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Synopsis 

  Multiple-electrode submerged arc welding process with three or four elec-

trode is used for the production of longitudinally welded pipe. Increased 

welding speed is limited by the properties of flux against weld defects such 

as undercutting and slag inclusion and the toughness of weld metal de-

teriorated by impurity gas contamination. 

  A flux with a solidification temperature of 950 to 1 050 °C and with a 

viscosity of 2.5 to 4.5 poise at 1 400 °C can minimize slag inclusion and 

undercutting. Welding of heavy wall thickness UOE pipes with a heat 

input above 100 kJ/cm requires a flux with a high melting point and high 

viscosity. 

  In order to obtain good notch toughness of weld metal at low temperature 

service, it is necessary to control the nitrogen content foreffective utilization 

of titanium and boron in weld metal. Optimum range of titanium to get 

high notch toughness is shifted by nitrogen content in weld metal. 

 HAZ notch toughness of high strength line pipe is affected strongly by 

carbon and boron contents in base metal. Excellent notch toughness of 

HAZ was obtained by decreasing the carbon content in base metal below 

0.05 wt%.

I. Introduction 

  The active exploitation of crude oil and natural gas 
in the Arctic regions has stimulated the development 

of line pipe steels capable of working at high operat-
ing pressure in ambient temperatures as low as -50 
°F. Various specifications demand the use of large 
diameter welded pipe with high strength and tough-

ness for both base metal and welds. 
  Multiple-submerged arc welding methods for the 

production of longitudinally welded pipes have been 
in use for many years. Increased output of large di-
ameter pipes is dependent on the maximum welding 

speed which is achieved. The three-electrode or four-
electrode process is used for increasing the welding 

speed for a particularly wall thickness. A limit is the 
high speed properties of a flux and notch toughness of 

weld metal deteriorated by increased impurity gas ele-

ments. When pipes with heavier wall thickness are 
welded by the two-run technique as in the past, the 
development must be directed toward the flux with 
larger current-carrying capacity and notch toughness 

of welds including heat affected zone. 
  In this study, operative characteristics of flux 

against high speed welding and large heat input weld-
ing were firstly investigated with respect to the pro-
ductivity and weld bead free from defects. Further, 

improvement of toughness in both weld metal and 

heat affected zone was done to satisfy the stringent 
requirement of the Arctic project.

II. Development of Welding Materials for Arctic-

   grade Line Pipe 

1. Operative Characteristics of Flux for High Speed Welding 

  One of the most significant factors that affect the 

toughness of weld metal and high speed weldability in 
submerged arc welding is flux. Most important point 
is to prevent undercuts and slag inclusions when at-

tempting to increase welding speed in submerged arc 

welding. 
  Viscosities and solidification temperatures were 
varied independantly by using various flux com.posi-
tions. These fluxes were classified into three types of 
viscosities, which were below 2.0 poise, 2.5'-4.5 poise 

and above 5.0 poise. In these viscosity ranges, the 

relationship between solidification temperature and 
undercutting rate or number of slag inclusion pro-

duced when three electrode submerged arc welding 
is performed at a welding speed of 210 cm/mm n and 

a heat input of 35 kJ/cm was plotted in Fig. 1. 
Chemical compositions of fused fluxes used in this 

experiment are as follows : 
  17N59%SiO2, 1''33%CaO, 1 -'48%CaF2, 1-.44% 

  MnO, 0 ~ 20 %MgO, 0 ̂ ' 25 %Ti02, 0 32 %A1203, 
  ON20%BaO, others max. 5 % (wt%) 

Viscosity of slag was measured by drawing shere

Fig. 1. Lfrect of solidification temperature and viscosity on 

slag inclusion and undercutting rate.
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method using platinum ball and crusible. This is the 
method for the measurement of viscosity based on the 

Stokes's low. The " solidification temperature " in 
the context of this paper refers to a temperature where 

viscosity of 1 000 poise is generated. Further, the 
" underc

utting rate " refers to a rate of total length 
of undercutting to twice the total length of weld bead. 

Since the undercutting may occur at both sides of 
the bead edge, twice the total length of weld bead 

was used in this calculations. In the high speed sub-
merged arc welding process, flux which causes slag to 
solidify at 950 to 1 050 °C can minimize slag inclu-

sions and undercuts. Also, it has been made clear 
that a flux that provides slag with a viscosity of 2.5 to 

4.5 poise at 1 400 °C can minimize these welding de-
fects. 

  On the other hand, it is imperative to reduce oxy-

gen content in weld metal to get a good low tempera-
ture toughness. Similarly, it is also important to 
reduce the nitrogen content. Figure 2 shows a rela-

tion between oxygen and nitrogen content in weld 
metal when fused fluxes with different basicities are 

used in welding at a speed of 210 cm/min and a heat 
input of 35 kJ/cm.. Normally, nitrogen content in-

creases with a decrease in oxygen content in weld 

metal. However, when l5-25 % CaF2 is included 
in the flux, the rate of increase in nitrogen content 

in weld metal is decelerated in low oxygen content 
region, which suggests that CaF2 can reduce nitrogen 
content in this region. 

  Figure 3 presents the effect of flux particle size and 

welding speed on oxygen and nitrogen content in weld 
metal. In reality, the oxygen and nitrogen content 
in weld metal tends to increase with an increase in 

welding speed. Additionally, flux particle size has a 
substantial effect. Specifically, the coarser the par-

ticles are, the more the oxygen and nitrogen content 
tends to increase. Such increases in oxygen and 

nitrogen content are attributable to an increase in 
molten pool length due to accelerated welding speeds 

and to the inclusion of oxygen and nitrogen from 
atmosphere. 

2. Effect of Welding Conditions on Notch Toughness of 
   Weld Metal 

  Three or four-electrode high speed submerged arc 

welding methods have been used, so that efficient 
welding can be possible for longitudinal seam welding 

in UOE pipes. It is well known that excellent notch 
toughness can be obtained by optimum additions of 
both titanium and boron in weld metal because of in-

creasing the acicularity in the weld m.icrostructure."2~ 
For the multiple-electrode high speed submerged arc 

welding process, the nitrogen content in weld metal, 
however, has a tendency to increase with an increas-

ing in the welding speed, and the notch toughness of 
titanium and boron bearing weld metal can be greatly 
affected by nitrogen content. 

  In this experiment the effect of nitrogen content on 
notch toughness of weld metal was investigated. Steel 

plates for API X70 grade whose chemical composi-
tion is 0.09C-1.6Mn-Nb-V-Ti and wall thickness is

16 mm were used. Double V-groove was prepared 
for welding, and seam welds were made with a single 

pass on each side by three-electrode submerged arc 
welding method with a welding speed of 145 cm/min. 
Heat input of backing pass and final pass was 39, 43 

kJ/cm, respectively. Two types of filler wire, which 
are C-Mn-Ni-Mo-Ti type and C-Mn-Ti type, and 

Si02 CaO-CaF2 A1203 B203 type highly basic flux 
were used for welding materials. Nitrogen content 
in weld metal was varied by using the various nitro-

gen content in base metals or filler wires, and titanium 
from filler wire and boron from welding flux were 

added in weld metal. 
  Figure 4 shows the effect of nitrogen content in 

weld metal on the charpy absorbed energy. In tita-
nium and boron bearing weld metal, notch toughness 

decreased progressively with the increase nitrogen con-
tent as shown in Fig. 4. The same tendency was ob-

served in C-Mn-Ni-Mo-Ti type wire and C-Mn-Ti 
type wire. It is evident that the notch toughness 
could increase by the additions of both Ni and Mo in 

Ti-B type weld metal. 
  In multiple-electrode high speed submerged arc

Fig. 2. Relation between oxygen and nitrogen 

weld metal.

content in

Fig. 3. Effect 

       oxygen

of flux particle size and welding speed on 

and nitrogen content in weld metal.
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welding, it is necessary to control the nitrogen con-
tent for effective utilization of titanium and boron in 

the weld metal. Nitrogen content in the weld metal 
varies with nitrogen content of parent metals or filler 

wires and welding conditions such as welding speed 
and flux height. For example, Fig. 5 shows the rela-

tion between the nitrogen content in weld metal and 
nitrogen content in filler wires. The tendency was 

observed that the nitrogen content in the weld metal 
increased with the increasing nitrogen content in filler 

wires. Accordingly, it is important to decrease the 
nitrogen content in filler wires. As compared the 

three-electrode submerged arc welding method at a 
welding speed of 145 cm/min with the tandem sub-
merged arc welding method at a welding speed of 

80 cm/min, the nitrogen content by three-electrode 

process is higher than that of tandem submerged 
arc welding process. 

  The toughness of weld metal is affected strongly by 
nitrogen in weld metal, however, it is possible to ob-

tain excellent notch toughness in higher nitrogen con-

taining weld metal by optimum addition of titanium 
and boron. The effect of titanium content in weld 

metal on Charpy notch toughness is shown in Fig. 6. 
In the weld metal which contains from 28 to 33 ppm 

boron, from 290 to 330 ppm oxygen, optimum ranges 
of titanium content to obtain the highest notch tough-
ness will be shifted by nitrogen content in weld metal. 
If the ranges of nitrogen content are 30'.-50, 5O-7O, 

7O-.-9O ppm, the optimum titanium content is 0.02'-
0.03, 0.03 0.04, 0.04-- 0.05 wt%, respectively. Also, 

optimum range of titanium in C-Mn-Ti wires has 
approximately a similar range to C-Mn-Ni-Mo-Ti 

wires. Thus, it was concluded that optimum ranges 
of titanium are shifted by nitrogen content in weld 

metal. In the case of titanium addition from filler 
wires, the relation between titanium content in filler 

wires and titanium content in weld metal is shown in 

Fig. 7. The yield rate of titanium is estimated at 
about 15 %. For example, titanium in filler wires is

in the range from 0.20 to 0.25 wt% in order to obtain 

0.030.04 wt% titanium in weld metal. 

3. Welding Materials for Arctic-grade Line Pipe 

  In order to stabilize the toughness of weld metal, 

it is necessary to study welding procedures to assure 

stable contents of oxygen and nitrogen. Figure 8 

shows the relation between flux height and oxygen 

and nitrogen content. When flux height is below 25 

mm, the oxygen and nitrogen content in weld metal 

tend to increase and fluctuate due to the insufficient 

shield effect of the flux used. 

  Figure 9 presents the impact toughness of weld 

metal when welding very low carbon steel pipes3~ with 

the three-electrode high speed submerged arc welding 

process, using three newly developed welding wires

Fig. 4. Effect of nitrogen content in weld metal on Charpy 

impact values.

Fig. 5. Relation between nitrogen content: in 

and nitrogen content in filler wire.

weld metal

Fig . 6. Effect of titanium and 

    Charpy impact values.

nitrogen in weld metal on
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(C-Mn-Ti, C-Mn-Mo-Ti and C-Mn-Ni-Mo-Ti 
types) and a newly developed SiO2 CaO-CaF2 
A12O3 B2O3 type highly basic flux. The very low 

carbon steel pipes for API X65 grade whose chemical 
composition is 0.03C-1.16Mn-Cu-Ni-Nb-V and wall 

thickness is 19.1 mm were used, and welded with a 
welding speed of 140 cm/ mm. Conventional welding 
consumables for high notch toughness add titanium 

and boron from flux, of which TiO2 base resulted 
inevitably in a slow welding speed. Effective control 

of the oxygen and nitrogen contents in weld metal, 

when adding an optimum amount of titanium from 
wire and boron from flux to weld metal, has led to 
the successful development of sound weld metal, 

which is excellent in low temperature toughness and 
free of undercuts and slag inclusions.

III. Development of Welding Materials for Heavy 

    Wall Pipe 

1. Development of Flux for Large Heat Input Welding 

  In welding for heavy wall UOE steel pipes which 

require extremely large heat input, efforts have been 
made to accelerate welding speeds for operational ef-

ficiency and improve toughness. Since the presence 

of coarse bead ripples and undercuts often pose a 

problem in the case of high heat input welding, it is 
believed that a high melting point, high viscosity flux 
is suited for welding heavy wall pipes. Figure 10 

shows the number of slag inclusions and undercut 
rates produced after three-electrode high speed and 
large heat input welding, using a fused flux that causes 

a slag to change in viscosity in a solidification tem-

perature range of 1 100 to 1 300 °C and a bonded 
flux that owns high melting point and high viscosity. 

Chemical compositions of fused fluxes and bonded 
fluxes used in this experiment are as follows. 

  Fused Flux: 18N54%SiO2, 4'32%CaO, 3~ 
             29%CaF2, 228%MnO, 3-20% 

       MgO, 0 N 25 %TiO2, 0'-.' 32 %A1203, 

               other max. 4 % (wt%) 

  Bonded Flux : 20 N 32 %SiO2, 28 N43 %MgO, 8 
              15%CaCO3, 3~ 10%CaF2, 0' 10% 

                TiO2, 7'-' l3 %A1203, others max. 

           11 % (wt%) 

In the case of fused flux, little undercuts occur where 
slag viscosity ranges from 2.5 to 4.5 poise at 1 400 °C. 
If viscosity falls below 2.5 poise or exceeds 4.5 poise, 

undercuts occur more frequently, which is attribut-
able to the constraining force of slag in the bead edge. 

When a bonded flux is used, undercuts are generated 
less frequently despite high slag viscosity. It is due to 

the reduction of arc cavity gas pressure fluctuation, 

which is attributable to the fact that the bonded flux 
contains carbonate and has coarse particle size. On 
the other hand, slag inclusions tend to increase with

Fig . 7. Relation between titanium 

    and Ti content in filler wire.

content in weld metal

Fig. 8. Relation between flux hei 

gen content in weld metal

ght and oxygen or nitro-

Fig. 9. Typical impact toughness by newly developed weld-

        ing materials.
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the higher slag viscosity. When a high melting point, 
high viscosity bonded flux is used, slag inclusions 

frequently occur. Moreover, the bonded flux is not 
suitable for welding heavy wall pipes because it tends 

to absorb humidity in use and undergo changes in 
the distribution of particle size. Figure 11 shows the 

relation between the mean particle size of fused flux 
and the frequency of undercuts. The undercut fre-

quency is substantially affected not only by slag vis-
cosity and solidification temperature, but also by the 

particle size distribution of flux. In the case of large 
heat input welding, the undercut frequency is the 
lowest when the particle size distribution ranges from 

20 x D to 32 x D mesh. 

2. Improvement of Toughness for Submerged Arc Welds in 
   Heavy Wall Pipe 

  Heavier wall thickness steels in the range from 38.1 
to 50.0 mm for API 5LB grade whose chemical com-

position is 0.08C-l.4Mn-Nb-Mo were used in this ex-

periment. Seam welds were made with a single pass 
on each side by three or four-electrode submerged arc 

welding method. When wall thickness is 38.1, 44.5, 
50.0 mm, the heat input is 100, 150, 200 kJ/cm, res-

pectively. Combination of two types of experimental 
welding flux and C-Mn-Ni-Mo-Ti type filler wire 

were prepared for multiple-electrode submerged arc 
welding materials. 

  When large heat input submerged arc welding for 
heavy wall pipe was made with a single pass on each 
side by three- or four-electrode, the weld metal tough-

ness improved with decreasing oxygen content using 
highly basic fused type fluxes. As already men-
tioned in Sec. III. 1, both optimum ranges of vis-

cosity and of melting point are necessary for welding 

fluxes used in large heat input welding for the pre-
vention of undercuts, slag inclusions and improve-

ment of coarse bead ripples. Figure 12 shows the

effect of heat input on 50 % FATT of weld metal, 
when good characteristics welding fluxes which are 

SiO2 CaO-TiOz MnO type and SiO2 CaO-A1203-
MgO-MnO-CaF2 type are used. 50 % FAIT, how-

ever, raise as the heat input is increased. This trend 
is due to the formation of pre-eutectoid ferrite in 

austenite grain boundaries owing to the decrease of 
cooling rate. By using the SiO2-CaO-A12O3 MgO-
Mn0-CaF2 type flux, 50 % FATT were improved 
from -8 to -30 °C at 150 kJ/cm heat input. In the 

case of single pass on each side by four-electrode sub-
merged arc welding, the welding speed of 120 cm/ 

min could be achieved when wall thickness is 38.1 
mm,, and 70 cm/min when wall thickness is 44.5 mm. 

  Macro section of welded joint and optical micro-

structure of weld metal is shown in Photo. 1. The 

microstructure of C-Mn-Ni-Mo-Ti weld metal at 
100 kJ/cm heat input composed of acicular ferrite with 
a small amount of grain boundary pre-eutectoid fer-

rite. Oxygen content in weld metal is about 300

Fig. 10. Effect of solidification temperature and 

        on slag inclusion and undercutting rate.

viscosity

Fig. 11. Relation between mean 

and undercutting rate.

particle size of fused flux

Fig. 12. Effect of heat input on 50 % FATT.
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ppm. In the case of 150 kJ/cm heat input, it is rec-
ognized that the amount of grain boundary ferrite 
increases more than that of 100 kJ/cm heat input weld 

metal, irrespective of unchanged oxygen content.

Iv. Mechanical Properties of Heat Affected Zone 

  Low carbon steels for API X65 to X80 grade con-
taining from 0.008 to 0.10 wt% carbon were inves-

tigated. Almost all steels were experimentally pre-

pared as 150 kg vacuum melted heats and rolled to 20 
mm thickness. The very low carbon steels produced 

by 250 t basic oxygen furnace, ladle refining process 
and on-line accelerated cooling after controlled roll-
ing in plate mill were also investigated. 

  Seam welds were made with a single pass on each 

side by tandem submerged arc welding method with 
a heat input of 47 kJ/cm at backing pass and 51 kJ/ 
cm at final pass. As to the welding materials for sub-

merged arc welding, a combination of C-Mn-Ni-
Mo-Ti type filler wire and basic fused type flux was 

selected. 
  Full size Charpy specimens were machined trans-

verse to the welds, the notch perpendicular to the sur-
face at the HAZ. Specimens from each welded joints 

were tested in the range from 0 to -100 °C and then 
examined to determine the percentage of shear frac-
ture. 

  CTOD was also conducted in accordance with BS 
5762 1979. The notch was perpendicular to the ini-

tial plate surface and was located at HAZ.

1. Effect of Alloying Elements on Notch Toughness of Heat 

   Affected Zone 

  HAZ notch toughness was evaluated from welded 

joints made with a single pass on each side because 
longitudinal seam welds of line pipe produced by 

U0E process are generally made by this build-up 
sequence. 

  The effect of carbon and boron content on HAZ

notch toughness is shown in Fig. 13. The 50 % 

FAIT of HAZ was improved by decreasing carbon 

content of base metal. In low carbon and boron free 
steels, much lower transition temperature was ob-
tained in the HAZ. But, extremely low carbon and 

niobium bearing steels indicated poor HAZ notch 
toughness. In these Charpy specimens, intergranular 
fractures were observed in the backing pass HAZ 

which was reheated below Act by final pass. The in-

tergranular fracture tendency in extremely low car-
bon range was reflected by simulated specimens which 

were quenched from 1 250 °C and then were reheated 
to various temperature below AG3. The percentage of 

intergranular fracture in Charpy specimen increases 
with the decrease in carbon content when niobium 

content is constant and with an increase in niobium 
content when carbon content is constant. The effect 

of phosphorus and boron on grain boundary embrit-
tlem.ent, however, was found to be much less than 

that of carbon and niobium.3> It was considered that 
carbon segregated at the grain boundary decreases 
with the decrease in carbon content and precipitation 

of Nb (C, N) enlarges the difference in strength be-

tween the matrix and the grain boundary. 
  Comparison of HAZ microstructure which was 

made with a single pass on each side by submerged 
arc welding method is shown in Photo. 2. Steel A 
was 0.03 % carbon and boron free steel for API X65 

grade. Microstructure of coarse grained HAZ was 
composed of lower bainite with some grain boundary 
ferrite and then excellent HAZ notch toughness was 

obtained. Both B and C were low carbon steels con-
taining boron for API X70 grade. HAZ microstruc-
ture of steel B was composed of lower bainite with a 

small amount of upper bainite. On the other hand, 
HAZ microstructure of steel C was mainly composed 

of upper bainite, and partial intergranular fracture 

was observed in HAZ Charpy specimen. HAZ micro-
structure of steel D was low carbon and boron free 

steel for API X80 grade. Microstructure of coarse-

grained HAZ was composed of lower bainite with a 
small amount of ferrite.

Photo. 1. Macro and micro-structure o 

four-electrode SAW process.

f welded joints made by

Fig. 13. Effect of carbon and boron content on HAZ notch 

toughness.
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2. CTOD Properties of Heat Affected Zone 

  HAZ fracture resistance was also assessed by CTOD 
tests. It is well recognized that HAZ fracture resis-

tance varies with notch location of CTOD specimens. 
In order to confirm the CTOD properties of HAZ, 

the relation between CTOD value and notch loca-

tion was studied. CTOD properties of HAZ plotted 
against notch location are shown in Fig. 14. CTOD 

values tend to decrease with an increase in the dis-
tance L given in Fig. 14. But, the CTOD values in-

crease remarkably in the distance more than 2.0 N 2.5 

mm. When failure of the test piece occurred at the 
heat affected zone, a crack initiated at the bond of 

backing pass which was reheated below AC1 by final 

pass. Accordingly, it is considered that CTOD prop-
erties are affected strongly by fracture resistance of 
weld metal when L is shorter than 2.O'.-2.5 mm and 

similarly CTOD properties are affected by that of 
base metal when L is longer than 2.O'-'2.5 mm. 

  CTOD tests were conducted under the condition 
that notch location L was about 2.5 mm, where mini-

mum CTOD value was observed. The relation be-
tween the hardness of coarse grained HAZ and CTOD 
values at + 10 °C is shown in Fig. 15. The chemical 

composition of steels used for this experiment were 

(0.02N0.05)C-1.5Mn-Cu-Ni-Nb-V and the steel 
rolled to 30 mm thickness. Heat input of backing 

pass and final pass were 78 and 89 kJ/cm, respective-
ly. Critical CTOD values at + 10 °C decreased with 

an increase in HAZ hardness. Therefore, CTOD 

properties of HAZ for low carbon high strength steels 
could be improved by decreasing the HAZ hardness, 

where hardness of coarse grained HAZ decreased with 
the decreasing carbon content. 

V. Mechanical Properties of Low Temperature 

   Service Line Pipe 

  High strength linepipe steels used in the Arctic area 

have been commercially manufactured by controlled

rolling utilizing the microalloying element such as 

niobium and vanadium. Significant advances in the 

steel making process and plate rolling technology have 

made it possible to lower remarkably the carbon con-

tent in the steel without deteriorating strength and 

toughness. As line pipe steels used for arctic area, 

low-carbon steels have been developed by applying 

the technology of new refining processes4) and on-line 

accelerated cooling after controlled rolling.5) These 

steels were formed into pipes by UOE process, and 

longitudinal seam welds were made with a single pass 

on each side by three-electrode submerged arc weld-

ing method. Newly developed welding materials were 

applied for longitudinal seam welding. Chemical 

compositions of UOE pipes were tabulated in Table 

1. Their mechanical properties of parent metals and 

welded joints are shown in Table 2. These test data 

indicate that high strength low temperature service

Photo. 2. Comparison of HAZ microstructure.
Fig. 14. CTOD properties of HAZ plotted against notch 

location.

Fig. 15. Relation between HAZ 

CTOD values at 10 °C.

maximum hardness and
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large diameter welded pipes can achieve high Charpy 

absorbed energy, low transition temperature both in 

Charpy test and B.DWTT, and high CTOD value 
with the strength level of API X65'-'X80 grade. 

VI. Conclusions 

  (1) A flux which has the physical properties such 
as solidification temperature of 950 to 1 050 °C and 
viscosity of 2.5 to 4.5 poise at 1 400 °C can minimize 

slag inclusion and undercutting which are the serious 
defects for high traveling speed of multiple electrode 

submerged arc welding. 

  (2) High speed welding of multiple-electrode proc-
ess poses another problem in an increase in nitrogen 
and oxygen gas content in weld metal. It is neces-

sary to control the nitrogen content so that titanium 
and boron in weld metal are well utilized for high 

notch toughness. Optimum titanium content is in-
creased with increasing nitrogen in weld metal. 

  (3) A combination of flux based on Si02 CaO-
CaF2A1203B203 and titanium containing wire was 
newly developed for high speed multiple electrode 

process. The weld beads are free from undercutting 
and slag inclusion, and has superior notch toughness 

by adding titanium from wire and boron from flux. 

  (4) High heat input welding which results from 
two run technique for heavy wall thickness requires a 
flux with high melting point and high viscosity. Com-

bination of Si02Ca0-Ti02-Mn0 or Si02 CaO-

A1203Mg0-CaF2 type fused flux and nickel-molyb-

denum-titanium containing wire was developed for 
the welding for heavy wall pipes. 

  (5) In boron-bearing steels for API X70 and X80 
grade, notch toughness of HAZ increased with de-
creasing the carbon content in the base metal. Ex-
tremely low carbon content of less than 0.01 wt%, 
however, deteriorated the notch toughness of HAZ. 

In this case, partial intergranular fracture was ob-
served. In steels with 0.01 to 0.05 wt% carbon 

without boron addition, the notch toughness of HAZ 
was greatly improved, and high CTOD values were 

obtained.

Table 1. Chemical compositions of UOE pipes investigated.

Table 2. Mechanical properties of UOE pipes.
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