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ABSTRACT  

The inter-critical heat affected zone (ICHAZ) appears to be one of the most brittle sections in the welding of high-strength micro-

alloy steels (HSLA). Following multiple heating cycles in the temperature range between Ac1 and Ac3, the ICHAZ undergoes a 

strong loss of toughness and fatigue resistance, mainly caused by the formation of martensite-austenite constituent (MA). The 

presence of micro-alloying elements in HSLA steels induces variations in the formation of some microstructural constituents, more 

or less beneficial, which allow to improve the mechanical performance of a welded joint. The behavior in the inter-critical region of 

a S355 grade steel with 0.1wt% V addition is reported in this paper. Five double-pass welding thermal cycles were simulated using 

a dilatometer, with the maximum temperature of the secondary peak in the inter-critical area, in the range between 720 °C and 790 

°C. The residual austenite dependence on inter-critical temperature is analyzed and related to the hardness behavior. 
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INTRODUCTION 

 
The development of high strength materials for oil and gas and 

energy application has been driven in last times by customer 

requests to combine high tensile properties, impact resistance 

and good weldability on industrial scale at prices responding to 

market requests [1-5]. A comparable figure is met in different 

market sectors of structural steels (for example offshore 

metallic structures or ships, with broadly similar aims). In such 

cases anyway, the target of strength/toughness combination is 

largely affected by the specific design [6]. Vanadium, follow-

ing its peculiar thermodynamic and kinetic attitude to form 

very fine precipitates in form of VC or VCN, played a key role 

in the design of microstructures and processes of modern 

HSLA steels [7-9].  

The above reported materials for sure made possible the 

efficient design of constructions also facing with market 

requirements [10-13]. As far as concerns pipelines for long 

distance gas transportation, for example, the increase in the 

available strength level taking place during the last decades 

lead to benefits which can be estimated in billion-dollar range 

[14].  

The effect of micro-alloying on the microstructure features and 

on the mechanical properties of a girth weld is a very hot topic 

since it interrelates a huge quantity of mechanisms strictly 

connected and strongly affected by the steel chemical composi-

tion and the welding conditions [15-17]. 

Despite the micro-alloying relevance in the metallurgical 

design of HSLA for gas transportation, general trend reporting 

a decrease in the properties of girth welded joints is found by 

many authors in the open literature [18]. This is why micro-

alloying strategy has been often limited in the last years by 

many steel makers. 

The proper equilibrium between strength and fracture tough-

ness in high strength low alloyed steels is strictly related to the 

thermal cycles reported by the materials during the welding 

process: as a matter of fact such thermal cycle is the main 

responsible for the toughness properties loss specifically in the 

heat affected zone (HAZ).  

Many papers report that the most critical zone (showing the 

lowest impact resistance) is expected to be found in the grain 

coarsened heat affected zone (GC HAZ) [19-21]. Such region 

of the welded joint is the one immediately neighbouring the 

weld fusion line. During the welding process, the peak temper-

ature to which the materials is subjected in the GC HAZ faces 

to the melting point. Such peak temperatures are then followed 

by very rapid cooling. Facing such high temperatures implies a 

significant austenite grain size coarsening [22]. The presence 

of large austenitic grains together with rapid cooling experi-

enced by the material, promotes the nucleation of brittle 

components. Such components are constituted by ferrite-

bainite microstructures together with fine micro-constituents 

[23].  

In recent years, it has been shown that the inter-critically 

reheated grained HAZ (IC GC HAZ) is the welded joint region 

mostly affected by the mechanical property loss [24]. One of 

the suggested metallurgical mechanisms which has been 

proposed to explain such behaviour is that during the inter-

critical thermal cycle, partial transformation to austenite 

occurs. The above consideration is valid especially for steels 
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showing the presence of austenite stabilizers, such as carbon or 

manganese. Such phenomena are usually favoured by the 

presence of segregation in the initial microstructure, mainly 

related to the manufacturing process [25]. During the rapid 

cooling step of the welding process these carbon rich material 

portions are subjected to phase transformation into pearl-

ite/bainite or residual austenite (RA). The presence of residual 

austenite and the main phase choose depends on the steel 

hardenability, hence on the steel chemical composition and the 

alloying strategy adopted by the steel maker [26]. The presence 

of RA phase is generally considered as the main cause respon-

sible for impact resistance loss in HAZ.  

Nonetheless, the issue is much more complicated since some 

authors reported that the impact resistance loss is not just and 

solely related to the presence of RA micro-constituent. A clear 

role in terms of RA distribution and morphology in relation to 

the main matrix microstructure is found. 

A strategy based on Nb addition is sometimes followed in the 

design of high strength steels with acceptable toughness 

behaviour. 

It has been shown that niobium affects the HAZ by negative 

consequences [27]. Is also been reported that such effects are 

strongly dependent on the adopted heat input [28]. 

On the contrary, the effects of vanadium addition on the 

toughness of the IC GC HAZ and on the formation of M-A 

phase within the IC GC HAZ are not up-today fully clear and 

understood.  

Some authors reported that vanadium has a negative effect on 

the impact resistance of the IC GC HAZ. This behaviour is 

manly related to vanadium ability to promote the formation of 

the potentially brittle M-A phase [29].  However, other re-

searchers showed that the addition of vanadium to low carbon 

steels reduced the size and area fraction of M-A phase and 

improved IC GC HAZ toughness [30]. 

In this paper, the effect of Vanadium addition to an S355 for 

structural application (EN10025-2) steel during heat treatments 

reproducing the HAZ of a welded joint is reported, in terms of 

M-A formation. 
 

MATERIAL AND METHODS 
 
A steel with chemical composition as reported in Table 1 was 

manufactured by Vacuum Induction Melting (VIM) plant in the 

form of 80 kg ingot and then hot rolled down to 16 mm thick-

ness. The hot rolled microstructure after 2% Nital etching is 

reported in Figure 1.  
 
Table 1 Nominal chemical composition of considered steel 

(wt%) 

Element Wt, % 
C 0,16 

Mn 1.45 
V 0,10 
Fe To balance 

 
Heat treatments were designed with the aim to reproduce 

different microstructures corresponding to different positions in 

a welded joint HAZ. In particular a double pass welding 

process has been simulated with second pass peak temperatures 

ranging from 720 °C to 790 °C. In order to investigate the 

presence of retained austenite (RA) and to define the most 

suitable methodology to assess the RA presence in the consid-

ered steel after the heat treatment as reported above, three 

different methods have been applied: X-Ray Diffraction 

(XRD), Electron Backscattered Diffraction (EBSD), and 

selective Le Perà etching. XRD analysis was carried out using 

a Smartlab Rigaku diffractometer equipped with Cu kα source 

radiation and a D/teX Ultra 250 SL detector, operated at 40 kV 

and 30 mA in continuous mode in the angular range 30-110 

2theta. The automated sample alignment routine has been used. 

Rietveld analysis has been performed on diffracted data in 

order to ascertain weight percent phase fractions. EBSD 

measurements were performed with the aim to detect the 

presence and position of retained austenite islands, by means of 

a field emission gun scanning electron microscope (FEG-SEM) 

(Ultra-Plus Carl-Zeiss- Oberkochen Germany) equipped with 

an EBSD detector (C Nano Oxford Instruments United King-

dom), using a 0.1 μm scanning step size. Retained austenite 

was revealed by building up phase maps, taking into account 

both face-centered cube (fcc) and body-centered cube (bcc) 

phases: automatic image analysis of such maps allowed us to 

determine retained austenite volume fraction.  
 

 
Fig. 1 Hot rolled material (2% Nital etching) 

 

Starting from the hot rolled material, cylindrical Specimens (10 

mm in length, 4 mm in diameter) were machined to be heat 

treated in controlled conditions by means of a dilatometer. Heat 

treatments cycles as reported in Figure 2.  
 

 
Fig. 2 Experimental thermal profiles as acquired by thermo-

couples 
 
Indeed, as regards the selective etching, the LePerà solution 

(1g H2S2O5 + 100ml H2O + 4g C6H3N3O7 + 100ml 

C2H5OH) for about 60-90 seconds was used. The microstruc-

ture was then analyzed using an optical microscope (OM) 

(Eclipse LV150 NL, Nikon, Tokyo, Japan) and an image 

analysis, to determine the RA percentage, was performed using 

dedicated software (AlexaSoft, X-Plus, serial number: 

6308919690486393, Florence, Italy). The procedures was 

performed on low magnification image and on three different 

fields, the RA % reported will be refers to the average of three 

values.  Vickers hardness tests were made by means of a HV50 

(Remet, Bologna, Italy) instrument by using a load of 10 kg. 

Three hardness tests were made on each sample. 

 

RESULTS 
 

Microstructures, as obtained after thermal cycles, are shown in 

Figure 3. Results show that, moving from 790 °C (as second 
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peak temperature) down to 720 °C, microstructure moves from 

ferrite-pearlite to bainite, as expected. 

 

 
Peak temperature=790 °C 

 

 
Peak temperature=775 °C 

 

 
Peak temperature=750 °C 
 

 
Peak temperature=735 °C 

 
Peak temperature=720 °C 

Fig. 3 Obtained microstructure as a function of second peak 

temperature (2% Nital etching) 

 
In order to evaluate the RA content on the above considered 

specimens, XRD patterns have been acquired. Results, reported 

in Figure 4, are not able to discriminate between the different 

conditions: in particular the detected residual austenite is very 

low, at the limit of the acceptability threshold of the technique, 

generally below 1 wt.%. Results therefore show that X-Ray 

technique is not suitable for RA determination in HAZ in the 

considered set of samples. 

 
Fig. 4 X-Ray diffraction data of the considered materials  

 
Phase maps as obtained by EBSD technique on the considered 

materials are reported in Figure 5. Staring from pictures 

reported in Figure 5, the RA content (red zones) has been 

evaluated as a function of the peak temperature.   

 

 
Peak temperature=790 °C 
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Peak temperature=775 °C 

 
Peak temperature=750 °C 

 
Peak temperature=735 °C 

 
Peak temperature=720 °C 

 

Fig. 5 Phase maps as obtained by EBSD technique on the 

considered materials 

Results, reported in Table 2, show very low RA contents, 

confirming that they are well below the XRD threshold. 

RA content has also been evaluated by quantitative optical 

microscopy metallography after Le Perà selective etching. The 

relevant microstructures with RA islands highlighted in red are 

reported in Figure 6. 

 

Table 2 RA dependence on peak temperature as obtained by 

EBSD 

Peak temperature (°C) RA, % 

790 0.7 

775 0.2 

750 0.3 

735 0.2 

720 0.4 

 

 
Peak temperature=790 °C 

 
Peak temperature=775 °C 

 
Peak temperature=750 °C 
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Peak temperature=735 °C 

 

 
Peak temperature=720 °C 

 

Fig. 6 Microstructures of the considered specimens after Le 

Perà etching. Red zones: RA phase 

 

Results, reported in Table 3, show that RA values as measured 

by this technique are higher than those obtained by EBSD, as 

expected.  

 
Table 2 RA dependence on peak temperature as obtained by 

EBSD 

Peak temperature (°C) RA, % 

790 1.5 

775 2.0 

750 4.5 

735 4.6 

720 3.3 

 

It has to be noted that results coming from EBSD are to be 

considered not to be affected by external factors (such etching) 

which could artificially enlarge the small RA regions. On the 

other hand, EBSD is not so statistically significant as optical 

microscopy measurement, following the smallest analysed 

areas. This is why both the methods need to be considered and 

results are to be considered as complementary. 

RA values as obtained by EBSD and selective etching are 

compared in Figure 7, showing similar trend. Results reported 

in Figure 8 show that the same trend is followed by hardness 

as measured on the same specimens.  

 

 
Fig. 7 RA dependence on peak temperature (comparison 

between EBSD and light microscopy) 

 

 
Fig. 8 Hardness dependence on peak temperature. 

 

Results therefore suggest a direct influence of RA content, also 

at the very low measured level, in defining the mechanical 

properties. 

 

CONCLUSIONS 

The behavior in the inter-critical region of a S355 grade steel 

with 0.1wt% V addition is reported in this paper. Five double-

pass welding thermal cycles were reproduced using a dilatome-

ter, with the maximum temperature of the secondary peak in 

the inter-critical area, in the range between 720 °C and 790 °C. 

The residual austenite dependence on inter-critical temperature 

is analyzed showing a direct relation with the hardness behav-

ior. 
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