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Abstract:
The influence of nitrogen (N) content on the hot-

ductility of combined niobium (Nb) and boron (B) 
added ultra low-carbon steel was investigated with use of 
the related commercial steel materials. Nb and B added 
u l t ra  low-carbon  s tee l  in  wh ich  n i t rogen  was 
0.0048 mass% showed the bottom of ductility around 
950˚C , which was slightly higher than the Ar3 transfor-
mation temperature. Reducing N content less than 
0.0032 mass% improved the hot-ductility around the 
temperature of 950˚C .

Both grain boundary ductile fracture and intragranu-
lar brittle fracture were observed in the fractured surface 
of the tested specimen. MnS, BN and AlN precipitates 
were observed at the grain boundaries, and the Nb (C, 
N) precipitates were observed in the ferrite matrix.

These results suggest that the hot-ductility of com-
bined Nb and B added ultra low-carbon steel is deterio-
rated by both the grain boundary ductile fracture domi-
nated by the MnS, BN, AlN precipitates and the 
transgranular brittle fracture by the Nb (C, N) precipi-
tates.

1.	 Introduction

Combined Nb-B added ultra-low carbon steel is 
used in pail cans and products with similar require-
ments as this material possesses properties such as 
minimal change in the circumferential height after 
expanding, a non-aging property, high weld strength, 
etc. in addition to the sheet strength necessary in steel 

sheets for large-scale welded cans1, 2).
Among all iron and steel products, these steel sheets 

for cans are the type of  product in which the highest 
level of  surface quality is required. Moreover, with 
higher requirements placed on materials and study of 
composition adjustment for manifestation of  proper-
ties, it is thought that the importance of surface quality 
will increase in the future.

However, as the hot ductility of these steel decreases 
remarkably when the nitrogen (N) content increases1, 2), 
eliminating cracks during bending-unbending deforma-
tion in the slab straightening zone in continuous cast-
ing of this steel becomes an issue in the practical manu-
facturing aspect. In particular, in case the temperature 
in the straightening zone is around 950˚C, which is just 
slightly higher than the γ α  transformation tempera-
ture, it is thought that the hot ductility change behavior 
changes greatly depending on the type of  precipitates 
and the precipitation sites.

Since the γ α  transformation temperature of 
ultra-low carbon steel is higher than 900˚C, the effect 
of the precipitation behavior of Nb (C, N), BN, etc. on 
hot ductility is thought to be different from that in low 
carbon steel.

In this research, the influence of  the N content on 
the hot ductility of  combined Nb-B added ultra-low 
carbon steel was investigated with the aim of stabilizing 
surface quality, and the controlling mechanism of the 
hot ductility of  this steel was studied. The results are 
reported in the following.

† Originally published in JFE GIHO No. 39 (Feb. 2017), p. 10−14 *2 General Manager, 
Can & Laminated Materials Research Dept., 
Steel Res. Lab., 
JFE Steel

*1 Senior Researcher Manager, 
Sheet Products Research Dept., 
Steel Res. Lab., 
JFE Steel

*3 Ph. D.,  
General Manager, 
Nano-Scale Characterization Center, 
Functional Materials Solution Div., 
JFE Techno-Research



Influence of Nitrogen Content on Hot Ductility of Nb-and B-added Ultra-low Carbon Steel for Welded Cans  

6� JFE TECHNICAL REPORT No. 23 (Mar. 2018)

2.	 Experimental Procedure

The sample material was a continuous casting mate-
rial produced by actual production equipment. Its 
chemical composition is shown in Table 11). Surface 
cracks occurred only in the slab of steel No. 1.

A high temperature tensile test was performed to 
evaluate hot ductility. The test pieces were taken from 
the 1/4 thickness position from the bottom side to the 
top side. The direction of  tensioning of  the test piece 
was the casting direction (at right angles to the solidifi-
cation direction). A round-bar test piece with a parallel 
part diameter of  8 mm and parallel part length of 
15 mm was used. The high temperature tensile test was 
performed in a vacuum, using high frequency induction 
type thermo-mechanical reproduction test machine 
(Thermecmaster test machine). The thermal history 
used in the experiments is shown in Fig. 11). The tensile 
test was performed after soaking for at 1420˚C for 60 s, 
followed by rapid cooling to the test temperature and 
holding at that temperature for 60 s. The strain speed 
was 2×10−3 s−1, which is equivalent to the strain speed 
in the straightening zone of  a continuous casting 
machine. The reduction in area of the fracture surface 
after tensile fracture was used in the index for evalua-
tion of hot ductility.

The fracture surface after tensile fracture and pre-
cipitates were examined by scanning electron micro-
scope (SEM) observation, transmission electron micro-
scope (TEM) observation, and elemental analysis by 
energy dispersive X-ray spectrometry (EDX). For the 
TEM observation, thin film replica were prepared and 
observation was performed with the specimen sup-
ported and fixed with a Cu mesh.

The condition of existence of Nb in the vicinity of 
the fracture surface was analyzed by X-ray absorption 
fine structure (XAFS) analysis. Measurement of  the 

XAFS spectrum was performed by using beamline 
BL27B, which is installed in the Photon Factory at the 
High energy accelerator research institute KEK. The 
XAFS spectrum of  the Nb-K absorption edge was 
measured by the X-ray fluorescence (XRF) yield by 
using a 7-element semiconductor detector and X-rays 
monochromaticized with a Si (111) two-crystal mono-
chromator. The Nb precipitate percentage in the vicin-
ity of  the fracture surface was obtained from an 
extended X-ray absorption fine structure (EXAFS) 
analysis3, 4).

In the analysis of  the amounts of  precipitated B 
and Al, the B and Al in the precipitates were evaluated 
quantitatively by taking samples from the fracture sur-
face of  the high temperature tensile test pieces and 
analyzing the extraction residue after Br methanol 
extraction.

3.	 Results of Investigation of Hot Ductility  
and Precipitates of Combined Nb-B  
Added Ultra-low Carbon Steel

Figure 2 shows the relationship between the hot 
working temperature and reduction of  area of  Steels 
1–31). In Steel 1, a decrease in hot ductility was observed 
in the temperature region under 1 000˚C. In contrast to 
Steel 1, the decrease was seen in the temperature region 
under 950˚C with Steel 2, which contained a small 

Table 1  Chemical composition of steels used (mass%)

No. C Mn S sol Al Nb B N

1 0.0016 0.31 0.014 0.047 0.027 0.0012 0.0048

2 0.0022 0.28 0.013 0.048 0.026 0.0011 0.0032

3 0.0010 0.37 0.013 0.044 0.001 0.0013 0.0027

Fig. 1 � Schematic diagram of thermo-mechanical testing 
condition

Fig. 2  Effect of nitrogen content on the hot-ductility

Fig. 3  SEM image of fracture surface of Steel 1 (950˚C)
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amount of  N in comparison with Steel 1, and in the 
region under 900˚C in Steel 3, to which only B was 
added.

Figure 31), Fig. 4 and Fig. 51) show the result of 
observation of  the fracture surface of  Steel 1, which 
fractured at 950˚C, the condition of  the precipitates 
observed in the fracture surface, and the results of 
EDX analysis of  the precipitates, respectively1). The 
fracture surface consists of a ductile intergranular frac-
ture surface, which had a dimple morphology, and a 
brittle fracture surface, and precipitates with a size on 
the order of 2–5 μm were observed in the ductile inter-

granular fracture surface. As a result of analysis of the 
precipitates, Mn, S, B, Al and N were detected.

Figure 6 and Fig. 7 show the results of observation 
of  the fracture surface of  Steel 3, which fractured at 
950˚C, and the condition of  the precipitates observed 
in this fracture surface and the results of  analysis of 
the precipitates1). The fracture surface comprises a duc-
tile intergranular fracture surface with a dimple mor-
phology, and precipitates with a size of approximately 
5 μm were observed in the fracture surface. As in the 
case of Steel 1, Mn, S, B, Al and N were detected in the 
EDX analysis of the precipitates.

To investigate Nb precipitates, TEM observation 
was performed with thin film replicas. Nb precipitate 
with a size of  approximately 10–20 nm, as shown in 
Fig. 8 1), were observed in crystal grains. The amount 

Fig. 8 � TEM image and EDX spectrum of precipitates 
observed by extraction replica in the Steel 1 
(Deformation temp.: 950˚C)

Fig. 4 � SEM image of ductile intergranular fracture surface of 
Steel 1

Fig. 5 � SEM image and EDX spectrum of precipitates 
observed in fracture surface of Steel 1 (Defor-
mation temp.: 950˚C)

Fig. 6 � SEM image of fracture surface of Steel 3 (Deformation 
temp.: 950˚C)

Fig. 7 � SEM image and the EDX spectrum of the precipitates 
observed in fracture surface of Steel 3 (Deformation 
temp.: 950˚C)
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of  Nb precipitates was evaluated quantitatively by 
XAFS, considering the possibility of  capture leakage 
of  fine Nb precipitates in the extracted residue 
method5).

Figure 9 shows the XAFS spectra of  the Nb-K 
absorption edge1).  (a) is the reference spectrum of the 
NbC reagent and (d) is the spectrum of a specimen in 
which Nb was dissolved in iron. (b) and (c), are the 
spectrum of  a high temperature tensile test piece of 
Steel 1 with the hot deformation temperature of 900˚C, 
and the spectrum of  a high temperature tensile test 
piece of Steel 2 with the hot deformation temperature 
of 950˚C, respectively.

In spectra (b) and (c) of the high temperature tensile 
test pieces, the spectral shapes were clearly different; (b) 
was close to the spectrum (a) of  only NbC, while (c) 
was close to spectrum (d), in which Nb exists in the 
solid solution state.

Figure 10 shows the relationship between the defor-
mation temperature and the percentage of precipitated 
B1). In both the combined Nb-B added steel and the 

steel with single addition of B, there was no change in 
the percentage of  precipitated B from 900˚C to 
1 000˚C.

Figure 11 shows the relationship between the defor-
mation temperature and the percentage of precipitated 
Al1). In both the combined Nb-B added steel and the 
steel with single addition of  B, precipitation of  AlN 
from 900˚C to 1 000˚C was small, and was substantially 
constant at less than 10%.

4.	 Discussion of Influence of N Addition  
on Hot Ductility

From Fig. 2, a decrease of  ductility is seen at 
around 950˚C, which is slightly above the γ α  trans-
formation temperature (Ar3 transformation tempera-
t u r e ) ,  wh e n  t h e  N  c o n t e n t  i n c r e a s e d  f ro m 
0.0032 mass% to 0.0048 mass%.

In past research, it has also been reported that a 
decrease in hot ductility due to the addition of  N to 
low carbon steel occurs due to precipitates6, 7).

From the results of  SEM observation of  the frac-
ture surfaces in Fig. 5 and Fig. 7, Mn, S, B, Al and N 
are detected, and from the results of  intragranular 
TEM observation, Nb, C and N are detected. As pre-
cipitates which are observed in combined Nb-B added 
steel, Nb (C, N), BN, and AlN can be mentioned7, 8), 
and it is thought that these have also precipitated in the 
present experiment. Furthermore, in low carbon steel 
containing added B and Al, MnS and BN have been 
observed at grain boundaries9). Similarly, it is thought 
that MnS precipitated as a precipitate in the steel with 
reduce hot ductility in this experiment.

In order to clarify the influence of  precipitates on 
hot ductility, the changes in the nitrides and carboni-
trides of the added elements will be described.

Figure 12 shows the relationship between the reduc-

Fig. 10 � Effect of the deformation temperature on the fraction 
of B precipitated as BN in the Steel 1, 2 and 3 deter-
mined by chemical analyses

Fig. 9 � Normalized Nb-K edge XAFS spectra obtained from 
(a)  NbC reagent ,  (b)  the sample in  which 
0.012 mass% of 0.027 mass% in Nb content was 
precipitated as NbC, (c) the sample in which 
0.002 mass% of 0.026 mass% in Nb content was 
precipitated as NbC, and (d) the sample with total 
Nb in solution

Fig. 11 � Effect of the deformation temperature on the fraction 
of Al on the fraction of Al precipitated as AlN in the 
Steel 1, 2 and 3 determined by chemical analyses
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tion of area and the amount of precipitated Nb1). The 
amount of precipitated Nb is calculated by multiplying 
the Nb concentration of the specimen by the percent-
age of precipitated Nb. Reduction of area decreased in 
the specimen with the larger amount of  precipitated 
Nb.

Nb precipitates can be considered to be Nb (C, N), 
which is observed in Fig. 8. Promotion of fine precipi-
tation of  Nb (C, N) in γ  grains due to an increase in 
the N content is considered to be the reason for the 
increase in precipitated Nb (C, N).

From Fig. 10, the amount of  precipitated B does 
not depend on the N content in either the combined 
Nb-B added steel or the steel with single addition of B, 
and from Fig 11, the percentage of precipitated Al also 
does not depend on the N content. Therefore, it can be 
thought that an increase in AlN and BN due to an 
increase in the N content is not the primary cause of 
the decrease in hot ductility.

From the above, the decrease in hot ductility at 
around 950˚C, which is slightly above the γ α  trans-
formation temperature (Ar3 transformation tempera-
ture) due to the increase of  the N content from 
0.0032 mass% to 0.0048 mass% is caused by an increase 
in the amount of precipitated Nb (C, N).

5.	 Controlling Mechanism of Hot Ductility  
of Combined Nb-B Added Ultra-Low  
Carbon Steel
From the results of  SEM observation of  the frac-

ture surface and intragranular TEM observation, the 
precipitates which precipitate at 950˚C are considered 
to be MnS, AlN, BN, Nb (C, N). Furthermore, the 
cause of  the decrease of  hot ductility accompanying 
the increase in the N content is considered to be an 
increase in the amount of  precipitated Nb (C, N). 
Based on these results, the estimated controlling mech-
anism of hot ductility in combined Nb-B added ultra-
low carbon steel is shown schematically in Fig. 131).

The MnS+BN+AlN shown in Fig. 5 precipitates at 
the grain boundary as the temperature decreases to 
950˚C.

In this process, in the combined Nb-B added ultra-
low carbon steel, hot ductility decreases and grain 
boundary (intergranular) ductile fracture occurs, with 
the MnS+BN+AlN that precipitated at the grain 
boundary as the point of origin.

At the same time, Nb (C, N) is observed by TEM 
observation in Fig. 8. This Nb (C, N) precipitates 
inside grains, and transgranular brittle fracture occurs 
as a result of intragranular hardening10).

As shown in Fig. 7, MnS+BN+AlN precipitates are 
observed at the fracture surface in the steel with single 
addition of B, but a decrease in hot ductility at 950˚C 
is not recognized.

Accordingly, in the combined Nb-B added ultra-low 
carbon steel, it is thought that hot ductility decreases 
due to the composite effect of  grain boundary (inter-
granular) ductile fracture due to MnS+BN+AlN pre-
cipitation and transgranular brittle fracture accompa-
nying a decrease in the ductility of  the ferrite matrix 
due to intragranular precipitation of Nb (C, N).

6.	 Conclusion

The new knowledge obtained as a result of  this 
research can be summarized as follows.
(1)  The primary cause of the decrease of hot ductility 

in combined Nb-B added ultra-low carbon steel in 
the γ α  region at above 900˚C is considered to 
be an increase in the amount of precipitated Nb (C, 
N) due to an increase in the N content.

(2)  With the combined Nb-B added ultra-low carbon 
steel, MnS+BN+AlN precipitates are observed at 
the fracture surface and Nb (C, N) is observed in 
grains after a high temperature tensile test at 
950˚C. Based on these facts, it is considered that 
hot ductility decreases in the γ α  region due to 
the composite effect of  grain boundary ductile 

Fig. 12 � Effect of Nb content which precipitated as Nb (C, N) 
on the reduction of area after hot deformation 
(900 1 000˚C)

Fig. 13 � Schematic diagram showing the mechanism dominating 
the hot-ductility of Nb and B-added extra low-car-
bon steel
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fracture due to MnS+BN+AlN precipitation, and 
transgranular brittle fracture due to a decrease in 
the ductility of the ferrite matrix caused by Nb (C, 
N) precipitated in the grains.

Thus, the phenomenon of  slab cracks during con-
tinuous casting, which has become a problem with the 
combined Nb-B added ultra-low carbon steel devel-
oped as a steel sheet for cans can be explained by dete-
rioration of  hot ductility due to the unique precipita-
tion behavior of precipitates which occurs in this steel, 
and it is possible to suppress slab cracking by taking 
countermeasures to control the nitrogen content.

Assurance of the surface quality of steel sheets for 
cans is extremely important, and it is thought that this 
knowledge will make a major contribution to stable 
quality in this field.

The measurements of  the XAFS spectra in this 
research were carried out by joint research with the 
High energy accelerator research institute KEK. The 
authors would like to express their appreciation to 

KEK and to Professor Emeritus Katsumi Kobayashi 
and Dr. Noriko Usami for their generous cooperation.
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