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INTRODUCTION 

Many studies in recent years have clearly shown that N is a cost-effective alloying element for V-containing steels[1,2]. Increasing of N 
content increases the driving force of precipitation V(C,N) and promotes the precipitation of V(C,N), both in ferrite and in austenite. 
Therefore, it improves the precipitation strengthening effect of vanadium in steels and also has an effect on ferrite grain refinement 
through enhancing nucleation of intra-granular ferrite (IGF), in which V(C,N) particles formed in austenite can become preferential 
sites of IGF[3,4]. Currently, the concept of V-N microalloying has been accepted widely by the people of metallurgical industry and 
various kinds of steel products with V-N microalloying have been developed [5~8].   

Weldability is one of the important performances of structural steels. Several studies investigated the effect of enhanced N on 
weldability of V-containing steels[9~13]. The early works by Hannerz et al.[9] indicated that the nitrogen level increasing from 0.006% 
to 0.011% in V-bearing steels with a base composition of 0.15%C-1.4%Mn-0.4%Si has little or no effect on HAZ toughness at three 
cooling times between 800� and 500� (t8/5), i.e. t8/5=33s, 100s and 300s. The study done by Fang et al.[10] demonstrated that N 
content increasing from 0.009% to 0.018% in a steel containing 0.05%C-1.5%Mn-0.4%Si-0.09%V aggravated the toughness of 
coarse-grained heat affected zone (CGHAZ) within the range of 7.5s ~100s of the time t8/5. Some studies showed [11~13] that high 
nitrogen steel can achieve good weldability, as regards HAZ hardness and toughness, by careful selection of microadditions and the 
welding parameters. Zajac et al. indicated [11] that high nitrogen V-Ti steel (0.013%N) has a higher HAZ toughness than low nitrogen 
steel (0.003%N) when the time t8/5 was shorter than 30 s, however, it shows significantly deteriorated HAZ toughness when the time 
t8/5 was longer than 30 s. Another two studies[14, 15] also concluded that V-N steels show good CGHAZ toughness when the time t8/5 
was shorter than 20~30s. The above studies are mostly concentrated in development of CGHAZ microstructure and toughness as a 
function of the time t8/5 less than 100s. They appears to show the complex effect of nitrogen on CGHAZ toughness of the steels that 
depends on nitrogen level, microalloying elements and welding parameters as well as base composition of the steel. 

This study is to investigate the effects of appropriate increasing of N content on microstructure development and impact toughness 
variation of CGHAZ of V-Ti steel with the time t8/5, especially at longer time of t8/5, corresponding to high heat input welding of 
20mm thick plate for shipbuilding. The base composition of experimental steels was chosen similar to the optimum one of Nb-Ti 
microalloyed E36 plate which is widely used for shipbuilding industry and suitable for 50~100kJ/cm high heat input welding process.  

EXPERIMENTAL PROCEDURE 

Experimental  Steels  



Three experimental steels were melted in a 50kg vacuum induction furnace and cast into ingots, then forged into slabs with a size of 
57×90×160 mm. The slabs were hot rolled into 12mm thick plates. Low finish rolling temperature (820-860�) and air cooling were 
utilized to obtain full ferrite and pearlite microstructure with a good toughness level in base plates, avoiding detrimental impact of 
base microstructure on impact toughness of the simulated CGHAZs. The samples used for the experiments of following sections were 
taken from these hot-rolled plates.  

Table�  show the chemical composition of experimental steels used in this study. Three steels have almost the same base composition 
of 0.077C-1.2Mn-0.2Si-0.015Ti with relatively low carbon equivalent facilitating to low temperature toughness improvement of weld 
CGHAZ. V-N-Ti steel has appropriate increasing of N content (0.0091%N) on the basis of V-Ti steel. V-Ti steel and Nb-Ti steel are 
with residual N content about 0.0035%. It is worth noting that Nb microalloying is generally used in E36 plates for shipbuilding. The 
Nb-Ti steel used in this study for comparison purpose is designed based on  low carbon equivalent than that in normal E36 plates and 
has been proved to be suitable for 50~100kJ/cm high heat input welding[16]. 

Table �. Chemical composition of the experimental steels (mass%) 
Steels C Mn Si S P Ti N Als V Nb 

V-N-Ti 0.077 1.26 0.20 0.0060 0.0067 0.015 0.0091 0.014 0.06 - 
V-Ti 0.077 1.20 0.20 0.0060 0.0070 0.016 0.0032 0.020 0.059 - 

Nb-Ti 0.076 1.19 0.22 0.0070 0.0070 0.016 0.0036 0.038 - 0.015 
 
The Continuous Cooling Transformation of the Simulated CGHAZ 

The experiments of continuous cooling transformation (CCT) of the simulated CGHAZ of three steels were conducted on Formastor-
FⅡautomatic transformation measuring apparatus. The dilatometer specimen used was solid cylinders with a diameter of 3mm and a 
length of 10mm. Figure1 shows the thermal cycle process of the experiment. The specimens were reheated to 1300� holding for 3s 
and cooled at various cooling rates. Phase-transformation temperatures at various cooling rates were determined. For all specimens, 
the microstructure was observed by using optical microscopy and Vickers hardness was examined using a 5kg load. Base on these 
results, the CCT curves of the simulated CGHAZ of the steels were constructed.      

 

Figure 1. Thermal cycle for constructing CCT curve of the simulated CGHAZ 

The Microstructure and Toughness of the Simulated CGHAZs  

Thermal simulation experiments of weld CGHAZ were conducted on a Gleeble 3800 simulator and the specimen used is with a size of 
10.5×10.5×65mm in longitudinal direction paralleling to rolling direction of hot-rolled plates. It is known that the final microstructure 
of CGHAZ is controlled by austenite grain size prior to phase transformation and the cooling time t8/5 during phase transformation, 
except for chemical composition of the steel. The austenite grain size increases with the increasing of peak temperature and dwelling 
time at elevated temperature of welding process. In this study, the effects of these two factors on microstructure and impact toughness 
of CGHAZ of three steels were investigated. Two sets of experiments were designed and conducted. First set was focused on effect of 
cooling time t8/5 on microstructure and low temperature toughness of CGHAZ of the steels with different microalloying system. For 
welding simulations, the peak temperature was 1320� holding for 0.5s, the cooling time t8/5 was in the range of 45s~410s. Base on the 
results of first set, the comparison of CGHAZ toughness between V-N-Ti steel and Nb-Ti steel at longer cooling time of t8/5 was 
conducted. For welding simulation experiments, the peak temperature 1350� and holding for 8s were used; the t8/5 time was in the 
range of 140s~260s, which was approximately corresponding to weld heat input 90~120kJ/cm needed for 20mm thick plate using 
single-pass one side submerged arc welding.  

After thermal simulation experiments, the specimens were machined to full-sized  Charpy 2mm V-notch specimen with a size of 
10*10*55mm for impact testing, in which the notch located at the position of thermocouple mounted during thermal simulations. The 



data presented hereafter are the average impact energy of three samples. The microstructure examination and hardness measuring of 
the simulated CGHAZs were conducted.  

RESULTS	  

The CCT Curves of the CGHAZs 

Figure 2 shows the comparison of CCT curves of the simulated CGHAZs among three experimental steels. Some discrepancies can be 
seen in following aspects: (1) The start and finish temperatures of phase transformation. The V-N-Ti steel shows higher start 
temperature of phase transformation (Ar3) than V-Ti steel and Nb-Ti steel at all cooling rates used in this study, whereas there is little 
difference between V-Ti steel and Nb-Ti steel in Ar3 temperature. In terms of finish temperature of phase transformation (Ar1), there is 
a very little or no difference between V-N-Ti steel and V-Ti steel at cooling rate above 2�/s, however, the significant difference exists 
when cooling rate less than 1�/s, i.e. the V-N-Ti steel shows about 100� in Ar1 temperature higher than V-Ti steel. Nb-Ti steel shows a 
little lower Ar1 temperature than V-Ti steel at cooling rate below 6�/s. The result of N affecting transformation temperatures of 
CGHAZ of V-Ti steel appears to be in agreement with Zajac et al’s[11] which demonstrated that increasing N content from 0.003% to 
0.013% in the steel containing 0.09%C-0.08%V-0.01%Ti increased the start transformation temperature by  approximately 45-75℃ 
when the time t8/5 less than 100s, but had little or no effect of nitrogen on transformation finish temperatures. There is no data 
presented with the time t8/5 longer than 100s in their study.  (2) Two critical cooling rates Vc1 and Vc2. The Vc1 is defined as the fastest 
cooling rate that ferrite starts to form on austenite grain boundaries and its volume fraction is in excess of 5%; the Vc2 is the fastest 
cooling rate of complete ferrite plus pearlite microstructure (>95% in volume fraction) formed. Obviously, the full bainite/bainitic 
microstructure is formed at cooling rates higher than Vc1; the mixed microstructure of ferrite and bainite/bainitic is formed at cooling 
rates between Vc1 and Vc2; the microstructure of complete ferrite and pearlite is formed at cooling rates lower than Vc2. Table Ⅱ lists 
the values of Vc1 and Vc2 of the CGHAZs of the three steels. The V-N-Ti steel shows the highest values of Vc1 and Vc2, then is V-Ti 
steel, the lowest is Nb-Ti steel. That means, V-N-Ti steel can obtain complete F+P microstructure in CGHAZ at relatively high 
cooling rate (≤2�/s), while V-Ti steel and Nb-Ti steel need at relatively low cooling rate, less than 0.6�/s and 0.3�/s, respectively.  
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Figure 2. Comparison of CCT curves of the simulated CGHAZs 
 

Table � Critical cooling rates of the simulated CGHAZs of experimental steels 
Critical cooling rate V-N-Ti steel V-Ti steel Nb-Ti steel 

Vc1，℃/s 10 6 3 

Vc2，℃/s 2 0.6 0.3 
 

Microstructure analysis for specimens at all cooling rates was conducted. The result shows that V-N-Ti steel has the highest volume 
fraction of ferrite in CGHAZ, while Nb-Ti steel shows the highest volume fraction of bainite under the same cooling rate. When 
cooling rate is less than 3℃/s, the ferrite structure is clearly observed in the CGHAZ of three experimental steels and its volume 
fraction increases with cooling rate decreasing. Figure 3 show the CGHAZ microstructure of the steels at 2℃/s and 1℃/s. It is seen 
that the complete ferrite plus pearlite microstructure is obtained in V-N-Ti steel and a mixture of ferrite and upper bainite is formed in 
V-Ti steel and Nb-Ti steel at these two cooling rates. 

From above analysis, it is concluded that the V-N-Ti steel, proper increasing of N content on the basis of V-Ti steel, promotes the 
formation of ferrite and shifts apparently the critical cooling rate obtaining complete ferrite and pearlite microstructure to higher 



cooling rate, when compared with V-Ti steel. V-Ti steel and Nb-Ti steel show the similar characteristic of phase transformation and 
microstructure of the CGHAZ with cooling rate reducing, although there is difference between them in amount of microstructure 
constituents of  CGHAZ at the same cooling rate.  
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1℃/s 

V-N-Ti steel                                     V-Ti steel                                      Nb-Ti steel 
Figure 3. CGHAZ microstructure at cooling rates 2�/s and 1�/s 

 
The Microstructure and Toughness of the Simulated CGHAZs 
 

Effect of cooling time t8/5 on microstructure and low temperature toughness of the simulated CGHAZs 
For thermal simulation experiments of weld CGHAZs of this group, the peak temperature 1320�  holding for 0.5s  and the cooling 
time t8/5 in the range of 45s~410s were applied. Figure 4 shows the impact energy at -20℃ of the simulated CGHAZs. The data 
presented in the figure is the average impact energy of three samples. As shown in Figure 4, over the range of t8/5 used, the V-N-Ti 
steel shows apparently higher impact values of the CGHAZs than V-Ti steel and Nb-Ti steel, especially at the time t8/5 longer than 
100s. For V-N-Ti steel and Nb-Ti steel, the impact energy of the CGHAZs is with high values when the time t8/5≤100s, and then 
reduces with t8/5 increasing. The CGHAZ toughness of V-N-Ti steel declines more slowly than that of Nb-Ti steel. For V-Ti steel, the 
impact energy of CGHAZ reduces linearly with t8/5 increasing from 45s to 284s, then increases inversely when t8/5 increasing to 410s.  
 

 
Figure 4  Impact energy  at -20� of the CGHAZs  

 
The variation of impact energy of the CGHAZs is closely associated with CGHAZ microstructure. Figure 5 shows optical 
microstructure of the simulated CGHAZs at the time t8/5 being 45s, 180s and 410s, respectively. It is seen that the microstructure 
constituents in the simulated CGHAZs of the steels are mainly ferrite, bainite and a small amount of pearlite existing under longer t8/5 
times. The volume fraction of ferrite increases and bainite fraction decreases with the time t8/5 increasing, meanwhile apparent 



coarsening of bainite and ferrite grains occurs. Figure 6 shows the result of quantitative analysis for microstructure constituents 
dependent on the time t8/5. 
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V-N-Ti steel                                     V-Ti steel                                      Nb-Ti steel 
Figure 5. Optical microstructures at different t8/5 times 

 

 
V-N-Ti steel                                             V-Ti steel                                                   Nb-Ti steel 

Figure 6 Quantitative analysis of microstructure constituents dependent on the time t8/5 
 

Compared with V-Ti and Nb-Ti steels, the volume fraction of ferrite in the CGHAZs of V-N-Ti steel is increased remarkably at the 
same time of t8/5. It is seen from Figure 6, the mixed microstructure of ferrite and bainite is formed at the time t8/5 being 45s and the 
ferrite volume fraction accounts for about 35%. When the time t8/5 is in the range of 102s~410s, the ferrite becomes dominant 
constituent and its fraction reaches up to 85%, meanwhile the ferrite grains coarsen and a small fraction of coarse bainitic constituent 
forms with t8/5 increasing. In association with variation of impact value of the CGHAZs with time t8/5 increasing, it is seen that the 
CGHAZ shows the highest impact energy at t8/5=100s, at which the CGHAZ microstructure contains ferrite of about 80% in volume 
fraction and ferrite grain size is relatively small. Further, the change in CGHAZ microstructure with the time t8/5 increasing from fine 
mixture of bainite and ferrite to ferrite-based microstructure makes CGHAZ toughness reduced relatively slow, in comparison with V-
Ti and Nb-Ti steel.   

For V-Ti and Nb-Ti steels, as shown in Figure 5 and Figure 6, their microstructure variation dependent on t8/5 time is similar, however, 
Nb-Ti steel shows more bainite fraction in the CGHAZs than V-Ti steel at the same t8/5 time. For V-Ti steel, the bainite microstructure 



is formed at t8/5=45s. The ferrite fraction is increased with the time t8/5 increasing. It reaches about 55% at t8/5=284s and meanwhile the 
average size of ferrite grains and bainite (width of ferrite lath) increases. At t8/5=410s, the major constituent in CGHAZ turns to ferrite 
whose volume fraction is around 80%, the rest are bainite and pearlite. Although the ferrite grain size at t8/5=410s is coarser than those 
in CGHAZ microstructure at t8/5= 180s and 284s, it is seen from Figure 4 that the CGHAZ toughness at t8/5= 410s is higher than those 
at t8/5= 180s and 284s. It might indicate that the coarsening of bainite structure is dominant factor of CGHAZ toughness deterioration 
with the time t8/5 prolonging. For Nb-Ti steel within the range of 182s~410s of the time t8/5, the CGHAZs show bainite microstructure 
accounting for 90-60% in volume fraction and have low CGHAZ toughness. This confirmed the above deduction drawn from the 
relationship between microstructure and impact energy of CGHAZs of V-N-Ti steel. The microstructure variation in simulated weld 
CGHAZ with the time t8/5 of three steels is in agreement with the results obtained from CCT curves as stated above.  

In a summary, under thermal simulation conditions used in this experiment, V-N-Ti steel shows better impact toughness in simulated 
CGHAZs than V-Ti and Nb-Ti steels, especially at the time t8/5 longer than 100s. The ferrite-based microstructure in its CGHAZs is 
the key to guarantee good CGHAZ toughness under long time of t8/5.  

The comparison of CGHAZ microstructure and impact toughness between V-N-Ti steel and Nb-Ti steel 
The results of first set experiments showed that the V-N-Ti steel has superior CGHAZ toughness to V-Ti steel and Nb-Ti steel, 
especially at longer time of t8/5. It is well known that long time of t8/5 is typically associated with high heat input welding process, 
which is characterized with high peak temperature, long dwelling time at elevated temperature and long t8/5 time. High peak 
temperature and long dwelling time at elevated temperature will lead to the coarsening of austenite grain size before γ→α phase 
transformation. Many studies have shown the significant influence of austenite grain size on transformation products, i.e. the increase 
of austenite grain size promotes the formation of bainite or bainitic microstructure. In thermal simulations of this group, the peak 
temperature 1350� and holding for 8s at peak temperature were used to simulate high heat input welding; the longer t8/5 time were 
selected in the range of 140s ~260s, approximately corresponding to high heat input welding for 20mm thick plate using single pass 
welding process of one side submerged arc welding. The V-N-Ti steel and Nb-Ti steel were compared in CGHAZ microstructure and 
toughness dependent on the time t8/5.  

As shown in Figure 7, the impact values of the CGHAZs of V-N-Ti steel are equivalent or superior to those of Nb-Ti steel over the 
range of the time t8/5 used. The V-N-Ti steel shows more obvious advantage at longer time of t8/5, for instance, at t8/5=215s. 

 
Figure 7 Comparison in CGHAZ toughness dependent on the time t8/5 between V-N-Ti steel and Nb-Ti steel 

 
Figure 8 shows CGHAZ microstructure with different t8/5 times for both steels and the result of quantitative analysis for microstructure 
constituents dependent on the time t8/5 is shown in Figure 9. It indicates that, for V-N-Ti steel, only when CGHAZ microstructure is 
the ferrite in majority and with relatively small grain size of ferrite, e.g. t8/5=215s, the CGHAZ can achieve better toughness level. For 
Nb-Ti steel, the CGHAZ microstructure is mainly upper bainite structure accounting for 80%~60% in volume fraction. The coarsening 
of bainite microstructure is key factor leading to its CGHAZ toughness decreased with t8/5 time prolonging. 
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Figure 8. CGHAZ microstructure at different t8/5 times 
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Figure 9.  Quantitative analysis of microstructure constituents in the simulated CGHAZs 
 
For V-N-Ti steel, it is necessary to achieve ideal CGHAZ microstructure with ferrite in the majority (>70% in volume fraction) and 
relatively fine ferrite grain size so as to achieve good CGHAZ toughness. That means, in real welding process, the chemical 
composition of V-N-Ti steel should well match welding heat input for achieving ideal CGHAZ microstructure. 

DISCUSSION 

Compared with V-Ti steel, V-N-Ti steel shows better CGHAZ toughness. This might attribute to enhanced volume fraction of 
polygonal ferrite in its CGHAZs.  The causes that more fraction of ferrite forms in the CGHAZs of V-N-Ti steel might result from the 
followings. (1) V-N-Ti steel possesses refined austenite grain size prior to austenite decomposition. For the samples experiencing weld 
thermal cycle with peak temperature 1320� holding for 0.5s and cooled at t8/5=180s, the austenite grain sizes prior to phase 
transformation in CGHAZ are 55.8µm for V-N-Ti steel and 89.2 µm for V-Ti steel; when the samples undergoing peak temperature 
1350� holding for 8s, they are 126µm for V-N-Ti steel and 156µm for V-Ti steel, repecctively. The higher N content in V-N-Ti steel 
raises the thermal stability of TiN particles and the undissolved particles at elevated temperature play a role in inhibiting austenite 
grain coarsening during high temperature region. Fine austenite grains provide more ferrite nucleation sites (on austenite grain 
boundaries) during γ → α phase transformation. (2) The intragranular ferrites are observed in the CGHAZs of V-N-Ti steel at longer 
time of t8/5, as shown in Figure10 the arrow indicated. Increasing of N content might promote the precipitation of V(C, N) in austenite, 
which are favorable nucleation sites for intragranular ferrite. (3) It is seen from CCT curves in Figure 2 that, the Ar3 temperature of V-
N-Ti steel is 50~60� higher than that of V-Ti steel at cooling rates 1~2�/s. So, V-N-Ti steel has higher driving force of ferrite 
formation at the same transformation temperature, thus promotes the rate of ferrite nucleation. The interrupted cooling tests between 
800~480� during simulated welding cooling process of CGHAZ were performed to observe the formation of ferrite. The result show 
that new ferrite grains continue to form and the ferrite fraction is increasing gradually in V-N-Ti steel as interrupted cooling 
temperature decreases; while for V-Ti steel, the ferrite volume fraction almost keeps a constant after austenite grain boundaries are 
completely covered by grain boundary ferrites at around 600�. 



 

Figure.10 Intragranular ferrites in the CGHAZ of V-N-Ti steel (The peak temperature 1350�, holding for 1s; t8/5=180s) 

It is clear that V-N-Ti steel gets the best CGHAZ toughness only when CGHAZ microstructure is the ferrite in majority and 
coarsening of ferrite grains does not take place according to the results. As shown in Figure 4, the CGHAZ shows the highest impact 
energy at t8/5=100s, corresponding to the ferrite of about 80% in volume fraction shown in Figure 6 when peak temperature is 1320�. 
As shown in Figure 7, the highest impact energy of CGHAZ occurs at t8/5=215s, corresponding to more than 70% in ferrite volume 
fraction shown in Figure 9 when the peak temperature is 1350�. The austenite grain sizes prior to transformation are 55.8µm for the 
former and 126µm for the latter under the same cooling time 180s of t8/5. As expected, the finer austenite grain size can achieve the 
microstructure of complete ferrite and pearlite at relatively short time of t8/5 due to significant increasing of ferrite nucleation sites 
during phase transformation. In the case of coarse austenite grain size, it should be an effective way to promote the nucleation of 
intragranualr ferrite as much as possible, thus increase the ferrite volume fraction and improve CGHAZ toughness. As shown in 
Figure 10, an appropriate increase of N content on the basis of V-Ti steel seems to show the effect in promoting the nucleation of 
intragranular ferrite. 

Compared with Nb-Ti steel, V-N-Ti steel shows superior or equivalent CGHAZ toughness to Nb-Ti steel under simulation conditions 
used in the study. The two steels show different CGHAZ microstructure development with the time t8/5 increasing. With the time t8/5 
increasing, CGHAZ microstructure of V-N-Ti steel changes from relatively fine mixture of ferrite plus bainite to ferrite-based 
microstructure, followed mainly with the coarsening of ferrite grains, whereas that of Nb-Ti steel changes from full bainite 
microstructure to a mixture of upper bainite plus ferrite within a wide range of the time t8/5. The mixed microstructure containing 
coarse upper bainite in CGHAZ of Nb-Ti steel deteriorates the CGHAZ toughness remarkably. It is deduced that V-N-Ti steel might 
be more suitable for high heat input welding with longer time of t8/5 than Nb-Ti steel. 

CONCLUSIONS 

The V-N-Ti steel, which has appropriate increasing of N content on the basis of V-Ti steel containing 0.003%N, shows increased start 
temperature of γ→α phase transformation at all cooling rates and higher cooling rate of obtaining complete ferrite plus pearlite 
microstructure in comparison with V-Ti and Nb-Ti steels. The steel shows better welding adaptability than V-Ti steel and also shows 
superior or equivalent CGHAZ toughness to Nb-Ti steel under thermal simulation conditions used in the study. V-N-Ti steel appears 
to be more suitable for high heat input welding with longer time of t8/5 than Nb-Ti steel due to more fraction of ferrite microstructure 
in its CGHAZ. The ideal CGHAZ microstructure with good impact toughness of V-N-Ti steel is with ferrite-based microstructure and 
relatively fine ferrite grain size. In real welding process, it is the key that the steel composition matches welding heat input well to 
achieve ideal microstructure in CGHAZ. 
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