
Introduction 

Transverse weld metal cracking is
known as a potential defect in field weld-
ing of high-strength steel transmission
pipelines especially when using the
shielded metal arc welding (SMAW)
process with cellulosic electrodes. This
type of cracking is known to be related to
the weld metal hydrogen content and can
occur hours after completion of welding
(Refs. 1–5). Although no standard proce-
dure exists for the assessment of suscepti-
bility of transverse cracking in pipeline
welding, M. Fiedler et al. have proposed
guidelines for such assessment based on

bend testing and investigated the effects of
preheat and weld metal strength (Ref. 6).
On the other hand, field experience has
shown that cracking occurs more in the six
o’clock position of pipeline girth welds
(Refs. 7, 8). This defect needs to be treated
seriously, especially as sometimes it could
not be detected through common radi-
ographic inspection methods (Ref. 8). 

A review of the literature shows that in
spite of much research being performed on
the subject of the assessment of hydrogen
cold cracking susceptibility, either in the
heat-affected zone (HAZ) or the weld
metal (Refs. 9, 10), the problem of higher
susceptibility of cracking as related to weld-
ing direction and welding position has not
gained much attention. The aim of the pres-
ent research is to establish whether factors
other than preheat and weld metal strength
can play a significant role in the tendency
for transverse weld metal cracking and
whether such behavior can be reproduced
under laboratory conditions. The result can
be expected to have an important impact on
the selection of preventive measures with
respect to avoidance of hydrogen cracking
in welding of high-strength steels especially
in field welding of transmission pipeline
construction projects.

Experimental Procedure

The chemical composition of the base

material is given in Table 1. It was a 20-
mm-thick steel plate obtained from a pipe
mill, which used the same base material
for production of 56-in. OD API 5L X 70
pipes. The plates were cut into 300-mm-
long by 125-mm-wide pieces to be able to
place them in the fixture. The plates were
welded to each other by the SMAW
method. Consumable materials used in
different passes were as follows:
• AWS E6010, 4 mm diameter for root

pass.
• AWS E8010-P1, 4 mm diameter for hot

and filling passes.
• AWS E8010-P1, 5 mm diameter for cap

passes.
The welding process was conducted

with the voltage in the range of 23–24 V
and the current in the range of 120–160 A. 
A fixture was designed to weld pipeline
materials in the form of plate segments in
various positions — Figs. 1, 2. The fixture
was made of 80-mm-thick steel plates with
six removable clamps incorporated. After
fixing the test coupon plates into the fix-
ture, welding was performed. The welds
were made with various preheats includ-
ing that recommended by previous re-
searchers (Ref. 6) and with no preheat.
For other welding parameters such as volt-
age, current, and travel speed, the actual
field welding conditions for an actual 56-
in. transmission pipeline with the same
thickness but for various positions around
the girth weld were used. 

Experiments were designed mainly to
investigate the effects of two specific pa-
rameters: welding position and direction.
The combinations of welding parameters
tested are shown in Table 2. Trial number
3 was arranged parallel to trial number 1
with preheat in order to check if the test
setup was sensitive enough to the known
parameter of preheating. Weld directions
similar to that of actual field girth welding
were considered, i.e., in overhead position
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ABSTRACT

The higher tendency for weld metal
transverse cracking at certain positions
as observed in field welding of high-
strength pipeline steels was investigated
under laboratory conditions. Experi-
mental results confirmed reproducibil-
ity of such behavior and significance of
a number of variables. It is shown that
welding position and welding direction
can contribute interactively in terms of
the provision of the conditions for hy-
drogen cold cracking in the weld metal.
A higher level of hydrogen absorption
in the overhead position and an inward
weld direction are proposed to be the
metallurgical factors involved in an in-
crease in cracking susceptibility at the
six o’clock position in pipeline girth
welds.
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welding from the edges of plate inward
and in flat position welding from the plate
center outward. Figure 3 illustrates the
two directions schematically.

After completion of welding, the test
plates were kept in the fixture for 24 h to
allow any potential delayed hydrogen
cracking process to take effect. Then a ra-
diographic test was performed according
to API 1104 (Ref. 11) to check if any
cracks could be identified. However, be-
cause hydrogen cracks can be so minute
that they may not be identified through ra-
diography, the weld specimens were sub-
jected to bend testing. On the other hand,
it is known that fisheyes can occur in bend
tests in the presence of diffusible hydro-
gen in carbon steel (Ref. 1). Thus, a dehy-
drogenization treatment was performed
for 16 h at 250°C in the furnace in order to
eliminate the possibility of formation of
fisheye defects during bend testing and to
avoid mistaking them for hydrogen cracks.
From each test run, two longitudinal spec-
imens were taken out by machining. One
specimen was subjected to bend testing;
the other was subjected to metallographic
examination. The bend test conditions
and dimension of the mandrel were simi-
lar to those used by a previous researcher
due to the similarity (Ref. 6) in the objec-
tives of the test. In this bend test, a 180-
mm mandrel was used. The bend test spec-
imen consisted partly of weld metal and is
shown in Fig. 4. The setup for bending of
specimens with a 180-mm-diameter man-
drel is shown in Fig. 5.

For metallographic examination, the
specimens were machined and ground in
two different directions: from top and side
faces of the specimens. Thus, the mirror of
the face of the weld metal, which was
under tension in bend testing, was also
subjected to metallographic examination.
The hardness survey tests were performed

along with the metallographic studies.
The diffusible hydrogen was measured

by the mercury method based on AWS
A4.3 (Ref. 12). This method and appara-
tus are mainly designed for measuring dif-
fusible hydrogen for basic low-hydrogen
electrodes, and in this sense the capacity
of the container for the volume of hydro-
gen was 60 mL. Based on Yurioka et al.
(Ref. 3) for cellulosic electrodes, if the
specimen for testing diffusible hydrogen is
immediately quenched after welding, the
amount of diffusible hydrogen could be
around 60 mL/100g. However, when the
specimen after welding was given 10 min
to allow some hydrogen to escape before
quenching, the amount of diffusible hy-
drogen was brought down to 15 mL/100g.
Thus, it was decided this delay time before
quenching would be a good solution to en-
able using the available equipment for

comparison purposes between various
welding conditions of cellulosic elec-
trodes. It must be mentioned that the re-
sult obtained with this 10-min delay can-
not and should not be compared with
those obtained with the normal proce-
dure. The welding consumable for hydro-
gen measurement was the E8010-P1 type
with diameter 5 mm, which according to
the welding procedure was used for fill
and cap weld layers.

Results and Discussion

No crack was identified in radiographic
examination of any of the welds tested, but
cracks were observed in a number of bend
tests. Metallographic examination of the
corresponding samples taken in the as-
welded condition (i.e., no bending) also
revealed transverse weld metal cracks with
similar relative severity confirming the va-
lidity of the bend test — Fig. 6A. Both in
the bend test and metallographic exami-
nations, cracks if present were located in
the upper part of the thickness (i.e., in the
fill passes just before the cap pass). The
crack lengths ranged from 0.5 to 5 mm.

From Table 2, it appeared that with the
application of preheat, as would have been
expected, the number of cracks identified
in the bend tests were reduced signifi-
cantly and almost eliminated. On the
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Table 1 — Chemical Composition of Base
Metal (wt-%)

C 0.08 Ti 0.018
Mn 1.6 P trace
Si 0.15 S trace
Cr trace V 0.04
Ni 0.15 Cu 0.004
Nb 0.044 Mo 0.2

Fig. 1 — Fixture with six removable clamps and the
plate in place.

Fig. 2 — Two different positions of welding: A —
Overhead position; B — flat position.

Fig. 3 — Two different directions of welding: A —
From the edges of the plate inward: B — from the
plate center outward.

Fig. 4 — Dimensions of bend test specimen. Width
= 10 mm, length = 300 mm, thickness = 20 mm.

Table 2 — Results of Weld Tests on API X70 Pipe Plate

Welding position Overhead Flat

Trial Number 1 2 3 4 5 6
Welding progression →← ←→ →← ←→ →← →←
Preheat temperature (°C) 20 20 130 20 20 20
Interpass temperature (°C) 40 40 140 40 40 40
Heat input (kj/mm-1) 3.3 4 3.2 4.7 5.1 3.3
Cracks observed in RT 0 0 0 0 0 0
Cracks observed in bend test 25 4 3 1 15 22

Electrodes

A

B

A

B
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other hand, the number of cracks ob-
served in the bend tests were significantly
affected by variations in the welding pa-
rameters. Considering the results pre-
sented in Table 2, welding in the overhead
position and an inward welding direction
both have had an important impact on in-
creasing the cracking tendency.

Weld metal diffusible hydrogen content
measurement tests were performed in the
flat and overhead positions. The results as
shown in Table 3 indicate that a higher level
of hydrogen was absorbed in the overhead
position. The average diffusible hydrogen in
the weld metal made with E8010-P1 type
electrode in the overhead position with a
10-min delay before quenching came up as
42 mL/100g in comparison with 19 mL/100g
in the flat position. The above figures as
shown in Table 3 were obtained by averag-
ing out the results of four measurements.
The table also shows the calculated stan-
dard deviations. Statistical analysis of the
result of hydrogen measurements can be
made by using t distribution test (Ref. 13).
Analysis shows that with a 90% confidence
limit the estimate for diffusible hydrogen
content with 10 min delay time in the over-
head position is 42 ± 13 mL/100g but that
in the flat position is 19±3.3 mL/100g. The
above analysis indicates that the difference
between the diffusible hydrogen content is
significantly affected by the weld position.
However, considering the complexity of the
test procedure, and the fact there was not

much track record available in the factory
on hydrogen absorption in the weld metals
of cellulosic electrodes used, it is too early
to quantify the effect of weld position on hy-
drogen for a cellulosic electrode.

From Table 2, it is apparent the heat
input in the overhead position was lower
on average compared to that in the flat
position. With the lower heat input, a
higher cooling rate is experienced.
Therefore, it can be proposed that weld-
ing in the overhead position can result in
an increase in the susceptibility to cold
cracking by providing a higher cooling
rate that, in turn, may result in a higher
level of diffusible hydrogen remaining in
the weld metal after the completion of
welding. However, by increasing the cool-
ing rate, a harder microstructure can be
formed in carbon manganese weld metal

and, at the same time, the escape of dif-
fusible hydrogen can be slowed down.
Hardness measurements indicate some
correlation between hardness and weld
position (i.e., welding heat input). The
maximum, average, and minimum hard-
ness of the weld metal in the fill passes
measured in more than ten locations of a
weld made in the overhead position was
205, 179,  and 138 HV, respectively, in
comparison with 201, 175, and 110 HV
for a weld made in the flat position. As
can be seen, considering the variations
and uncertainties usually involved in
hardness measurements and the weld mi-
crostructures, it is only the minimum
hardness in the flat position that can be
interpreted as lower. 

So far, the effect of the welding posi-
tion has been discussed, so now the ques-
tion must be addressed of how weld di-
rection can affect weld metal transverse
cracking. It is a known fact that hydrogen
cracking is not only affected by the
amount of weld metal diffusible hydro-
gen and the microstructure, but also by
the magnitude of residual stresses. The
most important hypothesis that was ar-
rived at and is now put forward is that
welding direction can affect the state of
weld residual stresses and that, in turn,
can affect the tendency toward hydrogen
cracking. Inward welding directions
along with an overhead welding position
occur together when field welding at the
6 o’clock location of transmission
pipelines with the SMAW process using
cellulosic electrodes. So, in continuation,
the researchers are pursuing the means
to test the relation of weld direction and
weld residual stresses. This will include
calculation of weld residual stresses by
simulation and numerical methods sup-
ported by direct measurements of resid-
ual stresses by destructive and nonde-
structive techniques. 

Conclusions

• The higher tendency for transverse
cracking of the weld metal in the 6
o’clock position in field welding of high-
strength transmission pipelines with
the SMAW process using cellulosic
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Table 3 — Results of Diffusible Hydrogen Measurements

Electrode Type E 8010-p1
Trial No. 1 2
Welding Position Flat Overhead
Delay Time (s) 600 600
Specimens 1 2 3 4 1 2 3 4
Diffusible Hydrogen
(mL/ 100g) 16.2 22.4 20.3 17.1 36.5 58.5 31.5 41.4

Standard Deviation 2.86 11.73
T test distribution by 19±3.3 42±13.5
confidence limit of 90%

Fig. 5 — Three-point bend test with 180-mm-di-
ameter mandrel.

Fig. 6 — Examination of cracks in specimen
with inward progression and overhead weld po-
sition in the following: A — 20x metallographic
specimen that does not bend through the thick-
ness and from side view; B — bent specimen.
The appearance of cracks in both examinations
is transverse with 45 deg.

A

B
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electrodes is reproducible under labo-
ratory  conditions by separately testing
the effects of welding position and
welding direction. 

• The number of cracks revealed after
bending the specimens increases both
when welding in the overhead position
and when welding with inward weld
runs. 

• The increased cracking tendency ob-
served at the 6 o’clock position is the
combined effect of the welding direc-
tion and the welding position. 

• The diffusible hydrogen content of the
weld metal made with a cellulosic elec-
trode in the overhead position is more
than that in the flat position. 
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