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ABSTRACT  
 
A study has been made to correlate metallurgical factors with the 
susceptibility to hydrogen induced cracking (HIC) at bondline in small 
diameter API X60 ERW pipes from slit coils. The elongated (Si, Mn, 
Al) rich oxide inclusions at bondline provided a preferential site for 
HIC, and no evidence on center-segregation effect was found. It can be 
suggested that the fraction of the penetrators be lower than 0.03 % to 
have satisfactory HIC resistance. The optimum ERW condition 
determined by DOE successfully led to an excellent HIC resistance, 
although the center-segregation index (Mnmax / Mnavg) was high as 
much as 1.3. 
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INTRODUCTION 
 
As energy demand highly increases over the world from the turn of this 
century, re-engineering of cost-effective production stimulates 
corrosion engineers to revisit the savings/risk benefit analysis for using 
high frequency electric resistance welded (ERW) pipes. The ERW pipe 
could be economically used as replacements of similar submerged arc 
welded (SAW) or costly seamless products in more aggressive 
conditions of the oil and gas producing industry, as long as ERW pipes 
are to be qualified for their required applications. Thus, the demand for 
quality in ERW pipes has become more stringent in order to be suitable 
for harsh environments such as sour containing H2S gas and arctic 
region. This situation has led to the requirement of the ERW pipes that 
should have excellent resistance to hydrogen induced cracking (HIC), 
low temperature toughness as well as high strength.  
One of the major concerns with the use of ERW pipes has been 
attributed to the effects of mid-wall harmful segregation and non-
homogeneous microstructure on HIC resistance along the bondline. 
This is likely to lead to premature and unexpected failures in critical 
hydrocarbon service. High concentrations of impurities such as sulfur, 
phosphor and manganese tend to segregate at the mid-wall of the coil 
during continuous casting solidification process. The presence of these 
non-metallic heterogeneous compounds tends to increase the 

susceptibility to HIC. The susceptibility would be considerably 
increased if the weld seam locates at the segregation zone. The slit 
skelp especially may expose the segregate band at the strip edge to be 
welded. After the upsetting and welding of the strip edges, the non-
metallic inclusions and impurities at the centerline of the strip could be 
exposed to bondline and/or the pipe surfaces. These exposed inclusions 
or/and segregation band may act as preferential sites for HIC (Nichols, 
1995; Pargeter, 2003; Hong and Lee, 2006). 
With regard to the improvement of HIC resistance at bondline, the 
essential factors can be considered as the base metal, the welding 
operations and the subsequent on line heat treatment of ER welded area. 
Earlier studies have been mainly focused on high clean steel 
manufacturing including hot rolling (Okaguchi, Kushida, Hashimoto, 
Nakano and Sakaguchi, 1993; Haumann and Koch, 1985). And also, 
some reports present the development of heat treatment of ER welded 
area, namely quenching and tempering process or intermediate cooling 
process instead of normalizing (Okaguchi, Kushida, Hashimoto, 
Nakano and Sakaguchi, 1993; Shimomura, Takamura, Ishiro, 
Sugayoshi, Nagahama and Yazawa, 1987). However, there have been 
few attempts related with ER welding operations, although non metallic 
material at bondline, which is believed to be strongly related with HIC, 
originally comes from inadequate welding condition. Additionally, only 
limited information is reported on a relationship between the degrees of 
segregation and the susceptibility of the ERW pipe to HIC. 
Therefore, this paper highlights the metallurgical factors affecting 
significantly HIC occurrence at bondline including centerline 
segregation effect and will discuss the correlation of these factors with 
HIC resistance. Furthermore, improvement of HIC resistance at 
bondline is also presented by optimization of ER welding conditions, 
where ERW variables were selected to minimize the metallurgical 
factors being detrimental to HIC through the design of experimental 
(DOE) method. 
 
EXPERIMENTALS 
 
The material used in the present study was API 5L X60 class hot coil 
(double width coil) with 6~10 mm thickness for sour service line pipe, 
which was provided by POSCO. Table 1 shows the chemical 
composition and typical properties of the parent material. Each coil was 
center-slitted, and the slit coils were used to make ERW pipes. In order
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