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ABSTRACT 

 

Offshore steels for cold climate conditions require not only relatively high strength to improve the 

cost-efficiency of the structures, but also excellent toughness at low temperatures to guarantee the 

safety of the structures in harsh environments. The most challenging locations to fulfil both 

requirements are in the welded joints of these steels because the weld thermal cycles cause detrimental 

changes to the steel microstructure. Titanium and niobium are often used in these steels to form 

nanoscale precipitates and reduce austenite grain growth during the thermal cycle. However, there is 

a risk that in addition to the nanoscale precipitates formed from the solid state, microscale coarse 

inclusions are also formed from the melt. These inclusions are hard and brittle and thus likely to 

deteriorate mechanical properties such as fracture toughness and impact toughness. In this study, two 

experimental 500 MPa offshore steels with differing inclusion structures were studied to find out if 

titanium based nitrides significantly deteriorate the fracture toughness of the coarse grained heat-

affected zone (CGHAZ) at -40 °C. A Gleeble 3800 was used to simulate the CGHAZ, and the fracture 

toughness was determined by three point bending testing. Inclusions were characterized using 

FESEM-EDS. It was found that fracture toughness of the steel with coarse nitrides was lower and the 

scatter higher than in the steel with a higher calcium based inclusion content and without the coarse 

nitrides. Fractographic examination showed that the failure in the samples with the lowest toughness 

was initiated by coarse titanium-niobium nitrides. To avoid toughness problems caused by the 

CGHAZ under cold conditions, it is necessary to prevent the formation of coarse nitrides during steel 

production. 

  



1 INTRODUCTION 

 

The opening of new oil fields in cold climates increases the demand for steels that can withstand the 

harsh conditions. The most vulnerable sections in these structures are the welded joints due to the 

weld thermal cycles changing the original microstructure of the steel that was designed and 

manufactured to have an excellent combination of strength and toughness even in extremely cold 

environments. One of the main phenomena in the heat-affected zone (HAZ) of the steel is the 

coarsening of the austenite grain size. The larger grain size itself impairs the mechanical properties 

of the steel such as strength and toughness but, in addition to this, it makes the steel more prone to 

the detrimental effects of inclusions and other second-phase particles [1]. 

 

Titanium and niobium are often used as microalloying elements in steels to form nanoscale 

precipitates and to reduce the austenite grain growth. However, the steelmaking and continuous 

casting processes need to be carefully controlled in order to avoid the segregation of these elements 

and the forming of microscale inclusions. Both titanium and niobium form, together with nitrogen, 

hard and brittle nitrides with rectangular and sharp-edged shape. These sharp inclusions are known 

to deteriorate the toughness properties of steels. In the coarse grained heat-affected zones (CGHAZ) 

their impact is even more pronounced due to the common effect of inclusion and the coarsened grain 

size as a crack may initiate from an inclusion and propagate freely within a grain until a grain 

boundary or other obstacle is encountered [1–6]. 

 

Due to the time-consuming procedure of determining and testing the HAZ of real welded samples, 

HAZ physical simulation provides an attractive alternative by enabling the reliable simulation, 

characterization and testing of different HAZ subzones. By adjusting the thermal cycle parameters, it 

is possible to simulate various types of welding methods with varying heat inputs and cooling rates. 

HAZ physical simulation has been used successfully in this way in many studies in recent years e.g. 

[7–10]. 

 

For oil industry applications in cold climates, high toughness and the predictability of the fracture 

mechanical behaviour of the welded joints are essential. Therefore, it is important to determine the 

weakest links of the welded joints regarding the toughness properties in the ductile-brittle transition 

temperature region. In this study, the focus is on investigating the role of titanium-niobium nitrides 

on the fracture toughness of the coarse grained HAZ (CGHAZ) of an offshore steel with a specified 

minimum yield stress of 500 MPa. 

 

2 EXPERIMENTAL 

 

2.1 Materials 

 

Two experimental continuously cast 500 MPa offshore steels with and without coarse titanium-

niobium nitrides ((Ti,Nb)N) were studied. The composition of both steels was in wt.% 0.02C-0.4Si-

1.5Mn-0.03Nb-0.2Cu-0.2Cr-0.6Ni-0.2Mo-0.01Ti and the carbon equivalent value (CEV) was 0.42. 

Thus, the steels should have good weldability according to the Graville diagram [11]. The contents 

of O, S, N, Al and Ca in the two steels are presented in Table 1.  

 

 



Table 1. Contents of O, S, N, Al and Ca (wt. ppm). The oxygen and nitrogen levels are based on 

combustion analysis, while sulphur, calcium and aluminium levels were analysed using an optical 

emission spectrometer. 

 O (ppm) S (ppm) N (ppm) Al (ppm) Ca (ppm) 

Steel A 17 24 56 300 23 

Steel B 8 14 45 340 23 

 

Pieces of the cast slabs were hot rolled to the thickness of 9 mm using a laboratory scale rolling mill. 

The target finish rolling temperature was 820 °C after which the steel was water cooled to 400 °C 

with a cooling rate of 30 °C/s followed by air cooling to room temperature. 

 

The coarse-grained heat-affected zone (CGHAZ) was simulated using a Gleeble 3800 

thermomechanical simulator. The peak temperature of the simulated heat cycle was 1350 °C and the 

cooling times from 800 °C to 500 °C (t8/5) were chosen to be 6 s and 30 s to represent flux cored arc 

welding (FCAW) and submerged arc welding (SAW), which are typical welding methods with the 

studied steel. The Rykalin 2D cooling model [12] was used to derive the temperature - time cooling 

curves corresponding to the chosen values of t8/5. 

 

2.2 Mechanical testing 

 

Tensile tests for the base material were performed at room temperature using 12 mm wide and 8 mm 

thick flat specimens with a gauge length of 75 mm cut parallel to the rolling direction (3 

specimens/direction). From the tensile testing results, yield strength, ultimate tensile strength and 

elongation to fracture were determined. Hardness was measured using a Duramin-A300 (Struers) 

under a 100 N load (HV10) in through-thickness direction from the RD-ND surface of the base 

material and from the centreline of the TD-ND surface and along the simulated CGHAZ. Fracture 

toughness testing was performed using 5 mm thick single edge notched bend (SENB) specimens with 

an a/W ratio of 0.5, i.e. with the pre-fatigued crack positioned at the center of the simulated HAZ. 

 

2.3 Microstructure characterization 

 

Microstructure of the base material and simulated CGHAZ was characterized using a Zeiss Sigma 

field emission scanning electron microscope (FESEM) operated at 5 kV and a Keyence VK-X200 

laser scanning confocal microscope (LSCM) after nital etching. To characterize the inclusion 

structure, energy dispersive spectrometer (EDS) analysis was performed at 15 kV and 3.5 nA on a 

Jeol JSM-7000F (FESEM-EDS). The data were acquired and analysed using Oxford INCA software. 

The working distance was 10 mm and each inclusion was measured for 1 s live time. The inclusions 

were analysed on cross-sections containing the rolling direction (RD) and the plate normal (i.e. 

thickness) direction (ND). The area was estimated to be sufficiently large for a reliable inclusion 

feature analysis. The measured area covered the surface area from the top to the bottom surface. The 

acquired inclusion data included information about the number, size, location, shape and chemical 

composition of inclusions. The size of the inclusions was determined using their maximum length. 

The minimum inclusion size included in the results was 1m. 

 

 

 

 

 

 



 

3 RESULTS AND DISCUSSION 

 

3.1 Base material microstructures 

Microstructure in the studied steel consisted of mainly quasi-polygonal ferrite in both steels and they 

are presented in Fig.1. This is a typical microstructure in offshore steels providing a good combination 

of strength and toughness. 

 

 
Figure 1. LSCM-image of the base material microstructure of Steel A (a) and Steel B (b). 

 

3.2 Microstructures of the physically simulated CGHAZ 

 

Fig. 2 shows the CGHAZ microstructures produced by Gleeble simulations with the peak temperature 

of 1350 °C and the t8/5 = 6 s (a and c) and 30 s (b and d) as seen using SEM. The steels were fully 

austenitized during the CGHAZ simulation. The grains have coarsened and the microstructure 

consists of granular bainite with the longer cooling time t8/5 = 30 s, whereas with the shorter cooling 

time t8/5 = 6 s the microstructure is upper bainite. With t8/5 = 30 s also blocky martensite/austenite 

(M/A) constituents are present in the microstructures of the both steels. The microstructures of the 

both steels are similar with the same cooling time. The microstructure of the base plates has no effect 

on the microstructure of the CGHAZ.  

 



 
Figure 2. FESEM-image of the physically simulated CGHAZ microstructure with t8/5 = 6 s (a,c) and 

30 s (b,d) of Steel A (a,b) and Steel B (c,d). 

 

3.3 Inclusion structure 

 

The inclusion structures in the two steels differed significantly from each other, as can be seen in Fig. 

3. The inclusion classes are defined based on the elementary composition of each inclusion measured 

using FESEM-EDS. The classes are presented as a few main classes and as combinations of them. 

The main classes are Ca (including calcium sulphides, calcium oxides and calcium aluminates), MnS 

(manganese sulphide), (Ti,Nb)N (titanium-niobium nitride) and A (alumina). The inclusions that did 

not fit to any of the main classes are presented as Others. 

 

In Steel A, nitrides were almost completely absent; the inclusions were almost solely Ca-based 

inclusions such as CaO-Al2O3, CaS and (Mn,Ca)S. Generally, these types of inclusions are spherical, 

relatively small and they are distributed evenly within the steel matrix. In Steel B, CaO-Al2O3 were 

also prominent, but nitrides ((Ti,Nb)N) either alone or as mixed inclusions together with CaO-Al2O3 

and CaS were present in a remarkable fraction. TiN and (Ti,Nb)N are generally rectangular with sharp 

corners and they are often located along the segregation bands. They are hard and brittle and thus 

considered to be probable initiators of brittle fractures. A few MnS inclusions were detected in both 

steels, but mostly their formation was prevented by Ca additions that modified the sulphides to 

(Mn,Ca)S and CaS. MnS inclusions are typically the most detrimental ones in steels especially 

regarding the ductility. However, their incidence in the studied steels is so small that their impact is 

considered insignificant. 

 

Fig. 3. suggests also that the number density of inclusions in the two steels does not differ remarkably 

from each other; the total number of inclusions in Steel A is only slightly higher than in Steel B. On 



the other hand, the average size of the inclusions is larger in Steel A making the area fraction of 

inclusions in Steel A clearly larger than in Steel B. The coarsest inclusions are mainly Ca-based 

inclusions in both steels, but in Steel B also coarse (Ti,Nb)N inclusions are present. 

 

 
Figure 3. Different type of inclusions in the studied steels presented as number of all detected 

inclusions (a), area fraction of all detected inclusions (b) and number of coarse inclusions (maximum 

length > 4 m) (c) in the measured area. 

 

The distribution of (Ti,Nb)N inclusions in Steel B is presented in Fig. 4a. The inclusions are defined 

as the sum of Ti, Nb and N > 90 %, 70-90 % and 50-70 % as measured in weight percent using 

FESEM-EDS. An example of a pure 100 % (Ti,Nb)N is presented in Fig. 4b. The niobium content in 

these inclusions was typically between 3-10 %. The inclusions with smaller percentage of (Ti,Nb)N 

have also phases of other inclusions. Often, in this kind of inclusion (Ti,Nb)N has nucleated on the 

surface of a pre-existing inclusion such as calcium aluminate or calcium sulphide. It can be seen that 

there is a concentration of (Ti,Nb)N inclusions at certain depths below the surface of the plate 

indicating the segregation of Ti, Nb and/or N in these zones in Steel B but not in Steel A. The 

segregation phenomenon also explains why there are such inclusions in Steel B and not in Steel A, 

despite the fact that the Ti and N contents of the two steels did not differ notably.  

 



 
Figure 4. The distribution of (Ti,Nb)N inclusions measured through-thickness on the RD-ND surface 

(a) and a SEM-image of an typical (Ti,Nb)N inclusion (b) in Steel B. 

 

3.4 Mechanical properties of the base material and physically simulated CGHAZ 

 

The hardness and the tensile testing results of the base materials are presented in Table 2. The tensile 

testing samples were cut parallel to the rolling direction because the width of the laboratory rolled 

plates was insufficient for transverse specimens. Generally, yield and tensile strength tends to be 

slightly lower in the longitudinal than the transverse direction. However, standards usually give 

strength limits for samples tested in the transverse direction. Considering this, the achieved properties 

were as desired and typical for 500 MPa offshore steels. There are minor differences in the results 

between the two steels but statistically the differences are insignificant. 

Table 2. Mechanical properties of the base materials with 95 % confidence intervals determined using 

the student-t method. 

 Hardness 

(HV10) 

Yield strength 

(MPa) 

Ultimate tensile 

strength (MPa) 

Elongation  

(%) 

Steel A 208 ± 2 470 ± 24 635 ± 27 23.2 ± 1.4 

Steel B 206 ± 4 496 ± 24 621 ± 13 21.4 ± 2.8 

 

The hardness of the physically simulated CGHAZ of the both steels is presented in Fig. 5. The 

distance 0 mm from the thermocouple in the middle of the graphs indicates the location of the highest 

temperature during the simulation. Therefore, the real CGHAZ area extends a few millimetres either 

side of the 0 mm position changing gradually into other heat-affected sub-zones and eventually to the 

base material that was not affected by the heating due to the cooling effect of the jaws holding the 

specimens. It can be seen that with t8/5 = 6 s the hardness increases slightly to about 230 HV due to 

the hardening of the microstructure. With t8/5 = 30 s the hardness does not differ remarkably from that 



of the base material, although there is scattering in the results that may be due to segregation or due 

to measurement error. However, no significant difference between the two steels was observed 

suggesting that the CGHAZ microstructures of the studied steels are similar. 

 

 
Figure 5. Hardness over the physically simulated CGHAZ of Steel A and Steel B with t8/5 = 6 s (a) 

and t8/5 = 30 s (b). 

 

Fig. 6 shows the bending test data for the two materials. Steel A showed similar behaviour and level 

of toughness with both t8/5, with the median fracture toughness based on the tests at both -10 and -40 

°C KJc(med-1T) being 213 MPa√m with t8/5 = 30 seconds and 195 MPa√m with t8/5 = 6 seconds. The 

exceptions were a few early initiated failures at -40 °C (Fig. 6 a and b). On the other hand, for Steel 

B, the toughness dropped 45 % from KJc(med-1T) of 243 MPa√m with t8/5 = 30 s (Fig. 6d) down to 134 

MPa√m with t8/5 = 6 s, (Fig. 6c). With t8/5 = 30 seconds, both Steel A and B possessed similar average 

fracture toughness KJc at both temperatures. The temperature effect is clearly visible in Fig. 6, with 

the exception of Steel B with t8/5 = 6 seconds, as all but one brittle failure initiated at -40 °C while the 

behaviour was predominantly ductile at -10 °C. Due to only few samples complying with the 

requirements of ASTM E1921, no (provisional) fracture toughness reference temperatures could be 

defined. 

 

The difference of fracture toughness results with different cooling times in Steel B might be due to 

the different microstructures. With t8/5 = 6 s the microstructure was upper bainite, whereas with t8/5 = 

30 s it was granular bainite. In a previous study, granular bainite has been suggested to have better 

toughness than upper bainite in low carbon bainitic steels [13]. It was also concluded that upper 

bainite impairs toughness in a previous study of the present authors with another experimental 500 

MPa offshore steel with a C content of 0.07%, but compared to lower bainite in that case [14]. 

However, in Steel A without coarse (Ti,Nb)N inclusions even upper bainite shows relatively good 

fracture toughness in this very low-carbon steel. 



 
Figure 6. Load - displacement curves for a) Steel A with t8/5 = 6 s, b) Steel A with t8/5 = 30 s,  

c) Steel B with t8/5 = 6 s, and d) Steel B with t8/5 = 30 s. 

 

It was shown that the Steel A had significantly better fracture toughness than Steel B when t8/5 is 

limited to 6 seconds. Furthermore, Steel B contained a great number of coarse (Ti,Nb)N inclusions, 

while in Steel A the inclusions were mostly Ca-modified oxides and sulphides. In Steel A there were 

actually more inclusions, more coarse inclusions and the area fraction of inclusions was bigger than 

in Steel B. However, what is important regarding the detrimental effect on the fracture toughness is 

the type of inclusions. The small and spherical Ca-modified oxides and sulphides dominating the 

inclusion structure of Steel A are less harmful than the hard, brittle and sharp-edged nitrides found in 

Steel B. 

 

Overall, the fracture surfaces of both Steel A and B look similar with the investigated specimens 

which had KJc(1T) below 150 MPa√m. In these cases, the primary cleavage fracture initiation sites that 

originated the early failures could be located. The crucial difference between the materials is that in 



Steel B the coarse (Ti,Nb)N inclusions were found at these sites whereas no clear initiators were 

found in Steel A. As there were no visibly cracked features in Steel A, the causes of failure could be 

triple grain boundaries or interfaces of M/A constituents. Fig. 7 shows an example of how a compact 

TiN cluster caused a brittle failure in Steel B. Taking into account the frequent coarse (Ti,Nb)N 

inclusions observed at the initiation sites and on the fracture surfaces of SENB specimens, it is 

obvious that these are the reason for the impaired fracture toughness in Steel B. 

 

 
Figure 7. Initiation of a brittle failure in Steel B (t8/5 = 30 s.) caused by a compact TiN cluster. 

 

4 SUMMARY 

 

Two experimental 500 MPa offshore steels with the same chemical composition but with different 

inclusion structures were studied. The inclusions in the Steel A were mainly Ca-modified oxides and 

sulphides, while in Steel B also coarse titanium-niobium nitrides were present. The reason for the 

existence of the nitrides in Steel B seems to be the macrosegregation of titanium, niobium and/or 

nitrogen. Fracture toughness of the two steels was studied using three-point bend testing and it was 

found out that it was significantly better in Steel A that did not have any coarse nitrides. Additionally, 

fractography examination proved that the brittle fracture in Steel B was initiated by coarse titanium-

niobium nitrides. Therefore, it was concluded that it is essential to avoid the forming of coarse 

titanium-niobium nitrides in the studied 500 MPa offshore steels in order to prevent the fracture 

toughness problems in cold climate conditions. 
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