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Abstract: Submerged-arc welding (SAW)  may be considered as a miniature casting and  the final microstructure of a weld and a casting 
are both dendritic, but the differences are much greater than the similarities. The microstructure produced in a weld deposits is very complex 
and may contain several phases and hence has pronounced effect on the mechanical properties, such as hardness, strength and toughness. 
The microstructure of the double sided welds joint is generally non-uniform, being composed of areas of as deposited weld metal (first weld) 
and areas that have reheated by subsequent pass (second weld). The hardness values (HV1/15) within double sided submerged-arc weld 
metals are different and  depends to the exact positioning of the measurements. The obtained results using LM (Light Microscopy), SEM 
(Scanning Electron Microscopy) and Vickers hardness testing (HV1/15)  are presented in this work and this is an attempt to clarify  a 
correlation between microstructure and hardness gradient  within  double- sided submerged-arc weld metals  from  microalloyed steel API 
grade X60. 

 

KEYWORDS: MICROSTRUCTURE,  HARDNESS GRADIENT, WELD METALS, LINE PIPE. 

 

1. Introduction 
Research on the weld metal microstructures has evolved along 

different lines when compared against the mainstream of steel 
research, and there are considerable difficulties in identifying 
microstructural constituents which differ in transformation 
mechanisms  [1, 2]. 

Knowledge about weld pool solidification is very limited. It is 
mainly comprised of an extrapolation of the knowledge of the 
solidification of castings and related processes. However, in such 
cases the thermal gradient is much higher than in casting, and weld 
pool normally cooled very quickly so that it does not strictly obey 
the Fe-Fe3C equilibrium diagram [1, 3]. 

The interrelation of microstructure and properties is an 
important factor in any investigation of the behavior of metals. Wed 
metal properties are mainly controlled by the microstructure in the 
low alloy steel welds [4, 5, 6]. 

In practice, all line pipe weldments  require more than one weld 
pass and consequently, underlying weld metal is often reheated to 
high enough temperatures to cause either partial or complete 
transformation to austenite.  

The microstructure obtained as the weld cools from the liquid 
phase  to ambient temperature is called the as-deposited or primary 
microstructure [7, 8]. During two-pass welding, in which some of 
the regions of original microstructure are reheated to temperatures 
high enough to cause reverse transformation into austenite, which 
during the cooling, part of the thermal cycle retransforms into a 
variety of somewhat different microstructures. Other regions may 
simply be tempered by the deposition of subsequent runs. The 
microstructure  of the reheated regions is called  the reheated or 
secondary microstructure [7, 8]. 

During two-pass welding of line pipes, using microalloyed 
steels, the weld metal of first pass (inside weld-W1) or previous  
pass is often reheated to high enough temperatures to cause either 
partial or complete transformation  of austenite. In such conditions,  
the thermal cycle of the subsequent pass (W2) causes second heating 
of the first pass  weld (W1) and as a result are caused highly 
complex microstructural changes which are conditioned with same 
specific metallurgical phenomena, e.g.: coalescence of 
preprecipitates, dissolution  of preprecipitates, reprecipitation, 
formation of  local brittle zone (LBZ), the change morphology of 
the ferrite, microstructural strengthening etc., which are often 
accompained with negative effects of the mechanical and 
technological properties of the welded joint. 

The heat affected zone of weld metal (HAZ-WM) or reheated 
weld metal, created  in first pass  (W1), comprises from several 
regions, typical of which are: coarse-grained  region (CG-HAZ-
WM)  reheated above 1100oC, fine grained region (FG-HAZ-WM) 
reheated between 900oC and 1100oC, intercritical  or partially 
transformed region (IC-HAZ-WM) reheated between 700oC and 
900oC, and subcritical or tempered (SC-HAZ-WM) region reheated 
below 700oC. Each region in the heat affected zone (HAZ-WM)  of 
the first pass is characterized by unique microstructure and hence 
different mechanical properties.  

Welded joint considered as heterogeneous parts whose global 
behavior cannot be predicted precisely without a carefully analysis 
of each region. The effect  of mismatch properties of the different 
sub-zones across a weld joint is therefore a field of considerable 
research efforts throughout the world.  

Because  integral parts of the (HAZ-WM) within the weld  
metal  are located  in a very small volume of the weld, only by 
hardness measurements is possible  to determine the mechanical 
properties of these parts. Hardness is an important parameter for the 
evaluation of cold cracking resistance, strength, ductility, toughness 
and corrosion resistance. 

Therefore the objective of this paper was to investigate the  
hardness distribution (HV1/15) within first (W1) and second  weld 
metal (W2) and to correlate the microstructure changes  with   
hardness gradient during double sided submerged arc welding 
(SAW) of line pipes, using microalloyed steel  coils. 

 
2.   Experimental procedure 

Spiral line pipes Ø 609.6x9.52mm were fabricated using  high 
strength steel coils X60 according to API (American Petroleum 
Institute) standard  [9, 10], which chemical composition and 
mechanical properties are given in table 1 and.2. 

Table 1: Chemical composition of used steel coils X60 

Steel 
coils 

Chemical composition [wt-%] 

C Mn Si P S Al Nb Ceq 

API 
grade 
X60 

1.121 1.40 0.231 0.022 0.006 0.012 0.038 0.39 
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Table 2: Mechanical properties  of used steel coils X60 

Steel 
coils 

Mechanical properties 

Direction 
Re Rm A2

” 

 

KV1 

 

KV2 

 

KV3 

 

KV 

 

ISO-V-0oC 

MPa % J 

API 
grade 
X60 

Transversal 504 621 30.0 89.0 90.0 87.0 88.6 

Longitudinal 496 616 32.0 -/- -/- -/- -/- 

 

Spiral line pipes Ø609.6x9.52mm were fabricated in two-stage 
process according to the BLOHM+VOSS, figure 1 with welding 
parameters given in table 3. 

 
Fig.1 Double sided submerged arc welding (SAW) of line pipes 

 
Table 3: Welding parameters 

Welding parameters 

Sp
ira

l l
in

e 
pi

pe
 Ø

60
9.

6x
9.

52
m

m
 

Welding flux: LWF780 

Welding Wire: S2Mo 

Inside  

(first pass-W1) 

Outside 

 (second pass-W2) 

I U v E I U v E 

A V m/min KJ/cm A V m/min KJ/cm 

600 28 1.0 10.0 700 30 1.0 12.6 

 

  Based on the welding parameters, by the software 
(WELDWARE), was  calculated cooling time (t8/5), figure 2 and its 
impact on the hardness (HV1/15), figure 3. 

 
Fig.2 Cooling time (t8/5) 

 

 
 

Fig.3 Correlation between hardness (HV1/15) and cooling  time  
(t8/5) 

 
    The specimens were cut out from the double sided weld joint of  
spiral line pipes  Ø609.6x9.52mm, perpendicular to the welding 
direction. All specimens were  wet ground and polished using 
standard metallographic techniques and etched in   2% Nital, for 
analysis with LOM (Light Optical Microscope) and  SEM 
(Scanning Electron Microscope). 

      To correlate microstructure with hardness, Vickers hardness 
(HV1/15) measurements were made on the first weld pass (inside 
weld-W1),  heat affected  zone of the weld metal (HAZ–WM) and 
on the second pass (outside weld-W2), using a diamond pyramid 
indenter with a 1kg load, with a spacing of 0.5mm. Figure 4 shows 
the directions and positions  where the hardness indentations were 
made within double sided submerged arc weld metals of  spiral line 
pipes Ø 609.6x9.52mm. 
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Fig.4  Schematic illustrating of the directions and       positions 

of hardness measurements 

3. Results and discussion 
Light Optical Microscopy (LOM) is one of the most commonly 

used techniques for macrostructural and microstructural 
characterization  in the development of weld metals. Macrostructure 
in figure 5  shows a typical cross section of two pass (double sided)  
spiral line pipe welds at low magnification. 

 
Fig.5 Macrostructure of two pass (double  sided) spiral line pipe welds 

The macrostructure of a two pass weld is generally non-
uniform, being composed of areas of as-deposited weld metal with 
columnar grains and areas that have been reheated by subsequent 
pass and which are, therefore, grain refined. From a metallurgical 
point  of view, these areas are  normally  defined by the peak 
temperature  experienced at a certain distance  from the fusion line 
during second pass welding. The centerline of the weld  also shows 
columnar grains oriented approximately in a vertical direction. 

Figure 6 shows the microstructures of weld metal. The 
following characteristic are indicated: in the inside weld (first pass-
W1), the microstructure was composed predominantly of acicular 
ferrite, figure 6(a). Prior austenite grain boundaries are decorated 
with allotriomorphic ferrite while the interior of the austenite grains 
is packed with acicular ferrite. In the reheated region between the 
inside  and the outside weld, second pass thermal cycle caused 
formation of  the heat affected zone of weld metal (HAZ-WM) with 
characteristic reheated microstructures depending on the 
temperature range. In the region adjacent to the fusion boundary, 
much higher heating temperature was experienced. Thus, in this 
region the microstructure was mostly transformed into austenite. 
Coarse grained region of the  HAZ of the   weld metal (CG-HAZ-
WM)  between the inside and the outside  weld consist of  lath 
ferrite with aligned second phases. In the outside weld (second 
weld-W2), figure 6(b) the microstructure also composed  of acicular 
ferrite delineated by grain boundary  ferrite and  polygonal ferrite, 
located at the former austenite  grain boundaries. In general, the 
microstructure within the as-deposited region composed 
predominantly of acicular ferrite with various proportions of grain 
boundary ferrite and polygonal ferrite.   

 
(a) 

 
                                                    (b) 

Fig.6 Microstructures of two pass (double sided) welds 

Hardness  measurement  (HV1/15) were carried out from the 
top of the second pass (W2),  across  the heat-affected zones  
between second and first pass (HAZ-WM) and into  the first pass 
weld deposit (W1), as schematically illustrated in figure  4.  

Figure 7 shows   that  there is a local variation in hardness 
within the double sided spiral line pipe weld metals in  the range 
between 195-224HV1/15. The lowest hardness,195 HV1/15 was 
recorded in the intercritically (IC) and subcritically (SC) heat 
affected zone of weld metals (HAZ-WM). Maximum hardness 
values, 224 HV1/15 were observed at the different positions in the 
first weld deposits, 2-4mm outside the visible HAZ-WM. 

 

 
Fig.7 Hardness (HV1/15)  within double sided  spiral line pipe weld metals 
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Hardness values generally indicate that there is no martensite 
formation in the weld metal or heat affected zone. However, it 
could be noticed that the microstructure containing relatively higher 
proportion of acicular ferrite shown relatively more hardness and 
higher strength. Weld metal containing less amount of acicular 
ferrite and more grain boundary ferrite and polygonal ferrite has 
shown relatively lower values of hardness. 

A comparison between the measurements directions reveals the 
same pattern, i.e., direction-B in the centerline of weld metals has 
shown relatively lower hardness, while direction-A and C shown 
higher hardness. Hardness profiles exhibits a continuous decrease in 
hardness  toward  the heat affected zone of weld metals (HAZ-
WM). 
 

4. Conclusion 
The basic conclusions that can be drawn from this research are 

the following: 

Double sided spiral line pipe  weld metals composed of a zone  
with columnar grains and a zone reheated by subsequent weld 
deposits. The reheated zone, in turn, composed  of high-temperature 
reheated  zone and  low-temperature  reheated zone, corresponding 
to the peak temperature. Each zone shows microstructure 
characterized by coarse grained and fine grained structures, 
respectively. 

The microstructure containing predominantly acicular ferrite 
was found to be relatively harder and tougher compared to 
microstructure containing predominantly proeutectoid ferrite and 
polygonal ferrite. 

Hardness profiles  within double sided  spiral line pipe weld 
metals show  that it varies to some extend and  the first pass (W1) is 
harder than the second pass (W2), which can be attributed to the 
effect  of the thermal welding  history of microalloyed steel. This 
effect is associated with secondary hardening, probably  due  to 
reprecipitation of extremely fine  particles of niobium carbonitrides. 

Hardness gradient  along the inside  weld (W1)  and outside 
weld (W2)  was  caused by complex microstructure changes during 
submerged arc welding (SAW) and this gradient also indirectly  
indicates for inhomogeneous   strength  and toughness of welded 
joint. 

Controlling the microstructure changes during submerged arc 
welding (SAW) of line pipe steels to obtain desired  mechanical 
properties is very difficult and different from the microstructure 
changes in parent metal obtained by hot rolling. 
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