
Weldability of High Strength 
Line Pipe Steels 

90 to 100° C preheat eliminates cracking at moderate levels 
of applied stress when Grade 483 line pipe 

is misaligned during welding 

BY T. H. NORTH, A. B. ROTHWELL, A. G. GLOVER AND R. J. PICK 

ABSTRACT. Full-scale weldability tests 
showed that Grade 483 line pipe material 
was resistant to cracking up to very high 
levels of general stress, in the absence of 
misalignment. When pipe misalignment 
was introduced a preheat of 90 to 100°C 
(194 to 212°F) was necessary to eliminate 
cracking at moderate levels of applied 
stress. 

Full-scale weldability and laboratory 
weldability test results correlated well 
when using slot testing and WIC restraint 
cracking tests. The implant test can give 
good indications of the susceptibility of a 
material to HAZ cracking, but its rele
vance must be questioned in situations 
where cracking occurs mainly in the weld 
metal. 

Introduction 

The field welding of high strength line 
pipe steels has been studied for many 
years, and numerous recommendations 
have been advanced concerning the 
determination of weldability and the 
specification of materials to ensure ade
quate field performance. Much of the 
recent steel development activity in the 
line pipe area has been specifically direct
ed towards the improvement of hydro
gen-assisted cold cracking resistance, a 
property upon which heavy demands are 
made by the still-prevalent stovepipe 
welding technique. 

After nearly two decades of develop
ment in this area, it may appear unlikely 
that anything new can be contributed to 
the subject. Those close to the pipeline 
industry, however, will be aware that the 
problem of cold cracking has far from 
disappeared; a number of recent, major 
projects have experienced serious diffi
culties of this kind. It is legitimate to ask 

why such a situation still exists, and 
whether, despite the vastly increased 
fund of knowledge related to hydrogen-
assisted cold cracking, we are still 
approaching practical problems in the 
wrong way. 

One of the difficulties which arises in 
addressing the specification of suitably 
crack-resistant materials is the plethora of 
formulae which are proposed for the 
assessment of a material's cracking ten
dency. While many authorities agree that 
the IIW carbon equivalent formula is 
inadequate for modern, low-carbon 
steels (Ref. 1, 2), most codes and stan
dards and —indeed —most company 
specifications still depend primarily on this 
expression. The additional consideration 
of different ranges of carbon content in 
some of the more progressive standards 
and specifications represents a major 
improvement. 

Again, a vast array of laboratory tests 
have been advanced as providing an 
assessment of the "weldability" of a 
material. While some such tests do com
bine the virtues of simplicity, economy 
and reproducibility, they are of very little 
use in the present context if it is not 
possible to relate the experimental vari
ables and outcome to the way in which 
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cracking arises (and may be prevented) in 
the real world. Weldability tests that are 
able to simulate, in full-scale, the exact 
sequence of welding and manipulation 
which a pipe may experience in the field 
are the only ones in which this relation
ship is direct. Such tests are expensive 
and cumbersome, however, and only 
one pipeline company is known to use 
them on a production basis (Ref. 3, 4). 

Lastly, it is important to realize that the 
one "full-scale" test which is habitually 
carried out prior to production weld
ing—the procedure qualification test — 
provides no protection against any but 
the grossest of inadequacies relative to 
cold cracking behavior. It is quite unrea
sonable to assume that the welding of 
two 500 mm (19.7 in.) long pups, under 
carefully-controlled shop (or at worst, 
yard) conditions will give any indication 
of the likely behavior of 24 m (78.7 ft) 
long double joints weighing, perhaps, 
over 10 tons, when welded and manipu
lated on a roller-coaster right-of-way at 
subzero temperatures. 

It was with some of these perplexities 
in mind that the present program of work 
was begun. Initially, a theoretical stress 
analysis was undertaken in order to 
determine the sources and relative 
importance of stresses which could lead 
to cracking. In particular, a finite element 
analysis was used to relate local stresses 
in different regions of the root pass to 
general bending stress arising from lifting 
and to assess the effects of weld geome
try. 

The second phase of the program 
involved cold cracking tests on full-size 
samples of line pipe, using a purpose-
built, four-point bending frame. Finally, a 
number of laboratory-scale tests were 
examined to determine whether any log-
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to cool into the cracking range also con
tributes to the diffusion of hydrogen out 
of the root-pass region; other results are 
the softening of hardened microstruc
tures and the reduction of any local 
stresses resulting from pipe manipula
tion. 

5 
MINUTE HOT-PASS| 

I 
ICOMPLETEDI COMPLETE 

HOT-PASS I 
I I 

[COMPLETE) 

! i 

z i 
O I 
" I 

l l 
0 (min) 26 29 35 38 

Fig. 1—Schematic representation of root and hot pass welding operations 

ical framework existed within which they 
could provide useful indications of field 
behavior. 

The steels examined, in the experimen
tal part of the work, were typical of those 
currently being supplied by Canadian 
pipe makers for use in the construction of 
demanding pipeline projects such as the 
Alaska Highway Gas Pipeline System. 

Background 

Before turning to the analytical and 
experimental work, it is in order to 
review the basic factors which affect 
hydrogen-assisted cold cracking and the 
way in which they relate to pipeline field 
welding practices. There is a general 
understanding of the contributions which 
the material susceptibility, hydrogen and 
applied tensile stress make to the proba
bility of cracking (Ref. 5), although the 
incorporation of this knowledge into 
quantitative formulations (analogous to 
those of fracture mechanics) has not yet 
been accomplished. It is also clear that 
hydrogen cracking will not normally 
occur at temperatures in excess of about 
100°C (212°F). 

Role of Hardness 

There has been a widespread tenden
cy to consider hardness as a reasonable 
indicator of susceptibility to cold crack
ing. In general terms, the prediction of 
hardness can be a relatively complex 
exercise, involving the detailed consider
ation of heat flow, of hardenability (the 
relationship between microstructure and 
cooling rate) and of the hardness of the 
different microstructures which can 
develop (Ref. 1, 6, 7). 

For the root-pass welding of relatively 
thick-walled line pipe by the stovepipe 
technique, the problem is somewhat sim
plified. This is because the relationship 
between heat input and wall thickness is 
such that very high cooling rates through 
the transformation range can be guaran
teed. Consequently, weldability consider
ations are thus most reasonably based on 

the maximum hardness which can be 
developed in a given material. 

It must also be realized that cracking 
can take place in either the HAZ or the 
weld metal. As a result, pipe materials, 
which are themselves extremely resistant 
to cracking, are not always sufficient to 
ensure freedom from field welding prob
lems. For this reason, laboratory tests 
which do not force cracking to occur in 
one region rather than the other are 
those which should relate most closely to 
field experience. 

Hydrogen Diffusion 

Large quantities of hydrogen (>40 
mL/100 g deposited metal) are intro
duced into the weld region by the cellu-
losic-coated electrodes used for stove
pipe welding. The extent to which this 
hydrogen can diffuse away from the 
weld is largely determined by the cooling 
rate through the low temperature range; 
this, in turn, is mainly determined by 
preheat temperature. Duren et ai. have 
shown that an increase in preheat from 
20 to 100°C (68 to 212°F) leads to a 
decrease in diffusible hydrogen content 
from over 35 to « 1 0 mL/100 g (Ref. 8). 
The addition of a second pass, normally 
with a significantly higher heat input than 
the first, before the weld region has time 

POINT FORCE 

Stress Considerations 

Stresses acting on the root pass before 
deposition of the hot pass could, in 
principle, arise from a number of sources, 
and the relative importance of these has 
not been well understood until quite 
recently. Bending stresses acting on a 
pipe due to lifting were considered by 
Mercer and Needham (Ref. 9), by Lumb 
and Fearnehough (Ref. 10), and, more 
recently, by Bufalini et al. (Ref. 11). In the 
first part of the present program, Higdon 
et al. (Ref. 12, 13, 15), using simple beam 
theory, derived the general bending 
stresses resulting from lifting, in relation to 
the lifting geometry. They then calculated 
the local stress concentrations in the root 
area, using a finite element analysis. They 
also considered other sources of stress, 
such as thermally-induced residual stress
es and the restrained recovery of ovality 
when the line-up clamp is released. 

The main features of this work are 
discussed elsewhere in this paper. The 
important conclusion was that lifting 
stresses are likely to make by far the most 
important contribution to the maximum 
tensile stress acting on the weld; the 
sequence of welding and manipulation 
which takes place in a typical field-weld
ing operation must be analyzed in this 
light. 

Stovepipe Welding 

The operations associated with the 
deposition of the first two passes in 
stovepipe welding, and their timing, have 
been considered in a recent publication 
(Ref. 14). They can be summarized as 
follows: 

• A pipe joint is supported at its center 
by a side-boom and brought up to the 
end of the already-welded string, where 

\ . \ \ . \ n r ^ \ . a a a | 
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Fig. 2 —Lifting of pipe 
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Fig. 3 - Lifting stresses for 18.3 m (60 ft) lengths 
of 1219 mm (48 in.) diameter, 13.72 mm (0.54 
in.) WT pipe 

it is positioned and clamped in place by 
an internal line-up clamp. 

• The root pass is deposited by up to 
four welders. 

• The line-up clamp is released imme
diately following root pass completion. 

• The pipe is lifted and skidded, per
mitting setup of the next joint. 

• The hot-pass is deposited, generally 
by a crew of three or four welders. It is 
frequently specified that hot pass deposi
tion must begin within five minutes of 
completion of the root pass, but this can 
be difficult to accomplish, with larger 
pipe sizes and in difficult terrain. 

Figure 1 shows this operation schemat
ically; the sequence chosen is typical of a 
large-diameter project, in which approxi
mately 12 minutes (min) of arc time (3 min 
for each of four welders) are needed for 
the root pass, and slightly more for the 
hot pass. A significant conclusion which 
arises from this diagram and is in agree
ment with practical observations, is that 
two cycles of lifting stress may be applied 
to the root pass before the critical, 6 
o'clock area of the hot pass is completed. 
If the delay before commencement of 
the hot pass exceeds 5 min, little of the 
hot pass will have been deposited before 
the second lifting cycle has been applied. 
It will thus be important, in any analysis of 
stress and hydrogen diffusion, to consid
er welds at least as far back as two joints 
from the free end of the pipe string. 

Theoretical Stress Analysis 

Higdon (Ref. 12) and Weickert (Ref. 13) 
carried out a detailed analysis of the local 
stresses acting in the weld root region 
arising from skidding operations, from 
release of the line-up clamp, and from 
residual stresses. Only the principal con-
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Fig. 4—Stresses at region A 

elusions are summarized here. 
Pipe bending stresses due to lifting 

were calculated using simple elastic beam 
theory, as had been done by earlier 
workers. Figure 2 shows the generalized 
geometry which was analyzed, while Fig. 
3 shows an example of the results —in 
this case for 18.3 m lengths of 1219 mm 
(48 in.) OD, 13.72 mm (0.57 in.) wall 
thickness (WT) pipe. An important fea
ture of this analysis is that the second 
weld (weld No. 2 in Fig. 2) sees rapidly 
increasing stress levels as lift heights 
greater than = 5 0 mm ( = 2 in.); for these 
pipe lengths, in fact, the stress in the 
second weld exceeds that in the most-
recently deposited weld at quite modest 
values of lift height. Considerations of 
cooling conditions, timing of hot pass 
deposition, as discussed previously, and 
the practicalities of maintaining adequate 
interpass temperature suggest that it may 
often be the last-but-one root pass which 
is most at risk. 

A large number of individual root pass 
geometries were then analyzed, using a 
finite element technique, to determine 
stress concentration factors (SCF) applica
ble to different areas of the root bead. In 
addition to the general bending stress, 
the asymmetric position of the root bead 
relative to the pipe wall caused maxi
mum tensile stresses at the outside sur
face (point A in Fig. 4) in the 6 o'clock 

position. On the contrary, compressive 
local bending overcame the general ten
sile stress so that the area in the immedi
ate vicinity of the root was in compres
sion. Local SCF's could reach very high 
levels (up to =20), revealing the inade
quacy of simpler approaches using gross 
stress concentrations of 2 or 3. In prac
tice, of course, yielding would occur, and 
such high SCF's really imply intense local 
strain concentrations at relatively low 
general applied stresses. 

Stresses arising from the correction of 
ovality, release of the line-up clamp and 
from thermally-induced residual stresses 
were also considered. By superimposing 
these on the lifting stress calculated by 
multiplying the general bending stress by 
the appropriate SCF, the overall local 
stress acting at a point in the root pass 
could be determined. Figure 4 shows an 
example of the results; in general, lifting 
stresses were far more important than 
those arising from the other sources. 

The main conclusions of this study 
concerning the effects of geometry were 
as follows (Ref. 15): 

1. Increasing pipe diameter led to 
increasing levels of local lifting stress. 
However, beyond 1067 mm (42 in.) OD, 
the effect of further increases in diameter 
was minimal. 

2. Increasing the pipe wall thickness, 
or decreasing weld bead thickness, 
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Table 1—1219 mm Diameter, 13.72 mm WT Grade 483 Compositions for Full-Scale 
Weldability Testing, % 

Pipe 
number 

3A 
45 
57 

Steel 
grade 

483 
483 
483 

C 

0.070 
0.055 
0.090 

Mn 

1.99 
1.76 
1.35 

P 

0.002 
0.002 
0.004 

S 

0.006 
0.003 
0.002 

Si 

0.23 
0.24 
0.33 

Mo 

0.204 
0.230 
0.160 

V 

0.051 
0.045 
0.089 

Cb 

0.045 
0.045 
0.028 

sharply increased the local lifting stresses. 
Since root pass deposition techniques are 
not usually varied significantly with 
changing wall thickness, this conclusion 
has obvious significance concerning the 
trend towards heavier-wall pipe. A fur
ther implication is that root pass welding 
speeds must not exceed those specified 
in the qualified procedure; an increase in 
speed, in the interests of productivity, will 
reduce the thickness of the root bead, 
with potentially disastrous results. Ade
quate and informed field inspection is the 
only safeguard against such problems. 

3. Significant increases in local lifting 
stresses were brought about by misalign
ment between the two pipes. This result 
has extremely important practical conse
quences, as will be seen in a later section; 
the real problem posed by out-of-round 
pipe is not likely to be related to stresses 
arising from line-up clamp operation, but 
rather from the inability of the clamp to 

completely eliminate high-low. On large-
diameter, heavy-wall pipe, high-low at 
the limits of what is permissible under 
existing codes is a common occurrence. 
This high-low, by significantly increasing 
local SCFs, can make a major contribution 
to cracking. Where possible, high-low 
should be kept away from the bottom of 
the pipe. 

Experimental Work 

Materials 

All full-scale testing was carried out on 
material from three 1219 mm (48 in.) OD, 
13.72 mm (0.54 in.) WT, Gr 483, spiral-
welded, cold-expanded pipes. The 
chemical compositions are typical of 
those currently applied in Canada to the 
requirements of major orders for If.rge-
diameter, high-toughness pipe, and are 
shown in Table 1. In order to extend the 
range of chemical compositions studied 

in the laboratory program, additional 
materials were tested; these are shown in 
Table 2. 

All full-scale tests were carried out with 
4 mm (0.16 in.) E8010G cellulosic manual 
metal-arc electrodes. This electrode, 
although it may slightly under-match 
Grade 483 pipe in all-weld-metal tensile 
tests (Table 3), is widely used for welding 
of root passes in these materials. 

In the laboratory testing, E6010 and 
E9010 electrodes were also used in an 
effort to determine the effect of weld 
metal strength on cracking characteris
tics. 

Full-Scale Testing 

Design of Test Frame. The detailed 
design of the full-scale test frame has 
been discussed elsewhere (Ref. 34), and 
only the most significant features are 
summarized here. 

The general construction is shown in 
Fig. 5. The bending force is supplied at 
the outboard load points by two groups 
of three hydraulic jacks, acting on the 
pipe through contoured saddles. At the 
maximum operating pressure of 69 MPa 
(10 ksi), the force acting at each outboard 
load point is 1472 kN (330.91 Klb 
[330,910 lb]); the inboard load is sup
ported by eight 22 mm (0.87 in.) diame
ter, steel wire cables. In operation, two 
6.5 m (21.3 ft) pipe lengths were used; an 

Table 2—Steel Compositions Used in Weldability Testing, % 

Code(a) Mn Cu Ki Cr Mo Cb PCM 

XI 
X2 
X3 
X4 
X5 
X6 
X7 
X8 
X9 
X10 
X I I 
X12 
X13 
Xl4 
X15 
X16 
X17 
X18 
X19 
X20 
X21 
X22 
X23 
X24 
X25 
X26 
X27 
X28 
X29 
X30 
X31 
X32 

0.069 
0.077 
0.071 
0.078 
0.068 
0.068 
0.07 
0.063 
0.064 
0.065 
0.145 
0.12 
0.115 
0.06 
0.07 
0.066 
0.055 
0.061 
0.061 
0.057 
0.076 
0.09 
0.074 
0.078 
0.088 
0.106 
0.11 
0.12 
0.079 
0.09 
0.084 
0.061 

'•'Pipe 3A is coded X15; Pipe 

1.43 
1.43 
1.41 
1.43 
1.39 
1.40 
1.41 
1.37 
1.39 
1.39 
1.49 
1.46 
1.43 
1.99 
1.99 
1.83 
1.76 
1.98 
1.83 
2.06 
1.97 
1.35 
1.44 
1.43 
1.39 
1.47 
1.42 
1.57 
1.59 
1.78 
1.57 
1.52 

45 is coded X17 
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0.004 
0.005 
0.005 
0.005 
0.003 
0.003 
0.004 
0.004 
0.004 
0.004 
0.003 
0.007 
0.003 
0.005 
0.002 
0.003 
0.002 
0.003 
0.003 
0.002 
0.011 
0.004 
0.003 
0.005 
0.005 
0.005 

— 
0.009 
0.015 
0.009 
0.006 
0.015 

Pipe 57 is 

0.005 
0.005 
0.005 
0.005 
0.005 
0.007 
0.006 
0.01 
0.009 
0.007 
0.014 
0.012 
0.015 
0.003 
0.006 
0.002 
0.003 
0.002 
0.002 
0.005 
0.004 
0.002 
0.006 
0.005 
0.002 
0.007 
0.004 
0.013 
0.006 
0.005 
0.005 
0.005 

coded X22. 

0.26 
0.27 
0.26 
0.26 
0.22 
0.23 
0.23 
0.24 
0.23 
0.23 
0.28 
0.28 
0.27 
0.28 
0.23 
0.27 
0.24 
0.27 
0.25 
0.23 
0.26 
0.33 
0.23 
0.26 
0.32 
0.28 

— 
0.25 
0.34 
0.24 
0.34 
0.28 

0.014 
0.014 
0.013 
0.013 
0.014 
0.015 
0.015 
0.016 
0.016 
0.015 
0.047 
0.044 
0.033 
0.031 
0.032 
0.03 
0.048 
0.029 
0.035 
0.131 
0.007 
0.019 
0.016 
0.013 
0.019 
0.026 

-
0.06 
0.009 
0.018 
0.044 

— 

0.012 
0.011 
0.011 
0.010 
0.010 
0.014 
0.011 
0.012 
0.013 
0.011 
0.023 
0.028 
0.02 
0.016 
0.012 
0.013 
0.017 
0.015 
0.013 
0.023 
0.034 
0.017 
0.013 
0.01 
0.009 
0.012 

-
0.01 
0.053 
0.013 
0.021 
0.027 

0.300 
0.297 
0.296 
0.296 
0.272 
0.292 
0.289 
0.291 
0.291 
0.291 
0.035 
0.047 
0.060 
0.042 
0.050 
0.045 
0.044 
0.043 
0.055 
0.058 
0.095 
0.02 
0.288 
0.295 
0.02 
0.215 
0.39 

— 
0.008 
0.18 
0.188 

-

0.007 
0.076 
0.005 
0.104 
0.002 
0.005 
0.088 
0.082 
0.095 
0.003 
0.011 
0.012 
0.016 
0.232 
0.204 
0.241 
0.23 
0.225 
0.24 
0.209 
0.225 
0.16 
0.002 
0.104 
0.155 
0.102 
0.11 
0.005 
0.002 
0.10 
0.095 
0.24 

0.053 
0.053 
0.053 
0.053 
0.043 
0.046 
0.047 
0.046 
0.046 
0.048 
0.051 
0.04 
0.036 
0.002 
0.051 
0.051 
0.045 
0.005 
0.005 
0.03 
0.053 
0.089 
0.044 
0.053 
0.088 
0.05 
0.10 
0.005 

-
0.05 
0.047 
0.06 

0.069 
0.070 
0.069 
0.069 
0.059 
0.063 
0.059 
0.063 
0.065 
0.063 
0.038 
0.044 
0.04 
0.053 
0.045 
0.051 
0.045 
0.057 
0.052 
0.055 
0.045 
0.028 
0.062 
0.069 
0.028 
0.062 
0.03 
0.035 
0.171 
0.05 
0.044 
0.044 

0.177 
0.184 
0.167 
0.186 
0.164 
0.166 
0.175 
0.165 
0.168 
0.163 
0.238 
0.251 
0.199 
0.19 
0.20 
0.192 
0.183 
0.188 
0.183 
0.194 
0.211 
0.189 
0.169 
0.188 
0.19 
0.213 
0.218 
0.207 
0.18 
0.194 
0.197 
0.173 



Table 3—All-Weld-Metal Tensile Test 
Results for E8010G Electrodes*3' 

Yield stress, MPa 
Ultimate tensile stress, MPa 
Elongation, % 
Yield stress/ultimate stress 

437.5 
520.6 

27.5 
0.84 

<a)Phoenix Cel 80 from Thyssen Draht AG. 

additional length of pipe was positioned 
at one end to receive the line-up clamp. 

Welding Conditions. All root beads 
were deposited by four experienced field 
welders, working simultaneously, and 
welding downhill, two from the 12 
o'clock position and one each from the 3 
and 9 o'clock positions. The following 
welding parameters were generally 
applied: arc voltage - 22 to 24 V; cur
ren t -160 to 175 A; travel speed-4.23 
to 5.1 mm/s (10 to 12 ipm); heat i npu t -
0.83 kj /mm (21 kj/in.). 

Edge preparation was, in general, a 
standard 75 deg included angle with a 1.6 
mm (0.06 in.) root face. Misalignment was 
reproducibly achieved by placing a 2.36 
mm (0.093 in.) aluminum shim between 
the line-up clamp and the bottom quad
rant of one pipe. While this produced a 

high-low condition above the maximum 
recommended in the Canadian pipeline 
code, it is not at all unrealistic relative to 
what is currently observed on large-
diameter, heavy-wall projects. 

Testing Technique. Consideration of 
the stovepipe welding sequence dis
cussed earlier makes it clear that it would 
be difficult, with a single set of test 
conditions, to simulate exactly the differ
ent thermal and stress cycles which may 
be experienced by the root pass. It was 
thus decided to concentrate on the situa
tion experienced by the last-but-one root 
pass, which is many circumstances will be 
the most critical. Since temperatures 
were monitored, it would also be possi
ble to relate the results to the last weld 
deposited, although a consideration of 
the cracking conditions reported below 
would indicate that only for relatively 
extreme lift heights would this be at risk. 
The testing technique adopted is 
described below. 

The two pieces of pipe were support
ed at their inboard ends on mechanical 
jacks and clamped with a pneumatic, 
internal line-up clamp. When preheat 
was required, this was supplied by 6 
external gas burners; in general, preheat
ing was continued to 50°C (122°F) 
beyond the required temperature, and 
the pipe was then allowed to cool while 

the welders set up and the pipe was 
gapped (1.6 mm), using wedges. 

When the desired preheat tempera
ture was reached, (measured at the 6 
o'clock position), welding was com
menced. After completion of welding, 
the clamp was released and 5 minutes 
(min) delay was allowed before the start 
of loading. At this point, the support jacks 
were released, and hydraulic jack pres
sure applied; full load was reached in 1 to 
2 min. The pipe was held under full load 
for 15 min or until fracture occurred. 

After completion of the hold time, the 
jack pressure was released. This loading 
cycle takes account of the fact that load
ing of the (n - 1)th weld root pass may 
occur at any time within the period 
between deposition of the n ,h root bead 
and completion of the (n — 1)th hot pass 
(see Fig. 1). Under normal circumstances, 
the delay would not be as long as 15 min, 
and load application would not be con
tinuous during that period; consequently, 
the present cycle is likely to be more 
severe than would usually be experi
enced in practice. 

Applied bending stresses of 43.8, 60.8, 
and 81 MPa (6.35, 8.82, and 11.7 ksi) 
were used in the present program; these 
were produced by jack pressures of 
14.7, 20.7, and 27.6 MPa (2.13, 3, and 4 
ksi), respectively. The corresponding lift 

•2.13 m- •1.83 m 2.13 H I 

JACKS 

Fig. 5 —Design of full-scale test rig 
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Table 4—Lifting Heights and Pipe Stresses When Laying 12.2 m Lengths of 1219 mm Diameter 
Pipe 

CONVENTIONAL 

Stress level<a) 

MPa 

43.1 
60.8 
81 

Weld 

HL 

>1270 
>1270 
>1270 

no 1 

HE 

>1270 
>1270 
>1270 

Lift height, mm 
Weld no 

HL 

160 
333 
673 

2 

HE 

216 
427 
836 

Weld no. 3 
HL HE 

244 320 
373 478 
577 719 

[a)Stress level indicated be low tor the tabulated lift height 

POI NT FORCE 

S O L I D 
F O U N D A T I O N 

Table 5—Lifting Heights and Pipe Stresses When Laying 24.4 m Lengths of 1219 mm Diameter 
Pipe 

Stress level'3' 
MPa 

43.1 
60.8 
81 

HL 

409 
937 

2286 

Weld no. 1 

Lift height, 

HE 

648 
1364 
3096 

mm 
Weld no. 2 

HL HE 

333 559 
493 765 
696 1041 

(a,Stress level indicated below for the tabulated lift height. 

POINT FORCE 

n 

112.2m 

heights for 12.2 m (40 ft) nominal lengths 
of 1219 mm (48 in.) OD, 13.72 mm (0.54 
in.) WT pipe are shown in Table 4, while 
those for 24.4 m (80 ft) nominal lengths 
appear in Table 5. Lift heights around 300 
mm (11.8 in.) can be considered quite 
normal, even in relatively favorable ter
rain. 

Welds in which failure did not occur 
during testing were sectioned and exam
ined metallographicaliy; 18-24 sections 
were removed from the bottom quad
rant of each unfailed test weld. 

Laboratory Testing 

Four different laboratory test tech
niques were used; three of these were of 
the self-restrained type, and allowed 
cracking to occur in any region of the 
weld. In addition, some implant testing 
was carried out, since a number of Euro
pean and Japanese authors (Ref. 7, 16-
19), have suggested that this test may 
give useful information concerning sus
ceptibility to cracking in field welding. 

Slot Weld Testing. Two slot weld test-
piece designs were used during the 

JL 
Ar, 24mm 

200mm 

FABRICATED 

Fig. 6—Slot test designs 

course of this work; they were used as a 
result of evolution in recommended 
designs within industry technical bodies. 
These may conveniently be referred to as 
"conventional" and "fabricated" slot 
testpieces. 

Figure 6 illustrates the two designs. The 
fabricated test pieces were made accord
ing to the procedure recommended by 
Vasudevan and Stout (Ref. 20), using 
low-hydrogen, shielded metal-arc elec
trodes to deposit the restraining welds 
from both sides of the testpiece. Test-
pieces were cut from both pipe and 
plate. Both manual and automated elec
trode deposition methods were used; for 
automatic welding, a specially-designed 
device was used which maintained con
stant arc voltage. The testpiece was oscil
lated under the arc at a little less than 1 
Hz during automatic welding, to ensure 
adequate sidewall fusion. 

Welding was carried out using 4 mm 
(0.16 in.) diameter E6010, E8010-C, and 
E9010 electrodes. Welding parameters 
varied according to welding technique, as 
follows: 

1. Manual: 96-108 A, 19-23 V, 2.67-
2.88 mm/s (6.3-6.8 ipm). 

2. Automatic: 135 A, 24 V, 4.13 mm/s 
(9.76 ipm). 

Heat input was nominally constant at 
about 0.8 kj /mm (20.3 k|/in). 

Five minutes after completion of weld
ing, the testpieces were placed in a fur
nace set at 468 °C (874 °F); this arrested 
cracking and tinted any cracked areas. 
When preheat was required, the test-
pieces were held in a furnace set approx
imately 30°C (86°F) above the required 
temperature; welding was commenced 
when the required temperature was 
reached. 

Generally, two testpieces were used to 
establish a percentage cracking value; 
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JOINT DETAIL 

T I F F E N E R 

RAINT LENGTH 

Fig. 7 — WIC restraint weldability test 

area percentage cracking was measured 
using a stereographic microscope after 
breaking open the testpiece. Preheat 
temperatures of 66, 93 and 120°C (151, 
199 and 248°F) were used throughout 
this program. 

We/ding Institute of Canada. Restraint 
Cracking Test. The configuration of the 
test was chosen to represent an actual 
butt weld joint subjected to high reaction 

tr 
-ft 5Ff 1 

i i 
| 1 o 
1 1 0 
1 1 0 

1 1 o 
1 1 o 
1 | 0 
1 I 0 

1 ' ° 
o 

1 1 II 

o 
0 ! © , 

O 1 ' 

o 1 1 
0 1 | 

0 ! i i 
o 

° !, J 
350 mm 

Fig. 8 — Schnadt-Fisco test setup 

stresses. An overall view of the test 
assembly is shown in Fig. 7. The test 
consists of two sections of candidate 
steel (each plate 50 mm wide by 120 mm 
long i.e., 1.97X4.72 in.), with edges 
already prepared, welded to a base of 
75 X 17 mm (2.95 X 0.67 in.) X 250 mm 
(9.84 in.) long mild steel. A stiffener is 
added to the bottom of the base to 
prevent joint rotation. Run-on and run
off tabs are used to eliminate any tenden
cies for cracking due to weld starting or 
stopping along the 50 mm (1.97 in.) 
length of the test weld. 

The welds were deposited using an 
automatic shielded-metal-arc welding 
machine. Specimen misalignment was set 
at 2 mm (0.08 in.) prior to welding. The 
test assembly was heated in an electrode 
oven to a temperature slightly higher 
than the test temperature. The tempera
ture of the joint was recorded using a 
thermocouple located adjacent to the 
joint at mid-thickness. 

When the steel had cooled to the 
required temperature, the weld was 
deposited in the groove. A bead approx
imately 70 mm (2.76 in.) long was depos
ited using optimum welding conditions 
for a E8010-G electrode at a heat input of 
between 0.70 to 0.80 kj /mm (17.8 to 
20.3 kj/in.). Once welding had been 
completed, the specimen was allowed to 
cool to room temperature. 

After 24 hours (h), six specimens from 
the center section of the weld were 

metallographicaliy examined. The lengths 
of the cracks, if cracking occurred, were 
measured. It was noted whether the 
cracking was predominantly through the 
weld metal or through the heat-affected 
zone. 

Restrained Root-Cracking Test 
(Schnadt-Fisco Test). Restrained root-
cracking tests, according to the technique 
described by Dittrich (Ref. 21), were 
carried out on the three steels used for 
the full-scale program. Testpieces mea
suring 300X200 mm (11.8X7.87 in.) 
X 13.72 mm (0.54 in.) thick were loaded 
into the restraint jig —Fig. 8. The restraint 
bolts were tightened to a torque of 54 
Nm (39.8 ft-lb), and welds were deposit
ed in the downhand position, using an 
automatic covered electrode-feeder, at a 
nominal heat input of 0.8 k j /mm (20.3 
kj/in.). 

All welds were made with 4 mm (0.16 
in.) diameter E8010-G electrodes. The 
weld preparation was a single V groove 
with a 75 deg included angle, with 1.6 
mm (0.06 in.) root face and no root gap. 
Testpieces were kept in the restraint jig 
for 24 h prior to sectioning and metallog
raphy. 

Implant Tests. The implant test tech
nique employed in the present work was 
essentially that described by Sawhill et al 
(Ref. 22). Implant testpieces 7 mm (0.28 
in.) in diameter were machined from both 
pipe and plate samples. In the case of 
pipe, they were cut parallel to the pipe 
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Table 6 

Test 
No. 

1 
2 
3 
4 
5 
6 

7 

8 
9 

10 
11 
12 
13 
14 
15 
16 

—Test Results in 

Pipe 
No. 

3A 
3A 
3A 
3A 
3A 
3A 

3A 

3A 
3A 
3A 
3A 
45 
45 
45 
57 
57 

Preheat 
prior to 
welding, 

°C 

None 
None 
None 
None 
None 

56 

75 

100 
121 
101 
94 
54 
75 
75 
98 
75 

Full-Scale Weldability Program 

Weld 
temperature 
at loading'3', 

°C 

— 
<68 

<68 
49 
75 

95.5 

117 
108 

94 
118 
82 

102 
92 

116 
100 

High-low 
at 6 o'clock 

position, 
mm 

None 
None 
None 
2.38 
2.38 
2.38 

2.38 

2.38 
2.38 
2.38 
2.38 
2.38 
2.38 
2.38 
2.38 
2.38 

General 
pipe stress 

at weld joint, 
MPa 

43.08 
60.78 
81.04 
60.78 
60.78 
60.78 

60.78 

60.78 
60.78 
81.04 
81.04 
60.78 
60.78 
60.78 
60.78 
60.78 

lack 
pressure, 

MPa 

14.74 
20.69 
27.58 
20.69 
20.69 
20.69 

20.69 

20.69 
20.69 
27.58 
27.58 
20.69 
20.69 
20.69 
20.69 
20.69 

Equivalent 
lift 

height'6', 
mm 

160 
333 
673 
333 
333 
333 

333 

333 
333 
673 
673 
333 
333 
333 
333 
333 

Hold time 
under load, 

min 

15 
15 
2.9 
4.5 
8.3 

15 

15 

15 
15 
15 
15 
0.6 

15 
15 
15 
15 

Test results 

No cracking 
No cracking 

Complete weld failure 
Complete weld failure 
Complete weld failure 

Limited cracking at 6 
o'clock position 

Limited cracking at 6 
o'clock position 

No cracking 
No cracking 
No cracking 
No cracking 

Complete weld failure 
No cracking 
No cracking 
No cracking 
No cracking 

( a )Weld temperature at 6 o'clock position of pipe circumference. 
Cb)Lift height during skidding operation producing the general pipe stress at we ld no. 2, 12.2 m lengths (refer t o Table 5 for 24.4 m lengths of pipe). 

axis, while from plate, they were cut at 
45 deg to the rolling direction (thus com
parable to the axial orientation in spiral-
welded pipe). A helical notch 0.50 mm 
(0.02 in.) deep, with a 1 mm (0.04 in.) 
pitch and a root radius of 0.05 mm (0.002 
in.) was employed. 

In tests aimed at relating line pipe 
composition to critical implant rupture 
stress, a base metal plate 150 X 100 X 25 
mm (5.9 X 3.94 X 0.98 in.) was used. 
Welds were deposited at a heat input of 
1 k)/mm (25 kj/in.) using 4 mm (0.16 in.) 
diameter E8010-G electrodes; this pro
duced a cooling time between 800 and 
500°C (1472 and 932°F) of 3.6 s. The 
load was applied hydraulicaliy when the 
temperature reached 150°C (302°F). 
Time to failure was evaluated; if no failure 
had occurred within 16 h, the test was 
discontinued and the testpiece was con
sidered unbroken. 

Some investigators have suggested 
that the preheat required to raise the 
critical rupture strength (<rcr) to the yield 
point might be an effective indicator of 
the relative weldabilities of different steel 
compositions (Ref. 23); moreover, this 

may also throw light on expected field 
performance (Ref. 7). For these reasons, 
further implant tests were carried out on 
the three steels used in the full-scale 
program. In this case, the base metal 
dimensions were 200 X 150 X 13.72 mm 
(7.87 X 5.9 X 0.54 in.), and the heat input 
was 0.8 k j /mm (20.3 kj/in.); again, 4 mm 
E8010-G diameter electrodes were used, 
and loading was commenced at 150°C 
(302 °F). The critical preheat to prevent 
cracking was taken to be that which 
inhibited failure for 1000 min. After 
unloading, implant testpieces were sec
tioned to confirm freedom from crack-

Results 

Full-Scale Testing 

Table 6 summarizes all the results pro
duced during the full-scale field weldabili
ty test program. No significantly anoma
lous results were obtained, and repeat 
testing under the same conditions gener
ally produced comparable results. Most 
of the tests were carried out on compo

sition 3A, but some work on the effec
tiveness of preheat in preventing crack
ing in compositions 45 and 57 was also 
done. The main features of the results are 
summarized below. 

Tests Without Misalignment. Even in 
the absence of preheat, no cracking 
occurred when general bending stresses 
up to 60.8 MPa (8.82 ksi) were applied 
(tests 1 and 2). 

Complete failure through the root pass 
occurred when a stress of 81 MPa (11.7 

Fig. 9 — Crack initiating from toe region in test 
No. 6 

Table 7—Weld Metal and Heat-Affected-Zone Hardness During Full-Scale Testing 

Test 
number 

4 
6 
7 
9 

12 
13 
15 

Pipe 
number 

3A 
3A 
3A 
3A 
45 
45 
57 

Preheat 
prior to welding, 

°C 

None 
56 
75 

120 
54 
75 
98 

Weld metal hardness 
HV 400 g 

(min) 

210 
220 
216 
264 
213 
224 
237 

HV 400 g 
(max) 

274 
285 
250 
309 
270 
264 
250 

Heat-affected zone 
hardness, 
HV 400 g 

273 
295 
285 
313 
282 
293 
293 
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Table 8—Effect of Slot Test Design and Means of Electrode Deposition on the Cracking 
Percentage (Material Coded X17 Used Throughout) 

Test design 

Conventional 
Conventional 
Fabricated 
Fabricated 
Conventional 

Electrode 
type 

E8010 
E8010 
E8010 
E8010 
E8010 

Means of 
electrode 
deposition 

Manual 
Automatic 
Manual 
Automatic 
Manual 

Form of 
specimen 

Pipe 
Pipe 
Pipe 
Pipe 
Plate 

Cracking, % 
(Room temp. 

testing) 

41, 33 
48, 47, 30 
25, 40, 12, 21 
49, 65, 76, 50 
41, 34 

ksi) was applied (test 3). Such a stress 
would occur at weld No. 2 (Tables 4 and 
5) if a 24.4 m (80 ft) length of pipe were 
lifted 696 mm (27.4 in.) or a 12.2 m (40 ft) 
length were lifted 673 mm (26'/2 in.). 
These are relatively high values for nor
mal operation; the heights corresponding 
to this stress level for weld No. 1 should 
be well outside the range which will be 
encountered in practice except under 
very adverse conditions (e.g., badly-con
toured bends, very severe terrain). 

The results tend to demonstrate that, 
in the absence of misalignment, success
ful welding could normally be accom
plished in this material without preheat. 

Tests with 2.4 mm High-Low. Incorpo
ration of a 2.4 mm (0.094 in.) local high-
low in the lower quadrant led to com
plete weld failure when a general bend
ing stress of 60.8 MPa (8.82 ksi) was 

applied. Times to failure in duplicate test
ing under these conditions were 4.5 and 
8.3 min. This stress level corresponds to a 
lift height of 493 mm (19.4 in.) at weld 
No. 2 for a 24.4 m (80 ft) joint length, or 
333 mm (13.1 in.) for 12.2 m (40 ft) joint 
length; such values are not unreasonable 
for normal pipeline operations. 

Increasing preheat temperature to 56 
and 75°C, i.e., 133 and 167°F (tests 6 and 
7) prevented total rupture. However, 
limited cracking was detected by examin
ing sections from the 6 o'clock area 
(estimated at <10% section length crack
ing). A preheat of 100°C (212°F) was 
sufficient to eliminate cracking complete
ly (test 8). When the stress level was 
increased to 81 MPa (11.7 ksi), a preheat 
of 94°C (201 °F) was sufficient to elimi
nate cracking. It can be concluded, in 
general, that a preheat temperature of 90 

to 100°C (194 to 212°F) will be sufficient 
to eliminate cracking in this steel under 
any practical loading conditions, even in 
the presence of severe misalignment. 

A preheat of 75°C (167°F) was suffi
cient to prevent cracking in pipes 45 and 
57 (tests 12 to 16). 

Metallography and Hardness Measure
ments. Cracking was found to initiate in 
the outside surface of the weld metal in 
all cases in which the origin of cracking 
could be identified (this was done by 
serial sectioning towards the crack tips); a 
typical example is shown in Fig. 9. Banks 
(Ref. 24) observed a similar form of crack 
initiation during laboratory testing of X60 
and X65 pipe, but associated it with high 
local hardness values and alloy segrega
tion in the vicinity of the root bead toe. 

Neither of these effects occurred in 
our tests. The logical conclusion is that 
the crack initiation site was determined, 
as predicted by the theory, by the loca
tion of the maximum tensile stress levels. 
This is not to deny that, in practical cases, 
lack of fusion or other stress concentra
tors in the root region may displace the 
crack initiation site towards the weld 
root. 

Table 7 shows some hardness mea
surements in both weld metal and heat-
affected zone, for a range of preheat 
temperatures. There appears to be little 
systematic variation of hardness with pre
heat temperature; this is in agreement 

Table 9— 

Source 

Stelco 

German 
data 
(Ref. 
26) 

US data 
(Ref. 25) 

Australian 

data 
(Ref. 27, 
28) 

Scatter in Slot Test Data from 

Test 
Design 

1 M(a) 

1 M 
1 M 
2M'a» 
2 M 
1 M 
1 M 
1 M 
1 M 
2 A<a> 
2 A 

2 A 
2 A 

2 M 

2 M 

2 M 

1 M 
1 M 
1 M 

1 M 

1 M 
1 M 
1 M 

k l /mm 

0.71/0.87 
0.71/0.87 
0.71/0.87 
0.71/0.87 
0.71/0.87 
0.71/0.87 
0.71/0.87 
0.71/0.87 
0.71/0.87 
0.80 
0.80 
0.80 
0.80 

0.69/0.79 

0.69/0.79 

0.69/0.79 

1.20 
1.20 
1.20 

0.51/0.59 

0.51/0.59 
0.51/0.59 
0.51/0.59 

a Number of Sources (Room Temperature Preheat) 

WT, 
mm 

11.61 
11.61 
11.61 
11.61 
11.61 
13.72 
13.72 
13.72 
13.72 
13.72 
13.72 
13.72 
13.72 

20.10 

20.10 

16.51 

30.5 
30.5 
30.5 

8.38 

8.38 
8.38 
8.38 

Electrode 

E8010 
E8010 
E8010 
E8010 
E8010 
E8010 
E8010 
E8010 
E8010 
E8010 
E8010 
E8010 
E8010 

E7010 

E7010 

E7010 

E7010 
E7010 
E7010 

E7010 

E7010 
E7010 
E7010 

Type 
of steel 

X60 
X60 
X65 
X65 
X65 
X70 

X70 
X70 
X70 
X70 
X70 
X70 

X60 

X65 

X70 

X65 
X65 
X65 

X65 

X65 
X65 
X65 

Time 
Delay 

5 min 
5 min 
5 min 
5 min 
5 min 
5 min 

5 min 
5 min 
5 min 
5 min 
5 min 
5 min 

5 min 

24 h 

24 h 

24 h 
24 h 
5 min 

6 min 

6 min 
8 min 
8 min 

Cracking values. 
0/ 

(10.9) (0) 
(23.9) (30) 
(51.5) (44.5) 
(32.2)(8.6) 
(32.5)(1.9) 
(43.8) (17.8) 

(40) (33.3) 
(14) (22.6) 
(18) (30) (95) (39) 
(55) (20) (45) 
(72) (60) (53) (52) 
(35) (9) (80) 

(100) (100) (100) 
(100) (98) (100) 
(98) 

(20) (10) (60) (35) 
(60) (10) (54) 
(32) (38) (28) 
(50) (65) (25) (15) 

(40) (95) (100) 
(60) (70) (90) 
(20) (75) (90) 

(30) (40) (25) 

(29) (22) (48) 
(100) (100) (8) 
(71) (33) 

Range 

10.9 
6.1 
7.0 

23.6 
30.6 
26.0 

6.7 
11.4 
77 
35 
20 
71 

10 

50 

50 

60 
30 
70 

15 

26 
92 
58 

Std 
dev. 

7.71 
4.3 
4.95 

16.7 
21.6 
12.02 

4.74 
6.08 

34.10 
18.0 
9.21 

35.9 

3.73 

22.7 

16.75 

33.3 
15.28 
36.8 

31.7 

13.5 
53.1 
41 

Mean 

5.45 
26.95 
48.0 
20.4 
17.2 
35.3 

36.6 
18.3 
45.5 
40 
59.25 
41.3 

98.3 

35 

36 

78.3 
73.3 
61.7 

7.6 

33 
69.3 
62 

( a l 1 M —manual, conventional slot design; 2 M —manual fabricated slot design; 2 A —automatic, fabricated slot design. 
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Table 10 

Code 

X1 
X2 
X3 
X4 
X5 
X6 
X7 
X8 
X9 
X10 
X I I 
X12 
X13 
X14 
X15 
X16 
X17 
X18 
X19 
X20 
X21 
X22 

—Critical Preheat Temperatures Avoiding Cracking during Slot Testing (5 Minute H o l d Time in Each 

Wal l 
mm 

11.6 
11.6 

11.6 

11.6 
11.6 

11.6 

11.6 

11.6 

11.6 
11.6 

11.6 
11.6 

11.6 
13.7 

13.7 
13.7 

13.7 

13.7 

13.7 

13.7 

13.7 

13.7 

PCMW ' 

0 .171 

0.184 

0.167 

0.186 
0.164 

0.166 

0.175 
0.165 

0.168 

0.163 
0.238 

0.209 

0.199 
0.19 

0.20 

0.192 
0.183 

0.188 

0.183 
0.194 

0.211 

0.189 

Test 
method 

1 M ( b ) 

1 M 
1 M 
1 M 
1 M 
1 M 
1 M 
1 M 
1 M 
1 M 
1 M 
1 M 
1 M 
1 M 
1 M 
2A<b ' 
2 A 
2 A 
2 A 
2 A 
1 M 
1 M 

Designation 

E6010 
E6010 
E6010 
E6010 
E6010 
E6010 
E6010 
E6010 
E6010 
E6010 
E6010 
E6010 
E6010 
E6010 
ND 
E9010 
ND 
ND 
ND 
E9010 
ND 
ND 

Electrode Type'c) 

Cracking 
range 

(no preheat), 
ry 

6 to 9 
<-|(a) 

< 1 ( a ) 

3 to 4 
Oto 11 
8 to 17 
7 to 21 
<-|(a) 
24 to 31 

2 to 14 
31 to 33 

5 
14 to 28 
18 to 44 

ND 
16 to 58 

ND 
ND 
ND 
ND 
ND 
ND 

Critical 
preheat temp., 

°C 

66 
66 
66 
66 
66 
66 
66 
66 
66 
66 

120 
66 
93 
93 

ND 
93 

ND 
ND 
ND 
93 

ND 
ND 

Designation 

E8010 
E8010 
E8010 
E8010 
E8010 
E8010 
E8010 
E8010 
E8010 
E8010 
E8010 
E8010 
E8010 
E7010 
E8010 
E8010 
E8010 
E8010 
E8010 
E8010 
E8010 
E8010 

Case) 

Electrode Type 

Cracking 
range 

(no preheat), 
0 / 

< 1 ( a ) 

12 to 19 
<l(a) 

12 t o 14 
<1<»> 

< l ' a » t o 2 
< 1 a 

1 to 6 
5 to 15 
5 to 28 

15 to 27 
3 to 9 
1 to 3 

27 to 53 
30 to 50 

9 to 80 
49 to 76 

6 to 22 
6 to 22 
2 to 6 

27 to 40 
15 to 23 

Critical 
preheat temp., 

°C 

66 
66 
66 
66 
93 
66 
66 
66 
66 
66 

120 
93 
93 
93 
93 
93 
93 
66 
66 
93 

120 
66 

< a )<1"„ but definitely cracked. 
( b )1 M is conventional slot specimen, manually welded; 2 A is fabricated slot specimen, automatic welded. 
( o N D 

(d)p 

: not determined 

20 30 60 
., Cr + ",. Cu 

20 

with the general view that the beneficial 
effect of preheat in low-hardenability 
steels is primarily a result of the increased 
opportunity for hydrogen diffusion, rath
er than of any decrease in susceptibility. 
In this regard, the weld temperatures at 
the onset of loading, five min after root 
pass completion, are of some interest — 
Table 6. 

Results of Laboratory Tests 

Slot Weld Testing. Table 8 shows the 
effect of electrode deposition technique 
and testpiece form on percentage crack
ing when welding with E8010 electrodes 
at room temperature [material X17 (Table 
2) used throughout]. Within the limita
tions of the experimental error, there did 
not appear to be any very significant 
effect of testpiece type, source (pipe or 
plate) or welding technique (manual or 
automatic) when using the conventional 
slot test design. In the case of fabricated 
slot specimens, cracking percentages 
were higher in automatic welds than in 
manual welds; deposit shapes were 
examined and manual welds were deep
er and narrower than those made auto
matically. 

One of the factors affecting the use of 
cracking percentage as a comparative 
indicator of weldability is the consider
able scatter associated with these mea
surements, which would necessitate a 
large number of replications in order to 
obtain a reliable estimate. Table 9 shows 
slot test data from a number of sources 

• X50 (E6010 electrodes) 
• X65 (E6010 electrodes) 
4 X70 (E8010 electrodes) 

SS 
X 
LU 
CC 
(X 

o 
o 

130 

110 

90 

70 

50 

30 

• 

• 

• 

• 

•15 

H I M • • 

•17 

• 

A i i k 

J»«A 

•19 -21 
pcm 

•23 

• 

•25 

Fig. 10 — Critical preheat temperature and PCM values during slot weldability testing 
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Fig. 11—Failure during slot testing A—macro view (E6010 electrodes); B — closeup showing HAZ 
failure; C — macro view (E9010 electrodes); D — closeup of fracture region showing failure initiating 
at the fusion line and propagating into the weld metal 

Table 11-

Pipe 
material 

3A 

45 

-WIC Restraint Test Results 

Preheat 
temperature, 

°C 

20 
105 
120 
150 

20 
100 

Test 
result 

Cracked 
Cracked 
Uncracked 
Uncracked 

Cracked 
Uncracked 

Average HAZ 
hardness values, 

HV 5(a> 

303 
285 
296 
281 

289 
275 

°5 kg load during hardness testing. 

(Ref. 25-28). The reproducibility is, in 
general, not very satisfactory except at 
very high or very low levels of cracking. 
The discrimination capability of this crite
rion is thus poor in the intermediate 
range. In fact, in our own tests (Table 9), 
there was no clear-cut effect of chemical 
composition on cracking percentage. 

This difficulty is overcome by using the 
critical preheat to avoid cracking as the 
weldability criterion. As discussed later, 
this parameter relates directly to some
thing that can be controlled in the field. 
As can be seen from Table 10 (and Fig. 
10), there was a general increase in criti
cal preheat temperature as PCM 
increased. Yurioka (Ref. 1) observed a 
similar trend when testing Japanese steels 

and suggested the following relation: 

Critical Preheat Temperature (°C) = 718 
PCM - 88 

This relationship was derived when 
testing a range of steels with varying PCM 
values (from 0.124 to 0.358) using E7010 
electrodes. 

In our results the relationship between 
preheat temperature and PCM was: 

Critical Preheat Temperature (°C) = 747 
PCM - 58 

This equation applies to slot testing 
using E8010 electrodes and incorporates 
a delay time of 5 min after welding. 

Within the accuracy of the present 
experiments (=30°C or 86°F steps in 

preheat temperature), there was no 
effect of electrode type on the preheat 
temperature required. This is somewhat 
surprising, since the type of cracking 
changed from predominantly HAZ crack
ing with E6010 electrodes, to a mixture of 
weld metal and HAZ cracking with E8010 
electrodes, to essentially weld metal 
cracking with E9010 electrodes —Fig. 11; 
all cracking initiated at the weld root. 
Duren (Ref. 26) has noted a similar 
effect. 

WIC Restraint Cracking Tests. These 
tests were carried out on pipe 3A, with 
cross checks on pipe 45. Table 11 gives 
the results produced during testing. 

All cracks occurred predominantly in 
the weld metal. The critical preheating 
temperature for avoiding cracking in pipe 
3A material was 120°C (248°F); in pipe 
45 material it was between 20 and 100°C 
(68°F and 212°F). These results on pipe 
3A were approximately 25/30°C (77/ 
129°F) above those required in full-scale 
weldability testing. 

Implant Testing. Figure 12 relates the 
critical implant rupture stress to the PCM 
compositional parameter, for welds 
deposited at 1.0 k] /mm (25.4 kj/in.) on 
25 mm ( a 1 in.) plate, without preheat; 
the excellent correlation between o-cr and 
PCM has been observed by other workers 
(Ref. 16-18). Others (Ref. 29) have found 
a much better relationship existing 
between acr and HAZ hardness. Figure 13 
shows this relationship, for the present 
work, to be similar to that for PCM-

The tests carried out to determine the 
critical preheat temperature to raise vcr to 
ffY for the three steels used in the full-
scale investigation gave the results shown 
in Table 12. Critical preheating tempera
tures avoiding complete specimen rup
ture in 1000 min were 150, 120 and 
150°C (302, 248 and 302°F) for steels 3A, 
45 and 57. Although preheating tempera
tures up to 150°C (302°F) decreased the 
cooling rate in the 800 to 500°C (1472 to 
932°F) range there was no clear-cut 
effect on HAZ hardness values. 

Critical preheating temperatures avoid
ing failure in a 1000 min holding period 
during implant testing were much higher 
than those required during full-scale test
ing. An obvious problem lies in the com
parison of a long term (1000 min) implant 
test with a short term (15 min) full-scale 
testing situation. Preheating temperatures 
to avoid implant specimen failure during a 
15 min test period can be estimated by 
interpolation as noted below, since there 
is a linear relation between preheat tem
perature and the logarithm of the time (t) 
to failure in implant testing (up to 1000 
min): 

• Steel 3A preheat 
(°C) = 17.8 *i t(min) + 32 

• Steel 57 preheat 
f Q - 1 6 . 1 Mm,n) + 44 

• Steel 45 preheat 
(°C) = 12.8 In t(min) + 30 

temperature 

temperature 

temperature 
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CRITICAL RUPTURE STRESS 

N / m m 2 
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6 0 0 

500 

4 0 0 

3 0 0 
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CRITICAL RUPTURE STRESS 

N /mm^ 

300 400 

HAZ HARDNESS HV400 

500 

Fig. 12 — Relation between critical rupture strength in implant testing and 
PCM 

Fig. 13 - Relation between critical rupture strength in implant testing and 
HAZ hardness 

Correlation coefficients are 0.92 (steel 
3A), 0.90 (steel 57) and 0.94 (steel 45). 
From these relations, the estimated pre
heat temperatures preventing implant 
specimen failure during a 15 min holding 
period were 80, 88 and 65°C (176, 190 
and 149°F) for steels 3A, 57 and 45. 

Restrained Root Cracking (Schnadt-Fis
co Test). The critical preheat values 
determined for the three steels tested in 
the full-scale program were 35, 22 and 
35°C (95, 72 and 95°F) for the steels 3A, 
45 and 57, respectively. 

Discussion 

Full-Scale Testing 

As pointed out, the sequence of test
ing adopted in the present program rep
resents a particularly severe situation. In 
particular, the sustained loading over a 15 
min period is a very exacting test, and 
should represent a significant factor of 
conservatism in predictions derived from 
this type of testing. On the other hand, 
however, the loading by the hydraulic 
jacks was a relatively smooth, gradual 
process, while the manipulation of large 
masses by relatively insensitive equip
ment in the field can lead to significant 
inertial loads. 

These effects may be expected to 
offset each other to some extent, and the 
practical implications of the present pro
gram are thus likely to be reasonably 
representative of the circumstances aris
ing during field construction. Certainly, 
empirical experience in Canada has led to 
the widespread adoption of preheat tem

peratures around 100°C (212°F) for the 
manual welding of these materials; when 
these preheats are conscientiously 
applied and carefully maintained, the inci
dence of cracking has been negligible. 
The cost of this practice can be estimated 
as lying in the region of $10 to $20 per 
weld. If this is compared with the cost of 
even a limited number of cut-outs, not to 
mention the quality implications of a high 
incidence of detected cracks, it must be 
concluded that a generous preheat rep
resents a sound investment. 

It may be considered that special atten
tion to hot-pass techniques, to ensure 
that the 6 o'clock region is completed 
prior to the application of the second 
lifting cycle, may be sufficient to avoid 
cracking difficulties. Such practices will 
certainly be helpful, but may still be 
insufficient, in the absence of adequate 
preheat. In particular, it should be consid
ered that very severe conditions (heavy-
wall pipe, high lift) may cause cracking in 
the last weld deposited, which cannot be 
protected by hot-pass deposition. In fact, 
unpublished work by Stelco on the weld
ing of 18.3 mm (0.72 in.) WT, Cr 483 pipe 
at low heat inputs (<0.44 k j /mm, i.e., 
11.2 kj/in.) showed that cracking could 
be produced in the last weld deposited 
with quite modest lift heights (approxi
mately 280 mm or 11 in.) even at a 
preheat of 80°C (176°F). 

Comparison Between Full-Scale 
and Laboratory Tests 

A direct comparison of laboratory-
scale tests with fuil-scale behavior may be 

expected to be difficult, since the basic 
principles involved are somewhat differ
ent. In the field welding situation, the 
external restraint is minimal, since the 
axial movement of the pipes is not signif
icantly hindered (particularly after line-up 
clamp release). Only at the closure points 
will relatively high levels of self-restraint, 
due to the presence of previously depos
ited weld metal, be expected to arise. 

By contrast, most of the tests pro
posed for the laboratory assessment of 
field weldability are of the restraint-crack
ing type, in which stresses are induced by 
contraction of the welded region against 
the resistance of the surrounding parts of 
the testpiece itself, or of an external 
restraining jig. The implant test differs in 
that it does involve a directly-applied 
external stress; however, because of its 
design, it concentrates cracking in the 
HAZ region, while the restraint tests 
address both weld metal and HAZ. 

From previous discussion, it should be 
clear that critical preheat will be the 
preferred test parameter to relate to 
full-scale behavior. The main reason, 
from a practical point of view, is that 
preheat is the one parameter which can 
be readily controlled in the field to elimi
nate problems. It is much less feasible to 
change heat input, restrict lift heights, or 
place very tight limits on the timing of 
weld passes or lifts. In addition, a number 
of investigators have shown that, for low 
susceptibility materials, cracking is ex
tremely sensitive to preheat (Ref. 5). 

In the present program, a change in 
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Table 12—Critical Preheating Temperatures During Implant Testing 

Pipe 
material 

3A 
3A 
3A 
3A 
3A 
3A 
3A 
3A 
3A 

Preheat 
temperature, 

°C 

20 
65 
90 

115 
125 
140 
I40 
150 
150 

Time to failure, 
min 

< 1 
19 
47 
54.1 
34.5 

Not failed 
110 

Not failed(al 

Not failed'al 

Peak hardness 
in HAZ,'b> 

VPN 

270 
344 

322 

322 

Cooling time between 
800 and 500 °C, seconds 

4.3 

5.6 

7.2 
7.2 

45 
45 
-T> 
45 
45 
45 
45 
45 

20 
55 
72 
90 

100 
100 
120 
120 

<1 
12.5 
18.5 
38.7 

Not failed 
78.2 

Not failed(a) 

Not failed'3' 

316 

237 

4.3 

5.3 
5.3 

57 
57 
57 
57 
57 
57 
57 
57 
57 

20 
72 
90 
100 
125 
140 
140 
150 
150 

< 1 
18.5 
12.5 
9.6 

41 
75.1 

Not failed(a) 

Not failed(a) 

Not failed'1" 

274 
328 

285 
322 

4.3 

5.3 
5.6 

7.2 
7.2 

(a) ln 1000 minute loading period. 
( b ,400 g microhardness testing 

preheat of « 3 0 ° C (86 °F) was o f ten suf
ficient to go f r o m comple te rupture t o 
comple te absence of cracking. It is p rob 
ably fo r this reason that measurements of 
cracking percentage in the intermediate 
range (10 to 90%) are subject to such 
severe scatter. 

Vasudevan (Ref. 20) has succeeded in 
establishing a general corre lat ion be
t w e e n cracking percentage in slot testing 
w i th that dur ing shop we ld ing of pipe 
sections (in the absence o f externally 
appl ied stress f r o m pipe skidding opera
tions). This corre lat ion was far f r o m clear 
at l o w cracking percentages, a l though 
less than 10% cracking in slot testing 
co r responded to zero cracking dur ing 
pipe we ld ing . Very clear relationships 
emerge, h o w e v e r , w h e n critical preheat 
is used as the indicator of cracking ten
dency. 

Table 13 compares the critical preheat 
temperatures determined dur ing full-
scale and laboratory weldabi l i ty testing. 
The fo l low ing major points emerge: 

1. Slot testing ranked the three steels 
and p roduced values o f critical preheat 
tempera ture correlat ing wel l w i t h those 
determined in full-scale testing. 

2. The W I C restraint cracking test 
gave critical preheat values wh i ch w e r e 
similar to , but somewhat higher than, 
those obta ined f r o m full-scale testing. 

3. The Schnadt-Fisco test requi red 
minimal preheat t o eliminate cracking. 

It seems clear that the self-restrained 
tests can p rov ide a g o o d indication o f 
full-scale behavior ; this is despite the fact 
that the stresses d o not arise in the same 
way as in a field situation. The probab le 
reason is that the high levels o f restraint 
and relatively small testpiece size d o lead 
to stress levels approaching yield (as in 
the field) and that these d o arise wi th in a 
similar time-scale (within minutes after 
welding). 

Suzuki (Ref. 30) has suggested that the 
intensity of restraint in a slot specimen is 
approximate ly 500 h N / m m m m (where 

h is the specimen thickness in mm). This is 
equivalent to a restraint stress in the we ld 
o f approximate ly 261 t o 377 N / m m 2 

(37.9 to 54.7 ksi) in 13.72 m m (0.54 in.) 
thick material (Ref. 31). Stress concent ra
tions at the roo t of incomplete ly pene
t rated slot specimens wil l p r o m o t e yield 
stress levels in this region. 

In W I C restraint tests the intensity of 
restraint has been est imated to be 1600 h 
N / m m m m (where h is the specimen 
thickness in mm). This w o u l d lead to 
general stress levels in the we ld wel l 
b e y o n d yield. Also, the W I C cracking test 
involves a holding t ime of approximate ly 
16 h prior to sectioning; these t w o factors 
might explain w h y preheat temperatures 
are higher than those in slot testing (wi th 
a 5 min holding t ime) or in full-scale 
testing (wi th a 15 min holding t ime). 

The Schnadt-Fisco test clearly was 
unable, in the present w o r k , t o p rov ide 
adequate restraint. The degree and 
reproducibi l i ty of restraint in this test 
have been quest ioned previously (Ref. 

Table 13—Comparison of Critical Preheating Temperatures in Full-Scale and Laboratory Weldability Testing 

Critical preheat temperature, °C 
Steel 
code 

3A 
45 
57 

Full-scale 
testing 

100 
75 
75 

Slot testin 

93 
66 
66 

Schnadt-Fisco 
testing 

35 
11 
35 

WIC-restraint 
testing 

125 
100 

-

Implar 
testing 

150 
120 
150 

(a ,Preventing specimen rupture in a 1000 min holding period. 

W E L D I N G RESEARCH SUPPLEMENT | 255-s 



32); it is concluded that this is not a 
suitable test for our purposes. 

The implant test, with its extremely 
sharp notch, long time under load (and, in 
this case, external applied stress equal to 
yield) is an extremely severe test for HAZ 
cracking. It is not possible at the present 
time to determine from first principles the 
implant rupture strength which will guar
antee acceptable field performance; tak
ing a value not less than the nominal yield 
strength can only be considered a "best 
guess" estimate for severely stressed 
joints (Ref. 33). In fact, this criterion can 
be expected to be overly conservative 
relative to the HAZ unless loading times 
are reduced; on the other hand, it does 
not address the weld metal at all. 

The implant test remains an excellent 
method of ranking the susceptiblity (only) 
of different materials to HAZ cracking. 
The clear and logical relationships 
between cracking stress, chemical com
position and hardness emerging from the 
more broadly-based implant study (Figs. 
12 and 13) confirm this belief, and widely 
applicable relationships of this kind have 
recently been deduced by Lorenz and 
Duren (Ref. 7). 

Such information does little, however, 
to remove the perplexities which remain 
when it is realized that, with high-strength 
electrodes, it may well be the weld metal 
which dominates cracking behavior. The 
fact that, even in the slot test, there is a 
general relationship between PCM and 
critical preheat, regardless of electrode 
type and location of cracking (Fig. 10) is 
perhaps indicative of the importance of 
dilution effects. However, much more 
work is needed on the relationship 
between the cracking behavior and 
chemical composition of weld metals. 

In any event, it is far from clear that the 
ultra-low carbon, crack-resistant steels 
which are beginning to be offered (Ref. 
18) will provide any significant advan
tages, unless corresponding advances are 
made in the area of consumables. It has 
been suggested that the use of low-
strength E6010 electrodes for all root-
pass welding could represent a simple 
expedient for the elimination of cracking; 
given the low susceptibility of current 
steels to HAZ cracking, this could be so. If 
the deposited metal is too soft, however, 
it may promote cracking by aggravating 
the local strain concentrations. 

Conclusions 

Theoretical stress analysis of the pipe 
manipulations inherent in stovepipe 
welding has shown that relatively moder
ate lifting between root and hot-pass 
deposition can lead to high local levels of 
stress in the toe region of the root bead. 
Misalignment (high-low) considerably 
aggravates the stress concentrations in 
this region, as does a decrease in root 
pass thickness or an increase in wall 
thickness. 
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Full-scale weldability tests under very 
severe conditions (continuous loading for 
15 min) showed that a typical Grade 483 
material was resistant to cracking up to 
very high levels of general stress, in the 
absence of misalignment. When a 
severe, but not unrealistic, misalignment 
condition was induced, a preheat tem
perature in the range of 90 to 100°C (194 
to 212°F) was necessary to eliminate 
cracking at moderate levels of applied 
stress. The site of crack initiation 
appeared to be the weld toe, as pre
dicted by theory. 

Two other steels gave critical preheat 
temperatures around 75°C (167°F) under 
the same conditions. These results are in 
good agreement with the practical obser
vation that preheats in the region of 
100°C (212°F) are sufficient to eliminate 
cracking problems under virtually all field 
conditions, using similar materials. 

Of the various laboratory weldability 
tests investigated, those which correlated 
best with full-scale behavior were the 
self-restrained slot weld and WIC 
restraint cracking tests. Cracking percent
age was not considered to be a sufficient
ly reproducible weldability criterion, but 
critical preheats to prevent cracking in 
these tests correlated well with the full-
scale values. 

The implant test can give good indica
tions of the susceptibility of a material to 
HAZ cracking. However, the relevance of 
such results must be questioned, particu
larly in situations where cracking occurs 
mainly in the weld metal. Much more 
work is needed on the relationship 
between cracking and chemical composi
tion in weld metals. The Schnadt-Fisco 
test was found to be insufficiently severe 
for the present purposes. 

In Canada and elsewhere, owners and 
contractors are turning more and more 
towards mechanized (and ultimately, it 
may be hoped, automatic) CMA welding 
for major projects involving large-diame
ter pipe. Because of the low hydrogen 
content of the weld metal deposited by 
such processes, the problems addressed 
in this paper may be expected to assume 
a steadily-diminishing importance in the 
future. However, many projects will con
tinue to be welded worldwide by the 
stovepipe technique. As long as this con
tinues to be so, welding engineers should 
be aware that insistence on an adequate 
level of preheat is their most effective 
protection from the economic and quali
ty penalties associated with a high inci
dence of cracking. 
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Design Implications of Recent Advances in Elevated Temperature Bounding Techniques 
by J . S. Porowski , W. J . O 'Donnel l and M . Badlani 

Recent advances in bounding (i.e., l imiting) techniques and simplified methods of analysis for 
components operated in the creep regime are used herein to obtain some very useful design guides. 
Damage mechanisms are determined for a wide range of dimensionless design parameters, operating 
pressure and cyclic thermal condit ions, and material properties. 
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International Benchmark Project on Simplified Methods for Elevated Temperature Design and Analysis: Problem II—The Saclay 

Fluctuating Sodium Level Experiment; Comparison of Analytical and Experimental Results; Problem III—The Oak Ridge Nozzle to 

Sphere Attachment 

by H. Kraus 
Problem II. Recently, experimental results became available on the second benchmark problem on 

simplified methods for elevated temperature design and analysis: the Saclay f luctuating sodium level 
experiment. These are compared to previously published numerical and analytical results in WRC Bulletin 
258, May 1980. 

Problem III. The Oak Ridge Nozzle to Sphere Attachment is analyzed by finite element computer 
programs and by approximate analytical techniques. The methods are described and the results 
obtained by each are compared. No experimental data are available. 

Publication of these reports was sponsored by the Subcommittee on Elevated Temperature Design of 
the Pressure Vessel Research Commit tee of the Welding Research Council. 
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