DRX) of austenite accounts for increasing 
ductility at temperatures where precipitates are not capable of pinning the grain boundaries.  
The second ductility minimum is particularly pronounced for Nb-microalloyed steels due to 
precipitation of fine Nb(C,N) particles and solute Nb atoms, which both impede recrystallization. In a 
recently published work on V-microalloyed steel, the influence of strain rate on hot ductility within the 
second ductility minimum has been investigated utilizing μXCT besides standard metallography and 
fractography methods [4]. It was concluded that, in the narrow temperature range examined, ductility 
increases with strain rate due to less time available for V(C,N) precipitation as well as for intergranular 
void growth and coalescence. In the present work, the influence of strain rate on ductility of a Nb-
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microalloyed steel is investigated over a wide temperature range around the second ductility minimum. 
The ductility of tensile samples is correlated with damage formation utilizing μXCT. 

2  Experimental 
The chemical composition of the microalloyed steel investigated is given in Table 1. Tensile samples 
extracted from regions about 10mm below the surface of the slab were machined with a gauge length 
of 16.5mm and a diameter of 8mm. The longitudinal axis corresponds to the casting direction.  
Hot tensile tests were carried out in Ar atmosphere to prevent oxidation utilizing a Gleeble1500 
servohydraulic machine according to the temperature program shown in Figure 1. The samples were 
austenitized at 1250°C for 60s. After cooling down at 1K/s to isothermal test temperatures ranging 
from 700 to 1000°C and holding for 30s, the samples were strained to failure at strain rates of 3·10-4, 
3·10-3 and 3·10-2/s, immediately followed by water quenching to preserve the microstructure. RA was 
determined as a measure for ductility of the fractured samples by means of a calliper. For light optical 
microscopy (LOM) investigations, the samples were cut along the longitudinal axis, polished and 
etched with nital solution (5 vol%). 
A rayscan 250 laboratory scanner was used for microfocus X-ray computed tomography (μXCT) to 
reveal damage (porosity) in the fractured samples applying a voxel size of (10μm)³. Scanning 
parameters are given in Table 2. VG Studio Max 2.1 software was used for segmentation. Only pores > 
50 voxel and at least 3×voxel size = 30 µm in all directions could be detected. 
 

C Mn Si P S Al Nb Cr,Ni,Cu N [ppm] 
0.085 1.05 0.24 0.0076 0.0038 0.043 0.072 <0.04 55 

Table 1: Chemical composition of the tested steel (wt%).  
 

 
Figure 1: Temperature program used for the tensile tests. 

 
Acceleration voltage Filament current Projections Filter 

U = 190 kV I = 60 µA 1440/ 2s 0.5 mm Cu 
Table 2: Parameters used for µXCT. 
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3  Results 

3.1 Flow curves 
Characteristic flow curves at different test temperatures and all the strain rates are presented in Figure 
2. The maximum stress steadily increases with the strain rate at a given test temperature and decreases 
with increasing test temperature at a given strain rate. 
 

   
Figure 2: Tensile flow curves at different test temperatures and strain rates; A: 3·10-4, B: 3·10-3, C: 3·10-2/s. 

3.2 X-ray Tomography 
Figure 3 gives an overview of the μXCT results showing deformation pores as well as shades of 
regions near the fracture surface. The reduction of area increases with the strain rate and exhibits a 
minimum at 800°C for a given strain rate as quantified in Figure 4. For all strain rates, a ductility 
minimum is observed at 800°C. Ductility increases with the strain rate at a given test temperature. 
Figure 5 shows the reduction of area of cross sections at the onset of pore formation (RAOPF) in the 
range of 700 to 950°C related to the pores detected by μXCT. RAOPF was defined as the local reduction 
of area of the first slice exceeding a porosity of 0.05% in area. For the lowest strain rate at 800 and 
850°C, a proper segmentation was not possible due to the formation of particularly narrow pores (see 
3.3). Therefore, the position for RAOPF was estimated visually using the unsegmented data for these 
samples. RAOPF exhibits a minimum at 800°C and increases with the strain rate at a given test 
temperature. These data qualitatively resembles the RA results (Figure 4). The same trend was 
obtained for the mean shape factor of pores > 50 voxel (Figure 6). The shape factor is defined as the 
pore volume divided by the volume of a sphere exhibiting the same surface as the pore, i.e. a shape 
factor of unity corresponds to a spherical pore. The 10% largest pores of the cumulated pore volume 
fraction, which may have formed through macropore coalescence, were not taken into account.  
The pore number density in slices over the corresponding local reduction of area for 3·10-2 and 3·10-3/s 
is given in Figure 7. The values are based on the number of pores intersected by slices of 10μm 
thickness (voxel size). The maximum pore number density is smallest at 800°C for 3·10 -3/s, whereas it 
remains more or less constant for all temperatures for 3·10-2/s. The mean pore size is highest for 800°C 
at these strain rates as shown in Figure 8. The same restrictions regarding the volume of the considered 
pores were applied as with the mean shape factor given in Figure 6. 
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Figure 3: Rendered volumes showing deformation pores obtained by μXCT at different strain rates (columns) and 

test temperatures (rows). 
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Figure 4: Reduction of area at 

fracture. 
Figure 5: Reduction of area at the 

onset of pore formation. 
Figure 6: Pores' mean shape 

factor. 
 

   
Figure 7: Pore number density of slices over local reduction of area. Figure 8: Mean pore volume. 

 

3.3 Metallography 
Light optical micrographs taken near the fracture surface of samples immediately quenched after 
fracture are given in Figure 9. Ferrite (bright) and deformation pores (black) can be distinguished from 
the bainite structure originated from quenching austenite. 
Ferrite formation is observed up to 800°C test temperature for all strain rates. At this temperature, 
narrow deformation pores along the former austenite grains covered with thin ferrite films are 
identified (Figure 9c). Intergranular pore formation along ferrite films is also observed at the 
intermediate and the highest strain rate for 750°C (Figure 9b). The ferrite fraction increases with 
decreasing test temperature and strain rate. For the lowest strain rate at 700°C, an almost fully ferritic 
microstructure is formed during deformation. It is assumed that cementite with a non-lamellar 
morphology precipitates during the deformation, presumably at ferrite grain boundaries and 
substructures. For the highest strain rate at 700°C test temperature, intense austenite grain 
fragmentation through formation of deformation bands lined with ferrite is found. Pore formation does 
not seem to be associated with the former austenite grain boundaries at this test temperature. At 850°C, 
which is close to the Ae3 temperature determined by MatCalc 5.50 (855°C) [5], no ferrite formation 
takes place. For the lowest strain rate at 850 and 950°C (Figures 9d, e) as well as for the intermediate 
strain rate at 850°C, narrow crack-like pores form at the austenite grain boundaries. In contrast, at the 
highest strain rate applied, pores elongated in tensile direction are found at these test temperatures. For 
this strain rate at 800 and 850°C, indication of deformation band formation is observed. Partial grain 
refinement takes place at 950°C for the intermediate and highest strain rate, which is attributed to 
DRX.  
 
 



 

66 

 
Figure 9: Light optical micrographs taken near the fracture surface of samples quenched immediately after fracture 

at different test temperatures (rows) and strain rates (columns); deformation axis horizontal. 
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4  Discussion 
It can be seen by comparing Figures 4 and 5 that the reduction of area at the onset of pore formation 
obtained by μXCT qualitatively resembles the RA results. Between 700 and 950°C, for all strain rates 
applied, ductility correlates with the amount of deformation where formation of the first detectable 
pores takes place (it is assumed that the onset of pore formation occurs homogeneously along a 
sufficiently large area along the longitudinal axis near the center of the sample where final fracture 
takes place). Consequently, pore nucleation can occur easily at the temperature of minimum ductility 
(800°C) for a given strain rate. This temperature is associated with intergranular pore formation along 
thin ferrite films for all strain rates. Pore nucleation and fracture are delayed to higher strains on 
increasing the strain rate. Traditionally, the reduction of area is used as a measure for ductility relating 
to hot ductility of steel. A more general statement would be to define the onset of pore formation in 
terms of the local strain (φ=ln (D0/D)²) of cross sections, which is given in Figure 10. The data was 
obtained assuming constant volume change during deformation. D0 and D represent the initial diameter 
of the sample and that at fracture, respectively. 
The reduction of area from the onset of pore formation to final fracture is given in Figure 11. The 
values can be interpreted as a measure for the ability of pores to grow and coalesce transverse to the 
applied stress. It is shown that the required amount of deformation from the onset of pore formation to 
fracture is smallest at the temperature of minimum ductility and increases with strain rate for a given 
temperature. Thus, pore nucleation (Figure 5) as well as growth and coalescence (Figure 11) correlate 
with the ductility determined by RA for the applied temperatures and strain rates. Figure 7a illustrates 
that at the temperature of minimum ductility (800°C), the number density of detectable pores near the 
fracture surface exhibits a minimum for the intermediate strain rate (3·10-3/s). Furthermore, the mean 
pore volume shows a maximum at this temperature as shown in Figure 8. Growth and coalescence of 
relatively few pores can take place easily under these conditions as mentioned above, resulting in a low 
pore number density near the fracture surface together with poor ductility. At the highest strain rate 
(Figure 7b), the maximum number density is considerably higher at 800°C compared to the 
intermediate strain rate, supporting the conclusion above that (intergranular) pore growth and 
coalescence transverse to the applied stress is limited at higher strain rates. A similar maximum pore 
density is found at 750°C for this strain rate, where ductility is not significantly higher compared to 
800°C (Figure 4). In both cases, pore formation is attributed to ferrite formation at the austenite grain 
boundaries, whereas intense deformation band formation (700, 850°C and 950°C) as well as partial 
DRX (950°C) limits both pore nucleation (Figure 7b) and growth (Figure 8). 
As shown in Figure 6, the mean shape factor is smallest at the temperature of minimum ductility 
(800°C) and the probability of higher shape factors increases with increasing strain rate. Comparing 
Figure 4 with Figure 6 indicates that ductility can be related to the shape of the deformation pores 
obtained by μXCT. Narrow, intergranular crack-like pores near the fracture surface are associated with 
low ductility.  
Both onset of pore formation and the mean shape factor relating to the detectable pores can be 
determined easily applying μXCT owing to the possibility of scanning relatively large volumes. No 
tomography data is available in the region of the ductility minimum at the lowest strain rate (800, 
850°C) where a proper segmentation was not possible. This is mainly due to the presence of very 
narrow crack-like pores under these conditions. Only pores exhibiting diameters > 30μm in all 
directions can be segmented using the present parameters. It must be pointed out that the determination 
of the onset of pore formation detected by μXCT is biased by the spatial resolution used, i.e. the actual 
onset takes place at smaller deformation. 
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Figure 10: Local strain at the onset of pore formation. 

 
Figure 11: Reduction of area from onset of pore 

formation to final fracture 

5  Conclusions 
1. At the temperatures and strain rates examined (700-950°C and 3·10-4-3·10-2/s, 

respectively), the reduction of area at fracture correlates well with that at the onset of 
pore formation determined by μXCT. 

2. Ductility of the fractured samples can be related to the shape of the detectable pores. The 
probability of higher shape factors increases with ductility. 

3. Low ductility is associated with pore nucleation taking place at small strains and the 
ability of these pores to grow and coalesce transverse to the applied stress, implicating a 
low pore number density near the fracture surface.  

4. Ductility is improved if intergranular pore formation, growth and coalescence are limited 
by DRX, and/or deformation band formation, all of which involve austenite grain 
refinement, as well as by ferrite formation in large amounts. 

5. The local strain at the onset of pore formation shows a correlation with temperature 
similar to that of the reduction of area (ductility minimum). The local strain values 
determined in this work must be considered as an upper limit due to the limitations in 
spatial resolution (only pores > 30 µm were detected). Higher spatial resolution is needed 
to refine these results. 
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