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Microstructure and Mechanical Properties of 
Gas-Shielded Welding of C-Mn-Ni Steel 

Different types of welding wires were tested to assess the effect 
on impact and tensile properties by welding out of position 

BY D. J. ABSON 

ABSTRACT. A range of semiautomatic 
gas-shielded arc welding consumables 
was selected in order to assess their suit
ability for producing uphill groove welds 
in 30-mm (1.2-in.) thick structural steel 
to BS4360:1 986 Grade 50EE. In addition 
to a 1.2-mm (0.047-in.) diameter solid 
welding wire, 1.2-mm-diameter rutile 
and basic flux cored and metal cored 
welding wires were employed, all with 
Ar-20%CO 2 shielding. A 2-mm (0.08-
in.) diameter self-shielded flux cored 
welding wire was also included. All de
posits contained nominally 1 % Ni . Con
stant voltage power sources were used 
for the rutile and self-shielded elec
trodes, and synergic pulsed power 
sources for the remainder. All welding 
was carried out without preheat, and 
with a maximum interpass temperature 
of 150°C(302°F). 

For all except the self-shielded de
posit, the as-deposited microstructure 
consisted predominantly of fine-grained 
acicular ferrite. 

In both the as-welded and stress-re
lieved condit ions, the strength of all 
welds exceeded the strength require
ments of the base plate. Charpy tough-
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ness exceeded the plate toughness re
quirement (>27 J at -50°C; 20 ft-lb at 
-58°F) for the deposits produced with 
both the solid welding wire and the basic 
flux cored wire, but not for the metal 
cored and the self-shielded deposits. The 
rutile flux cored wire deposit, which 
gave >27 J at -50°C as-welded, showed 
a shift in Charpy transition curve of 
>60°C (140°F) upon stress relieving for 
1.2 hat600°C(1112°F). 

In crack tip opening displacement 
(CTOD) tests (on B X B specimens), the 
basic flux cored electrode deposits dis
played upper shelf behavior down to 
-30°C (-22°F), both as-welded and 
stress-relieved. The rutile flux cored elec
trode deposit changed from upper shelf 
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to lower shelf behavior at -1 0°C (14°F) 
upon stress relieving. The remaining de
posits generally showed upper shelf be
havior at 10°C (50°F) as-welded, and at 
-1 0CC stress-relieved, wi th the excep
tion of the stress-relieved self-shielded 
deposit, which did not show fully duc
tile behavior at -10°C. 

Introduction 

A wide variety of consumables, in
cluding shielded metal arc (SMA), self-
shielded, and gas-shielded types, is 
available for the welding of C-Mn struc
tural steels such as BS4360:1986 Grade 
50EE (formerly 50E in BS4360:1 979), 
which may be employed in hostile en
vironments such as the North Sea. The 
composition and procedural variables 
influencing weld metal microstructure, 
and hence, mechanical properties are 
reasonably well understood for the sub
merged arc and SMA processes. Very 
much less information, however, has 
been published for continuous wire, 
semiautomatic welding. This work was 
therefore intended not only to produce 
quantitative mechanical property data, 
but also to examine the relationship be
tween deposit composit ion and mi
crostructure for this process. 

Previously published work includes 
reviews of flux cored consumables avail
able in 1970 (Ref. 1) and in 1980 (Ref. 
2). Subsequent experimental work in-
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Table 1 — Chemical Analysis (wt-%) of the 30-mm-Thick Base Plate (Coded 1A527), Compared with the Chemical Requirements of the 
Specification BS 4360: 1979 Grade 50E (BSC P11 Rev. 5) MOD, and of BS 4360: 1986 Grade 50EE 

Identity 

Platelbl 

Specifi
cation 

Grade 
50EE 

C 

0.11 
<0 .16 

«0 .18 

S 

0.003 
<0.012 

=S0.030 

P 

0.016 
«!0.025 

=S0.040 

s 

0.33 
0.10-0.45 

0.10-0.50 

Mn 

1.39 
1.10-1.50 

611.50 

Ni 

0.02 
«S0.2 

— 

Cr 

0.02 
«S0.2 

— 

Element, wt-% 

Mo V 

<0.005 <0.002 
«0 .08 «0 .02 

- 0.003-0 10 

Cu 

0.02 
=S0.2 

— 

Nb 

0.036 
=S0.04 

0.003- 0.08 

Ti 

<0.002 

— 

— 

Al 

0.037 
*S0.05|al 

— 

N 

0.0064 
=G0.010 

-

o 
0.0011 

-

(a) Soluble JM 
(b) Sn. Co, As, Pb. Zr, <0.005; B. Ca <0.00u3. TWI analyses S 86 317 and O / N 86 / 148. 
Note: Plate mechanical properly requirements: Yield strength >345 MPa. tensile strength = 490-640 MPa, tor 16-40 mm thickness, absorbed Charpy energy >27l at - 5 0 C 

eluded studies on welds produced in the 
flat and vertical positions using a num
ber of solid, metal cored and flux cored 
welding wires (Refs. 3-5). Both mild and 
C-Mn steels to BS4360 Grades 43A and 
50D were employed, but many of the 
consumables in these earlier investiga
tions are not appropriate for the weld
ing of BS4360 Grade 50EE, which has a 
more stringent Charpy toughness re
quirement of >27J at -50°C (20 ft-lb at 
-58°F). Moreover, there was generally 
little comment on the microstructures 
produced. 

For the present study, a variety of 
welding consumables was chosen 
which contained nominal ly 1 % Ni to 
improve low-temperature toughness and 
which, according to the manufacturers' 
all-weld-metal data, gave Charpy tough
ness exceeding that specified for the 
base steel employed, viz. >27 J at -50°C. 
Each consumable was assumed to be 
broadly representative of that type of 
welding wire. Whi le short-circuiting 
transfer can be employed for out-of-po
sition welding with sol id, metal cored 
and basic flux cored welding wires, syn
ergic pulsed welding was used in order 
to achieve improved operabil i ty. This 
process, which was first described by 
Amin and coworkers (Ref. 7), is well es
tablished for welding with solid weld
ing wires, where it either permits or fa
cilitates out-of-position welding (Refs. 
8-12). It has also been reported to allow 
closer control of metal transfer, and to 

give improved penetration (Refs. 8,10) 
and weld toughness (Ref. 8). Extension 
of the process for use with metal cored 
and flux cored welding wires has been 
discussed (Refs. 8, 12). Both satisfactory 
(Refs. 13, 14) and generally unsatisfac
tory (Ref. 15) synergic pulsed welding 
has been reported with both types of 
consumable. Therefore, metal cored and 
basic flux cored welding wires were in
cluded in the present study in part to ex
amine the feasibility of synergic opera
tion. 

Vertical uphill welding was selected 
as being representative of out-of-posi
tion welding, with the expectation that 
weld nitrogen levels might be higher 
than would occur for other positions. 
The weld metals were examined in the 
as-welded and stress-relieved condi
tions. Chemical analysis and metallo
graphic examination were carried out, 
with assessment of deposit tensile and 
toughness properties, the last involving 
Charpy and CTOD testing. 

Experimental Details 

Materials 

The plate employed was a 30-mm 
(1.2-in.) thick C-Mn-Si-AI-Nb steel, with 
a minimum yield strength of 345 MPa 
(50 ksi), which conformed to BS4360: 
1986 Grade 50EE —Table 1. 

The 1 % Ni welding wires used in this 
study were a rutile (Ti-B) flux cored wire, 

a basic flux cored wire, a metal-cored 
wire and a solid wire, all of 1.2-mm 
(0.047-in.) diameter. A 2-mm (0.078-in.) 
diameter self-shielded flux cored wire 
was also used. The chemical composi
tions and the AWS designations for these 
electrode wires are given in Table 2. The 
analyses were obtained on remelted 
samples using a direct-reading optical 
emission vacuum spectrometer. In view 
of the presence of slag-forming ele
ments, the analyses for the cored weld
ing wires should be considered as semi-
quantitative. Oxygen and nitrogen con
tents of the solid welding wire were de
termined by inert gas fusion in a Leco 
T-1 36 analyzer. Shielding gas, which 
was employed with all except the self-
shielded wire, was Ar-20%CO2 , with a 
flow rate of 1 5 L/min (7 ft3/h). 

Welding Details 

Of the various ways in which com
parisons could be made between the 
chosen consumables, it was decided that 
all the welds should be deposited in a 
similar sequence of beads, with the in
tention of producing welds all of which 
had a similar macroscopic appearance. 
An asymmetric double-V-groove prepa
ration was employed (Fig. 1) in which 
the major side was welded first. This 
configuration permitted sampling of the 
potentially lower as-welded toughness 
root region (Ref. 3) not only in Charpy 
toughness tests, but also within the re
gion of highest constraint (toward the 

Table 

Wire 
Code 

I 

2 

3 
4 
5 

2 — Chemical 

Wire 
Type 

Self-shielded 
flux cored 

Rutile flux 
cored 

Metal cored 
Solid 
Basic flux 

cored 

Analyses (wt-°i 

AWS 
Code l a l 

E71T8-
K6 

E81T1-
Ni1 

E70T-1 

— 
E80T5-C 

C 

0.09 

0.05 

0.09 
0.10 
0.11 

) of Remel ted Samples 

S 

<0.002 

0.011 

0.011 
0.004 
0.012 

P 

0.005 

0.015 

0.010 
0.006 
0.008 

Si 

0.23 

0.47 

0.61 
0.69 
0.37 

of the Wires Used in 

Mn 

0.80 

1.56 

1.64 
1.30 
1.43 

Ni 

0.83 

1.08 

0.71 
1.38 
I I I 

( : 

0.16 

0.04 

0.02 
0.05 
0.03 

This Investigation 

Element 

M M 

0.02 

0.005 

0.01 
0.005 
0.005 

wt-% 

V 

<0.002 

0.03 

0.01 
0.002 

<0.002 

Cu 

0.01 

0.02 

0.01 
0.05 
0.06 

Ti 

0.072 

0.087 

0.004 
0.102 
0.011 

Al 

0.80 

0.005 

<0.003 
0.012 
0.016 

B 

<0.0003 

0.0093 

<0.0004 
<0.0003 
<0.0003 

N 

— 

— 
0.009 

o 
-

— 
0.009 

Note: Nb < 0.002, except wire number 2. 0.022-
Sn, As < 0.005, except wire number 2, 0.01 Sn. 
Co «S 0.005, except wire number 2, 0.01 and wire number A, 0.04. 
(a) AWS Specification A5.29-80. Specification for Low Alloy Steel Electrodes tor Flux Cored Arc Welding. The manufacturer of the solid wire did not give an AWS designation. 
TWI analyses S/86/406 and O / N 86/176. 
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T a b l e 3 — W e l d i n g P a r a m e t e r s 

W e l d 

C o d e 

F 

R 

M 

S 

B 

W i r e 

T y p e 

Self-

sh ie lded 

Rut i le 

f lux 

c o r e d 

M e t a l 

c o r e d 

Sol id 

Basic 

f lux 

c o r e d 

Po lar 

ity 

- v e 

4 - v e 

+ v e 

+ v e 

4 -ve 

Pass 

N u m 

be r 

1 
2 

3 

4 i : " 
5(b) 

6<a) 

7(a) 

1 

2 

3 

4 

5(b) 

6(a) 

7(a) 

1 
2 
3 
4(b) 

5(a) 

6(a) 

7(a) 

1 
2 
3 
4(b) 

5(a) 

6(a) 

7W 
I 

2 
3 
4 
5(b) 

6(a) 

7(a) 

M e a n 

C u r 

r e n t , 

A 

191 
209 
209 
200 
197 
209 
204 

174 
193 
200 
204 
195 
204 
174 

54 
92 
88 
87 
90 
88 
79 
68 
98 

103 
78 
99 
94 
78 

KH 
120 

137 

137 

126 

131 

115 

M e a n 

V o l t a g e , 

V 

16.9 

17.8 

17.9 

17.3 

17.2 

17.7 

I7.2 

21 .2 

22 .1 

23 .0 

23 .5 

22 .5 

22 .9 

20 .6 

28.2 

29 .3 

29 .2 

28 .8 

28 .6 

28 .6 

28 .4 

27 .4 

30 .0 

29 .5 

28 .1 

29 .7 

30 .5 

27.3 

23 .8 

24.3 

25 .0 

25 .0 

24.7 

24 .5 

24.2 

T rave l 

S p e e d . 

m m / 

m i n 

7 0 

6 6 

5 8 

7 7 

7 8 

75 

8 9 

153 

146 

9 9 

9 5 

110 

143 

153 

85 

59 

5 6 

6 6 

174 

101 

97 

7 7 

5 2 

6 3 

6 8 

142 

8 2 

9 1 

113 

8 9 

7 7 

7 8 

8 1 

9 9 

8 1 

W i r e 

Feed 

S p e e d , 

m / m i n 

1.8 

2. 1 
2.1 
IVI 
1.9 

2 . 1 

1.9 

5 .8 

6.7 

6 .8 

7 .0 

6 .4 

6.7 

5.1 

3.0 

4.7 

4 .7 

3.6 

4 .2 

4 .0 

3.2 

2 .9 

3.5 

3.6 

3.4 

3.6 

3 .6 

3 .1 

4 .5 

5.0 

5.2 

5.2 

4.7 

4 .9 

4 .6 

H igh 

Pulse 

C u r 

r e n t 

A 

3 4 0 

3 6 0 

3 6 0 

3 8 0 

3 8 0 

4 0 0 

3 5 0 

3 4 0 

4 0 0 

4 1 0 

3 9 5 

4 0 0 

3 6 0 

3 9 0 

3 7 5 

3 9 0 

395 

395 

3 8 0 

3 9 0 

3 8 0 

High 

Pulse 

Volt
age, 

V 

37 

38 

38 

37 

36 

37 

36 

36 

36 

36 

35 

37 

37 

35 

33 

33 

34 

34 

3 4 

33 

33 

H igh 

Pulse 

T i m e , 

m s 

1.3 

1.7 

1.6 
1.8 
1.6 
1.6 
1.7 
1.6 
1.8 
1.8 
1.4 
1.7 
1.9 
1.6 
1.7 
1.8 
1.9 
1.9 
1.8 
1.9 
1.9 

L o w 

Pulse 

C u r 

r en t , 

A 

2 0 

25 

2 5 

2 0 

3 0 

25 

25 

JO 
25 

25 

25 

3 0 

3 0 

25 

5 0 

5 0 

5 0 

5 0 

5 0 

5 0 

5 0 

L o w 

Pulse 

V o l t 

a g e , 

V 

27 

27 

27 

27 

27 

27 

27 

26 

28 

28 

27 

2 8 

29 

26 

2 2 

22 

22 

22 

22 

22 

22 

Pulse Paramete rs 

L o w 

Pulse 

T i m e , 

m s 

10.8 

6.8 

6 .9 

7.8 

7.75 

7.8 

8.6 
9.0 
7.6 
7.0 
8.3 
7.5 
7.9 
9.5 
9.2 
6.9 
5.6 
5.6 
6.0 
6.0 
7.85 

Pulse 

Fre

q u e n c y , 

H z 

83 

118 

118 

104 

IO-

I I lh 

97 
94 

108 
113 
I03 
KV) 

102 
90 
9 2 

115 

133 

133 

128 

126 

103 

A r c 

Energy, 

k j / m m 

2.7 

3.3 

3.8 

2.6 

2.6 

2.9 

2.3 

1.5 

1.8 

2 .8 

2.9 

2.4 

1.9 

1.4 

1.3 

3.3 

3.4 

2 .8 

1.0 
1.8 

1.6 

1.8 

3.9 

3.4 

2.3 

1.4 

2 .4 

1.7 

2.2 

4 .1 

4 .0 

3.7 

1.6 

2.9 

2.2 

M e a n 

A r c 

Energy , 

k ] / m m 

2.9 

2.1 

2.2 

2 .4 

3.0 

To ta l 

A r c 

T i m e , 

nun 

137 

7 9 

122 

130 

112 

A v e r a g e 

D e p o s i 

t i o n 

Rate, 

kg/h 

2.0 

3.4 

2.2 

2.1 

2.4 

(a) Passes deposited in the second (minor) side. 
(b) Cap on the first (major) side (split weave for Weld F) 
1. The values of arc energy for the Synergic pulsed welding are only approximate, as they were calculated assuming an idealized square waveform, i.e., the times required to reach the peak and the 
background current and voltage were assumed to be pan of the peak time and the background time, respectively. 
2. Values of electrode extension were 12-19 mm for Weld F and 12-15 mm for Weld B. 
3. The f low rate for the Ar-20",. C 0 2 shielding gas (Welds R to L) was 15 L/min 
4. The wires were all 1.2 mm diameter, except the self-shielded wire, which was 2.0 mm. 

center of the specimen) in CTOD test 
specimens, which were notched through 
the thickness. 

The overall panel size for each weld 
was 1.4 X 0.25 m (4.6 X 0.81 ft). Restraint 
was provided by four strong-backs, each 
50 mm (2 in.) thick, 250 mm (10 in.) wide 
and at least 150 mm (6 in.) deep, attached 
to the plate on the minor side, approxi
mately equally spaced, and separated by 
restraining bars, which were welded be
tween the strong-backs to counter bow
ing of the panel — Fig. 1. The panels were 
welded uphill without preheat, and with 
a maximum interpass temperature of 
150°C (302°F). The major side of the 
preparation was filled completely before 
the strong-backs were removed. In order 
that any potentially lower toughness re
gion in the root could be examined and 
tested, back-gouging was not employed. 
Instead, the root was lightly ground back 
to sound metal, and the second side of 
the weld was completed. 

Both the rutile flux cored and the self-
shielded flux cored welding wires welded 
satisfactorily with constant voltage power 
sources. Thyristor-controlled trans
former/rectifier GMA welding power 
sources, a Lincoln Idealarc R35-400 and 
a Hobart Mega-MIG 450RVS were em
ployed for the self-shielded and rutile flux 
cored consumable respectively, and an 
inverter preprogrammed synergic pulsed 
GMA welding power source (Fronius 
500) was employed for the metal-cored 
and the solid welding wires. As this last 
machine did not have a suitable program 
for welding with the basic flux cored wire, 
a programmable synergic pulsed GMA 
transformer/ rectifier welding power 
source (AWP M450) was employed. The 
maximum current capability of the weld
ing power sources was 400 A and 450 A 
respectively, for the constant voltage ma
chines and 350 A (maximum mean cur
rent at 100% duty cycle) for the synergic 
power sources. 

The pulse parameters employed for 
the synergic pulsed welding were those 
which gave the most stable arc. During 
welding, values of the parameters em
ployed (Table 3) were read from traces 
produced on a Medelec oscillographic 
recorder. The welding parameters used 
with the constant voltage power sources 
were recorded with a portable arc mon
itoring device (PAMS II) (Ref. 1 6). The 
(mean) current and other welding de
tails were wi th in the ranges recom
mended by the consumable manufac
turers, but were not necessarily the op
timum values, as an attempt was made 
to employ a similar arc energy for cor
responding beads in each of the welds, 
in order to facilitate comparison of the 
various consumable types. The travel 
speeds quoted in Table 3 were obtained 
by dividing the panel length by the arc 
time for each pass. Average deposition 
rates for each completed weld were 
evaluated using weld areas, determined 
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Fig. 1 — Weld preparation. 

Fig. 2 — Cutting 

scheme. 

$T 
\30mm Start 

I 20mm 
150mm 

350mm 

1 im 

60mm 

90 mm 

60 mm 

r 
350mm 

150mm 

. L . J L 
20 mm I 

Discard 
'.Metallography 

Charpy 

CTOD 

Tensile 

Chemical analysis 

Tensile 

CTOD 

Charpy 

'.'.Metallography 

Retained 
as- welded 

Employed 
as -welded 

Stress -
relieved 

•250 mm 

from the macrosections, and total arc 
times. 

Chemical Analyses of Weld Metals 

The first pass root and second pass 
fi l l regions, corresponding approx
imately to the regions sampled by me
chanical test specimens discussed 
below, were analyzed in an optical 
emission vacuum spectrometer, spark
ing directly onto the face of a longitudi
nal section down the weld central plane. 
For both the as-welded and stress-re
lieved portions of the panel, an estimate 
of the free nitrogen content was ob
tained, for each region, by difference be
tween the total nitrogen content and the 
residual nitrogen after nitrogen extrac
tion at 450°C for 1 h in a hydrogen at
mosphere. Samples for oxygen and ni
trogen analyses were cut from each of 
the two regions and were again analyzed 
in a Leco TC-1 36 analyzer. 

Determination of Mechanical Properties 

After completion of welding, part of 
the panel was given a stress relief heat 
treatment at 600°C (111 2°F) for 1.2 h, 
fo l lowing the requirements of 
BS5500:1 985, for example. The panels 
were sectioned as shown in Fig. 2. 

In both the as-welded and stress-re
lieved conditions, sample extraction and 
testing are described below. 

One longitudinal tensile specimen 
was extracted from the first pass root re
gion, and one from the second pass fil l 
region of each weld. These were BS1 8 
specimens with a gauge length of 22.7 
mm (0.9 in.) and a gauge diameter of 
5.64 mm (0.22 in.). The tensile speci
mens and the blanks for the CTOD spec
imens discussed below were given a hy
drogen release treatment of 40 h at 
1 50°C, prior to testing, in order to sim
ulate the escape of hydrogen in a fabri
cation prior to service. The tensile spec
imens were tested at room temperature. 

Weld metal hardness was measured 
on transverse sections, using a Vickers 
diamond pyramid indenter and a 1 0-kg 
(22-lb) load. 

From each of 10 transverse slices of 
each weld, two Charpy specimens were 
extracted, sampling approxi- mately the 
second pass fi l l and the first pass root 
regions. The specimens were notched 
through the thickness on the weld cen
tral plane, and each set was tested over 
a range of temperatures to provide a 
transition curve. 

Nine square section (B X B) crack tip 
opening displacement (CTOD) speci
mens were extracted from each panel. 
They were notched through the thick
ness with a crack depth-to-specimen 
thickness (aAV) ratio of -0.25. They were 
tested in triplicate at temperatures within 
the range -50° to 30°C (-58° to 86°F). 
The fatigue precracking, the CTOD test

ing, and computation of the results were 
all carried out according to BS 
5762:1979 (which is similar to the U.S. 
Standard E 1290-1989). Those speci
mens which did not break during the test 
were broken open after being chilled in 
l iquid nitrogen. In order to induce the 
formation of a fatigue precrack with a 
straight front, the as-welded specimens 
were each locally precompressed by 1 % 
(Ref. 17) prior to fatigue precracking. 
Testing was carried out in three-point 
bending under displacement control, at 
a crosshead displacement rate of 0.01 
mm/s. 

Metallographic and Fractographic Studies 

Transverse sections of the weld, in 
both the as-welded and stress-relieved 
conditions, were ground and polished 
to a 1 -(im diamond finish and were then 
etched in nital, prior to metallographic 
examination. Measurements were made 
of the percentages of as-deposited and 
reheated, i.e., re-austenitized, regions 
on the weld central plane of the as-de
posited specimens, in locations corre
sponding approximately to those sam
pled by the Charpy specimens. In addi
t ion, the percentages of the various mi
crostructural constituents in the as-de
posited microstructure, generally in the 
final pass on the second side, were as
sessed by counting an array of 1000 
points, wi th the aid of a Swift point 
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coun te r . The t e r m i n o l o g y e m p l o y e d is 
that of Ref. 18. 

Se lec ted C T O D test s p e c i m e n s , 
w h i c h had f ractured dur ing test ing, were 
sub jec ted to de ta i l ed f rac tog raph ic ex
amina t ion in a scanning e lect ron m i c r o 
scope (SEM). The a p p r o x i m a t e po in t o f 
i n i t i a t i o n o f t he uns tab le f r ac tu re w a s 
m a r k e d w i t h a sma l l pa i n t spot on t he 
fracture surface, and each spec imen was 
sect ioned th rough this po in t pe rpend ic 
u la r to the f r ac tu re sur face (to g ive a 
transverse w e l d sect ion), thereby a l l ow 
ing m e t a l l o g r a p h i c e x a m i n a t i o n o f t he 
m i c r o s t r u c t u r e in the i n i t i a t i o n reg ion 
(Ref. 19). 

Results 

Welding Behavior 

The data in Tab le 3 s h o w that a l l 
we lds were comp le ted in a total of seven 
passes. G e n e r a l l y , o n e b e a d per layer 
was e m p l o y e d . H o w e v e r , there w e r e 
some u n i n t e n t i o n a l va r i a t i ons in b o t h 
the sequence o f beads a n d the arc e n 
ergies o f beads in pa r t i cu la r l oca t i ons . 
The d i f fe rences are a c o n s e q u e n c e o f 
d i f fe rences in w e l d i n g b e h a v i o r o f the 
var ious consumab les and the d i f f i cu l t y 
o f m a i n t a i n i n g a par t i cu la r va lue of arc 
energy . O v e r a l l , t he arc energ ies w e r e 

Fig. 3 — Macrographs of selected welds in the as-welded condition, showing the bead pro
files. Left — Weld F; right — Weld R. 

greater fo r t he se l f - sh ie lded f l ux co red 
and the basic f lux co red w e l d i n g w i res , 
a n d the v a r i a t i o n in arc ene rgy was 
greater for the synerg ic pu lsed w e l d i n g 

t h a n fo r the cons tan t vo l t age p o w e r 
sources. The f ie rce arc and deep pene
trat ion of the self-shielded e lec t rode, and 
the use of s l i gh t l y h igher leve ls o f arc 

Table 4 — Chemical Analyses (wt-%) of the Welds 

Weld 
Code 

F root 

F 
cap 

R 
root 

R 
cap 

M 
root 

M 
cap 

S 
root 

S cap 
B 

root 

B 
cap 

Wire Typ 

Self-
shielded 
flux 
cored 

Self-
shielded 
flux 
cored 

Rutile 
flux 
cored 

Rutile 
flux 
cored 

Metal 
cored 

Metal 
cored 

Solid 

Solid 
Basic 

flux 
cored 

Basic 
flux 
cored 

IIW CE and Estimated Inclusion Volume Fractions l<a) 

Element, wt-% 

C S P Si Mn Ni 

0.08 0.002 0.009 0.26 1.02 0.55 

Cr Mo V Cu Nb Ti Al B 

0.11 0.01 0.002 0.02 0.012 0.038 0.61 <0.0003 

Total IIW 
O N AW SR CE l|a| 

0.011 0.020 0.0000 0.0007 0.31 0.06 

0.07 0.002 0.008 0.24 0.94 0.67 0.13 0.01 0.002 0.01 0.007 0.045 0.68 <0.0003 0.011 0.029 0.0016 0.0004 0.30 0.06 

0.08 0.010 0.015 0.41 1.39 0.85 0.03 <0.005 0.02 0.02 0.021 0.068 0.014 0.0064 0.058 0.006 0.0009 0.0002 0.38 0.36 

0.07 0.010 0.015 0.37 1.39 0.89 0.03 -C0.005 0.02 0.02 0.019 0.065 0.011 0.0069 0.057 0.005 0.0016 0.0003 0.37 0.36 

0.07 0.011 0.011 0.50 1.43 0.72 

0.07 0.011 0.010 0.46 1.33 0.74 

0.10 0.005 0.008 0.51 1.06 1.23 

0.10 0.005 0.007 0.54 1.08 1.32 
0.09 0.014 0.009 0.27 1.21 0.98 

0.02 0.005 0.01 0.01 0.003 0.008 0.007 0.0003 

0.02 0.005 0.01 0.01 0.002 0.007 0.006 <0.0003 

0.04 0.005 0.005 0.05 0.005 0.033 0.007 <0.0O03 

0.04 0.005 0.002 0.05 <0.002 0.037 0.006 <0.0003 
0.02 <0.005 <0.002 0.06 0.005 0.004 0.017 <0.0003 

0.095 0.010 0.0049 0.0012 0.36 0.65 

0.088 0.004 0.0013 0.0004 0.35 0.61 

0.032 0.011 0.0044 0.0011 0.37 0.20 

0.035 0.015 0.0059 0.0008 0.38 0.22 
0.042 0.010 0.0041 0.0015 0.37 0.31 

0.09 0.015 0.009 0.26 1.24 1.04 0.02 0.005 <0.002 0.06 0.003 0.004 0.013 <0.0003 0.045 0.010 0.0050 0.0017 0.38 0.34 

Note: Sn «s 0.005, except Weld R cap, 0.01. 
Co < 0.01, except Weld S root, 0.03 and Weld S cap, 0.04. 
As «£ 0.005. 
Ca, Pb, Zr all < 0.005, except Weld F (root and cap), Zr = 0.03. 
TWI analyses S/86/402. O / N 86/174 and O / N 88 /10 . 
IIW CE = C + M n / 6 + (Cr + M o + V) /5 + (Ni + Cu)/15. 
(a) The estimated inclusion volume fraction, I, was calculated according to the method employed in Ret. 20 This procedure ignored the contribution f rom AIN, which contributes an estimated additional 
0.14°i in the root and 0.19% in the cap for Weld F. 
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Table 5A — Percentages of As-Deposited 
Regions on the Weld Central Plane 

5B — Percentages of Microstructural Constituents in the As-Deposited Microstructure, 
Counted at a Magnification of 500 

Weld 
Code 

F 

K 

M 

s 

B 

Wire Type 

Self-shielded 
flux cored 

Rutile flux 
cored 

Metal cored 

Solid 

Basic flux 
cored 

Region 
Sampled'6' 

Root 
Fill 
Root 
Fill 
Root 
Fill 
Root 
Fill 
Root 
Fill 

% 
As-

Deposited 

54 
60 
50 
52 
71 
52 
73 

57 
44 
48 

Weld 
Code 

F 
F 
R 
M 
S 
B 

(a) PF = 
(b) Cap 
Root = 

primary 

Wire Type 

Self-shielded flux cored 
Self-shielded flux cored 
Rutile flux cored 
Metal cored 
Solid 
Basic flux cored 

ferrite: FS(A) = ferrite wi th aligned 
= capping pass on the second side. 
first side root, second pass 

Note that, tor Weld F, in both the cap and the root 
welds. PF is entirely PF(C). 

Region 
Sampled lbl 

Cap 
Root 
Cap 
Cap 
Cap 
Cap 

pF(a)_ 

% 
8 
3 
0 
7 
5 
6 

second phase: AF = acicular ferrite. 

the distinction between 

FS(A)<a> 

% 
48 
74 
12 
13 
10 
15 

PF(C) and PF(I) could not be made. 

AF (a>, 

% 
44 
22 
88 
80 
85 
79 

For the remaining 

(a) Root = region corresponding to that sampled by the Charpy 
toughness specimens extracted from the first side root region. 
Fill = region corresponding to that sampled by the Charpy 
toughness specimens extracted f rom the second side 

energy, resulted in the deposition of 
larger beads for weld F than for any of 
the others. The arc energy of the root 
pass of this weld was higher than that in 
any of the other welds, and the capping 
pass on the first side, (an area sampled 
only toward the outer edge of the CTOD 
specimens and not in any of the other 
mechanical test specimens) was com
pleted with a split weave. The major side 
of welds F, R and B was completed in 
five passes, compared with four passes 
for welds M and S. Macrographs of se
lected welds are presented in Fig. 3. 

The synergic pulsed power source 
used for welds M and S gave spray trans
fer, easy control of the weld pool, low 
spatter, and a reasonably good bead sur
face appearance. In spite of adjustment 
of the synergic pulse parameters to give 
the most stable arc condit ion for the 
basic flux cored welding wire (Weld B), 
the welder reported that the weld pool 

was diff icult to control. The globular 
transfer achieved with this consumable 
gave rise to high spatter, a coarse ripple 
on the bead surface, and the presence 
of some entrapped slag. 

Welds F and R were deposited by 
globular and by spray transfer, respec
tively, using the constant voltage power 
sources. For both the self-shielded and 
the rutile flux cored electrodes, the weld 
pool was easy to control and there was 
little spatter. The self-shielded welding 
wire gave a coarse ripple on the bead 
surface. By contrast, the rutile flux cored 
electrode gave a particularly smooth 
bead profile. The average deposition rate 
for this consumable was substantially 
larger and the total arc time was corre
spondingly shorter than for any of the 
others — Table 3. 

Weld Chemical Analyses 

Chemical analyses (Table 4) show 
that there were only minor differences 
in C content, but rather larger differences 

w^WSSS^S^^ 
'^jmmwm. 

Fig. 4 — Microstructure of second-side weld metal of Weld F, as-welded. A — As-deposited 
region of the cap and underlying re-austenitized region, 50X; B — as-deposited region of the 
cap, 50C1X. 

in the levels of Si, Mn , N i , Ti , A l , B, N 
and O. In all cases except in the root of 
the self-shielded deposit, the free nitro
gen content was reduced substantially 
by stress relieving. Weld F contained a 
small amount of Cr (-0.1 %), which is 
presumably a deliberate addition. Small 
but significant amounts of Ti were pre
sent in all welds. However, the Ti con
tents of Welds M and B were much lower 
than in Welds F and S, and also in Weld 
R, which contained a significant level 
(-0.0065%) of boron; Weld R also had 
the lowest total nitrogen content and low 
estimated free nitrogen levels, possibly 
because of the presence of Ti and boron. 
In spite of having the highest total nitro
gen content, Weld F had very low esti
mated free nitrogen levels (presumably 
due to the presence of ~0.65%Al and 
~0.04%Ti), and also a very low oxygen 
content (-0.01%), which may also be a 
consequence of the high Al level. The 
low oxygen and sulfur contents of this 
weld resulted in a very low estimated 
inclusion content, comparable with 
those found in gas tungsten arc welds. 
By contrast, Weld M contained almost 
an order of magn itude more oxygen, pre
sumably because of the use of a small 
amount of slag formers and very low lev
els of Al or other strong deoxidants. In 
contrast to all the other welds, this de
posit had a somewhat higher nitrogen 
content in the root region than in the cap 
pass, possibly resulting from incomplete 
gas shielding and the slightly higher 
high-pulse arc voltage in the early 
passes. 

Microstructural Studies 

Macrographs illustrating representa
tive weld transverse sections are shown 
in Fig. 3. The percentages of as-de
posited weld metal in the regions corre
sponding to those sampled by the 
Charpy specimens were determined as 
discussed previously. The results are 
shown in Table 5A. The highest percent
ages (-70%) occur in ihe first side root 
region in Welds M and S. These figures 
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are undoubtedly influenced strongly by 
the presence of a low arc energy bead 
in the first pass of the second side of 
these welds. The remaining values range 
from 44 to 54% in the first side root and 
from 48 to 60% in the second side fi l l 
region. 

The percentages of the various mi 
crostructural constituents in the as-de
posited microstructure are shown in 
Table 5B. As-deposited microstructures 
were closely similar in the cap and root 
region of each weld, except for Weld F. 
Hence, it was only for this weld that the 
root region was also assessed. Micro
graphs of second side weld metal in se
lected as-welded specimens are pre
sented in Figs. 4 and 5. The low inclu
sion volume fraction of Weld F (-0.05%, 
compared wi th 0.20 to 0.65% for the 
other welds) probably provided insuffi
cient nucleants to produce a fine acicu
lar ferrite microstructure — Fig. 4 and 
Table 5B. The microstructure contained 
comparatively large colonies of FS(A), 
which would be expected to have an ad
verse effect on cleavage resistance. The 
as-deposited microstructure of Weld M 
(Fig. 5) and also of Welds S and B, con
tained a high proportion of fine-grained 
acicular ferrite, wi th sufficient grain-
boundary nucleated transformation 
products to reveal the location of the 
prior austenite boundaries. By contrast, 
Weld R, the rutile flux cored deposit, 
had such a uniform fine-grained mi 
crostructure that it was difficult to iden
tify the prior-austenite grain boundaries, 
and thus at high magnif ication, it was 
diff icult to locate the boundaries be
tween as-deposited and reheated weld 
metal. (The 12% ferrite with aligned sec
ond phase, FS(A), in this deposit was pre
sent in small regions among the acicu
lar ferrite laths.) 

The effect of stress-relieving, in all de
posits, was to induce precipitation at 
many of the ferrite grain boundaries — 
Fig. 6. 

Tensile and Hardness Results 

The tensile and hardness data are pre
sented in Table 6. In the as-welded con
dition, the yield strength, tensile strength 
and hardness of Weld F are the lowest, 
reflecting the low IIW CE of this weld — 
Table 4. The highest strength and hard
ness were obtained in Weld R, proba
bly as a consequence of the moderately 
high levels of Si, Mn, Ti and B, and also 
the presence of ~0.02%Nb. As noted 
earlier, this weld also had a fine and very 
uniform microstructure, wh ich would 
have contributed to its strength and to a 
high value (0.9) of the yield-to-tensile 
ratio. Of the remaining welds, Weld S 
had the highest strength, to which the 
presence of ~0.03%Ti probably made 

Fig. 5 — Microstructure of second-side weld metal of Weld M, as-welded. A — As-deposited 
region of the cap, and underlying re-austenitized region, 50X; B — as-deposited region of the 
cap, 50X. 

some contribution. Values of the elon
gation generally lay in the range of 1 5 
to 20%, with 62 to 74% reduction of 
area. 

In the stress-relieved condition, yield 
strength values range from -480 to 680 
MPa ( -69.6-98.6 ksi), and the tensile 
strength values range from - 5 9 0 to 743 
MPa (85.6-107.7 ksi). In both cases, the 
highest value is associated with the fi l l 
region of Weld R. Stress relieving was 
expected to reduce the tensile strength 
of all welds, in view of the hardness 
changes, which are discussed below. 
The reductions in tensile strength were 
- 2 0 to - 4 0 MPa (2.9-5.8 ksi) in the fil l 
regions of Welds F, R and S, but were 
substantially larger in the fi l l regions of 
Welds M and B, namely 59 and 54 MPa 

(8.5 and 7.8 ksi), respectively — Table 
6. The tensile strength changes in the 
root were rather more complex. Stress 
relieving generally reduced the tensile 
strength, but it even produced a small 
increase in tensile strength in the root 
region of Weld F, and there was a much 
more substantial increase in strength in 
the root region of Weld S (41 MPa; 5.9 
ksi). 

The changes in yield strength fo l 
lowed a broadly similar pattern to those 
of the tensile strength, including an in
crease (by 28 MPa; 4.1 ksi) in the root 
region of Weld S. Exceptions were in the 
root region of Welds F and B, and in the 
fil l region of Weld M, Table 6. Elonga
tion and reduction in area were essen
tially unchanged by stress-relieving — 

Fig. 6 — Micrographs of as-deposited weld metal in the capping pass on the second (minor) 
side of Weld S. A — As-welded; B — stress-relieved. 
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Fig. 7 — Fractograph from within a region of cleavage fracture on as-welded CTOD Specimen 
M-3 (dc = 0.12 mm at-ICPC) showing local initiation of cleavage fracture at a small region of 
microphase, -500X/-2000X. 

Table 6. Thus, in spite of the removal of 
strain damage, ductility has not been im
proved. 

In the as-welded condition, the mean 
hardness ranged from 200 HV10 in the 
root of weld F to 271 HV10 in the fill re

gion of Weld R. In all deposits, the fi l l 
region was harder than the root, al
though the difference was minimal in 
the case of Weld M — Table 6. 

After a stress relief heat treatment, the 
mean hardness values generally ranged 

f rom~190HV10 to~215 HV10, the ex
ceptions being Welds R and S. The 
changes in hardness produced by stress-
relieving are also shown in Table 6. 
Compared wi th the as-welded values, 
these mean hardness values are - 1 0 
HV10 lower for Welds F and B and 1 3 
to 1 9 HV10 lower for the remainder, ex
cept for the fil l region of Weld R and the 
root region of Weld M, where the hard
ness changes upon stress relieving were 
-24 and -31 HV1 0, respectively. 

Charpy Toughness 

With the exception of the root region 
of Weld F, the as-welded Charpy tough
ness was higher than the minimum 
toughness specified for the plate of 27 J 
at -50°C — Table 7. The highest upper 
shelf Charpy toughness was found in 
Weld F, consistent (Ref. 21) with its low 
calculated inclusion volume fraction — 
Table 4. The toughness transition for the 
root region of this specimen is particu
larly steep, falling from >140 J at -20°C 
to <20 J at -60°C (>1 03 ft-lb at -4°F to 
1 4.7 ft-lb at -76°F). The low inclusion 
volume fraction also undoubtedly makes 
a contr ibut ion to the steepness of the 
transition curve, as reported by Bailey 
and Pargeter (Ref. 20). Conversely, Weld 
M, with a high inclusion content, dis
played a comparatively low upper shelf 
Charpy toughness, and a shallower slope 
of the Charpy transition curve compared 

Table 6 — As-Welded and Stress-Relieved Tensile and Hardness Data 

As-Welded Data Stress-Relieved Data 

Identity 

F Root 

F Fill 

F 
Root 

F Fill 

M 
Root 

M Fill 

S 
Root 

S Fill 

B 
Root 

B Fill 

Electrode 
Wire 
Type 

Self-
shielded 
flux 
cored 

Self 
shielded 
flux 
cored 

Rutile flux 
cored 

Rutile flux 
cored 

Metal 
cored 

Metal 
cored 

Solid 

Solid 

Basic flux 
cored 

Basic flux 
cored 

Yield 
Strength 

MPa 

532 

528la> 

676<a> 

706 

532 

575M 

585|a) 

665<a> 

584 la| 

544(a) 

Tensile Yield Elong- Reduct-
Strength, Tensile ation. ion of 

MPa Ratio "., Area, "o 

hU5 

615 

0.88 69 

0.86 20 74 

736 0.92 17 64 

781 0.90 15 62 

626 0.85 18 64 

655 0.88 12 |b| 471"' 

652 0.90 17"" 7|b> 

743 0.90 19 68 

645 0.90 19 65 

653 0.83 19 68 

Hardness Yield Tensile Yield Elong- Reduct-
min-max Strength, Strength. Tensile ation, ion of 

mean MPa MPa Ratio 
HV10 

185-225 503(a> 612 |a| 0.82 14 
200 

199-2 12 484lal 

207 

226-274 616 
244 

249-292 680 
271 

195-237 514 la l 

218 
209-227 490 ,al 

220 
217-240 613 la l 

230 
249-264 618<al 

256 
195-233 527 

212 
207-25 I 

224 
502 la l 

690 

743 

6i 19 

596 

693 

702 

620 

599 

0.81 

0.89 

0.92 

0.88 

0.88 

0.85 

0.84 

19 

17 

0.84 21 

0.82 20 

17 

19 

20 

a 

Area. ' 

60 

~1 

60 

67 

64 

66 

67 

67 

68 

69 

Change in 
Tensile Properties 

and in Mean Hardness 
on Stress-Relieving 

Hardness Yield Tensile Elong- Reduct- Hardness 
min-max Strength. Strength, ation, ion of min-max 

mean MPa MPa % Area, ".-. mean 
HV10 HV10 

I77-220 
189 

231 
238-253 

187 
178-2 17 

201 
190-228 

-29 4-7 - 5 - 9 - 1 1 

191-203 - 4 4 
197 

206-248 - 6 0 

-26 
247 

170-205 - 1 8 

201 
195-230 4-28 

216 
218-263 - 4 7 

237 
190-213 - 5 7 

- 1 9 - 1 - 2 - 1 0 

- 4 6 - 2 - 4 - 1 3 

- 3 8 - 2 4-5 - 2 4 

- 1 7 4-3 0 - 3 1 

- 5 9 <bl(AW) •'"(AW) - 1 9 

4-41 l>»(AW) W(AW| - 14 

- 4 1 0 - 1 - 1 9 

- 2 5 4-1 4-3 - 1 1 

-42 - 5 4 4-1 4-1 - 1 0 

(a) 0.2V. proof strength. 
(b) Defect on fracture surface 
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with the other welds. 
The Charpy impact results for the 

stress-relieved welds are also summa
rized in Table 7, with the changes in 
temperature for 27, 40 and 100 J (20, 30 
and 74 ft-lb), compared with the as-
welded condit ion also included. The 
most dramatic consequences of stress 
relieving are shifts in the Charpy curves 
of ~60°C (108°F) for the root region and 
>100°C (1 80°F) in the fill region of Weld 
R. Stress relieving was also detrimental 
to toughness for the fi l l region in Weld 
F. For the three remaining welds, M, S 
and B, it changed from being detrimen
tal at 27 J (shifts of 20°, 14° and 2°C, re
spectively) to beneficial at 100 J (shifts 
of -22° , -1 6° and again -1 6°C, respec
tively). 

Concerning toughness in the root re
gion, similar behavior was observed for 
Weld M, where a stress relief heat treat
ment increased the temperature for 27 J 
by 1 3°C (23°F) and decreased the tem
perature for 100 ) by 6°C (11 °F). The re
maining welds behaved differently. A 
stress relief heat treatment became dele
terious to toughness in the root for Welds 
F and S as the toughness criterion 
changed from 27 J (a shift of -14°C and 

49,5X 
1MM 

25KU WD'35MM S'01986 P=03769 

Fig. 8 — Fractograph showing a high density of regions of cleavage fracture on as-welded 
CTOD Specimen M-3, 50X. 

Table 7 — As-welded and Stress-Relieved Toughness 

Charpy Toughness From 
Transition Curves 

Critical CTOD for BxB Specimens 
Notched through the Thickness, mm 

Elec
trode 
Wire 

As-Welded 
Data 

Stress-Relieved 
Data 

Change in Charpy 
Temperature on 

Stress-Relieving, °C As-Welded Stress-Relieved 

Identity Type 27J 

F 
Root 

F 
Fill 

R 
Root 

R Fill 

M 
Root 

Self- - 4 0 
shielded 
flux 
cored 

Self- - 6 4 
shielded 
flux 
cored 

Rutile 
flux 
cored 

Rutile 
flux 
cored 

Metal 
cored 

Temperature, C Energy, J Temperature, C Energy, J 

•20°C-40°C 271 40] 100) -20°C-40°C 27) 40) 

74 44 - 1 4 - 4 

40J 

- 3 8 

M Fill Metal 
cored 

S 
Root 

S Fill 
B 

Root 

B Fill 

Solid 

Solid 
Basic 

flux 
cored 

Basic 
flux 
cored 

1001 

- 3 4 142 28 - 5 4 -42 

76 

-72 

-64 - 2 6 

-66 - 2 2 101 85 

-58 

-64 

-68 

-80 
-62 

-40 

-46 

-56 

-62 

42 

28 

-20 

- 4 
2 

40 

62 46 

- 7 0 - 5 6 73 55 

100) - 5 0 ° C - 3 0 o C - 1 0 - C + 1 0 o C - 5 0 ' - C - 3 0 ° C - 1 0 ° +10°C 4-30°C 

4-26 - 0.072"" 0.75"" 1.6 l l a l 0.79"" 0.60"" 1.45|b| -
0.052 |c)0.43 lb l 1.59lal 0.151'' 0.58"" 1.30<bP» - -

90 54 - 4 0 - 2 8 - 1 2 49 

24 

28 4 - 2 4 + 2 4 4-26 - 0.030(cl0.31| l» 1.14la» 0.037<c>0.059|c,0.59(b| 

4-64 +68 +58 0.34<b> 1.7#) 1.851" 
0.15(b| 1.56<a> 1.25"" 

32 45 97 13 10 +104 +111 +119 0.15"" 0.39"" 1.01<a> -

(0.029,c> 0.31|rP' 0.93 ,bi" 
(0.02 4cd) 0.036lc>" 0.048"P> 

0.021"d> 0.012'9"0.046|CP| 

-31 36 50 32 +13 +9 

64 M +20 +12 - 2 2 -

0.43 |b| 0.46"" 1.05"" 0.28(bl 0.63 lb) 2.06|a: 

0.39'b) 0.39lbl 0.39"" 0.26"" 0.57lbd» 1.68(a 

0.072|C»0.12|C| 0.97 la| 0.039,c)0.51(ct" 1.67<a 

102 63 - 6 8 - 4 8 -2 66 46 0 +8 

79 57 - 6 6 - 4 4 - 2 0 100 47 +14 +18 
70 46 - 7 4 - 5 6 - 2 8 I 10 52 - 1 2 - 8 

•18 0.27'bl 0.87 lbl 1.68lal 

0.13"" 0.78 lb l 1.67"" 
-16 0.10"" 0.46"" 1.26lb) 

-30 0.5 1"" 1.05W 1.45*' 
0.38"" 1.03(a| I.03W 

0.59"" 1.25"" 378 l a 

0.45"" 0.59"" 2.53la 

0.41"" 0.29"! 2.14<-
I 48(b) 180(a) 2.24 l a : 

1.31|a) 1.77"" 2.02' 

80 55 +2 +2 •16 0.25"" 0.83|a> 078 l a l - 1.03(a| 1.24<at" l.97<a,l> -

(a) 5m = critical C T O D al first attainment 
(b) bu = critical CTOD, after slow crack | 
(c) oc = critical CTOD. in the absence of 
- Nol determined 
() Invalid test result. 
°Pop-in 

(d) Delect on fracture surface. 

ot maximum lorce plateau (or test stopped) 
; rowth, at either, I) unstable fracture, or 2) onset ot arrested brittle crack or pop-in. 
any slow crack growth, at either 1) unstable fracture, or 2) onset of arrested brittle crack or pop-in. 
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Table 8 

Weld 
Code 

F 

r 
R 
M 

s 
B 

— Metallographic and Other Informati 

Specimen 
Number Wire Type 

Self-shielded flux cored 
8 Self-shielded flux cored 
8 Rutile flux cored 

Metal cored 
8 Solid 
7 Basic 

on Relating to Sectioned As-Welded CTOD Specimens 

Critical 
CTOD, 

mm 

6C = 0.052 
oc = 0.030(b> 
6C = 0.15 
oc = 0.072 
5U = 0.10 
5U = 0.38 

Test 
Temperature, 

= C 

- 3 0 
- 3 0 
- 5 0 
- 3 0 
- 5 0 
- 5 0 

Distance from 
Major Side 

Plate Surface, 
mm 

14.0 
19.3 
17.0 
10.5 
10.5 
7.8 

Distance From 
Base of 
Second 

Side, mm 

7.5 
2.5 
3.0 
8.0 
7.5 
12.5 

Initiation 
Bead 

Second pass 
Root pass 
Root pass 
Second pass 
Second pass 
Third pass 

Microstructural 
Region"1' 

GC 
AD 
Probably GC 
GR/IC 
IC 
SCRH 

Note: 1. In all specimens which were examined, initiation of cleavage fracture occurred in first side weld metal. 
2 In weld R. the different microstructural regions were not well-defined, as a consequence of the uniformity of the transformation structure 
(a) GC = grain-coarsened reheated; AD = as-deposited; CR = grain-refined reheated; IC = intercritical; SCRH = subcritically reheated. 
(b) Pop-in. 

no change, respectively) to 100 J (shifts 
of 26° and 1 8°C, respectively). By con
trast, stress relief was always beneficial 
in the root region for Weld B. 

As a stress relief heat treatment gen
erally produced a reduction in strength, 
it might be expected that Charpy tough
ness would be reduced at the higher 
toughness levels (where failure occurred 
predominantly by microvoid coales
cence) and increased at the lower tough
ness levels (where failure occurred pre
dominantly by cleavage). Such tough
ness changes were, in fact, only ob
served in the root region of Weld F; how
ever, the converse was not observed in 
the root region of Weld S, where a stress 
relief heat treatment raised the strength. 
In many instances, stress relieving in
creased the slope of the Charpy tough
ness curve, as observed for multiple-pass 
submerged arc welds by Bailey and Par
geter (Ref. 22). 

Crack Tip Opening Displacement Results 

The critical CTOD data are presented 
in Table 7. Considering first the as-
welded CTOD data, it wi l l be noted that 
the test temperature range was varied to 
suit the toughness of each weld. The 
highest toughness at -50°C was ob
served for Weld B (basic flux cored de
posit). This weld showed ful ly ducti le 
behavior at both -10° and -30°C. Simi
lar levels of toughness were achieved in 
Welds R and S. For Weld R, the benefi
cial effect of a fine and uniform mi
crostructure was probably partially off
set by the comparatively high strength 
of this deposit, and also by its moder
ately high inclusion content. The reason 
for the slightly poorer toughness of Weld 
S compared wi th B is not clear. Both 
have similar strengths, at least in the root 
region, and similar levels of free nitro
gen. Weld S has a substantially greater 
percentage of as-deposited weld metal 
in the root region (Table 5A), and this is 
suggested as a possible explanation, al
though the results considered in the next 
section do not show that as-deposited 

regions are necessarily the lowest tough
ness regions in these two deposits. 

Toughness was lower for Welds F and 
M, where upper shelf behavior was not 
observed until 10°C. For Weld F, it is 
clear that the adverse effect on tough
ness of a coarse microstructure has over
ridden the potentially beneficial inf lu
ences of comparatively low strength and 
a low inclusion content. Conversely, for 
Weld M the detrimental effect of the high 
inclusion content was probably overrid
ing. However, although large inclusions 
are known to be capable of init iating 
cleavage fracture (Refs. 23-27), inclu
sions were not clearly seen to be re
sponsible for the initiation of fracture at 
the primary initiation sites in the present 
welds. 

The crit ical CTOD results for the 
stress-relieved condit ion are also pre
sented in Table 7, where it may be seen 
that all welds were tested at tempera
tures of - 5 0 ° , -30° and -1 0°C, except 
for Weld R, where the first three speci
mens were tested at -1 0°C, with subse
quent specimens being tested at 10° and 
30°C. Once again, a marked deleterious 
effect of stress relieving on the tough
ness of Weld R is readily apparent. For 
all other welds, toughness improved 
upon stress relief heat treatment, and 
Weld B displayed upper shelf behavior 
over the whole of the test temperature 
range. Welds M and S showed slightly 
lower toughness than Weld B, with Weld 
M showing one very low toughness 
value (0.039 mm) at -50°C. The great
est scatter (in log critical CTOD) was ob
served for Welds F and R. The former 
showed a reasonable level of toughness 
at -10°C (lowest value 0.59 mm), but 
even at 30°C the toughness of Weld R 
was very low (lowest value 0.046 mm). 

The strong deleterious effect of a 
stress relief heat treatment on crit ical 
CTOD for Weld R is, as noted previ
ously, attributable to the occurrence of 
intergranular fracture. For Welds F and 
B, the improvements in crit ical CTOD 
resulting from stress relief are at
tributable to an improvement in cleav

age resistance in the root region, as in
dicated by the Charpy toughness data 
for these two welds. For Welds M and 
S, such an explanation does not apply. 
The observed behavior is particularly 
puzzling for Weld M, where the critical 
CTOD improved substantially, but 
Charpy toughness decreased in the root. 

Metallurgical Studies of Selected 
CTOD Specimens 

In the as-welded condition, the spec
imens selected for fractographic and 
metallographic study were generally the 
lowest toughness specimen from each 
weld — Table 8. These included speci
men F-8 (8C = 0.30 mm), for which an 
audible cl ick during testing had indi
cated the occurrence of a "pop-in"; how
ever, no corresponding arrested cleav
age fracture could be discerned on the 
fracture surface. Small welding discon
tinuities appeared on the fracture sur
faces of mechanical test specimens for 
all welds, but were rare for Welds F, M 
and S. Slag defects were noted in the 
root region on the fracture faces of a few 
CTOD samples from Welds R and M, 
and on most specimens from Weld B. 

Fractographic examination in the 
binocular microscope was employed to 
reveal the location of the point of frac
ture initiation. With some difficulty, ap
proximate locations of the probable frac
ture init iation sites were found and 
marked. Examination of the metallo
graphic sections through these regions 
permitted establishment of their loca
tion in the weld — Table 8. It w i l l be 
noted that, in these as-welded speci
mens, fracture always initiated in the 
first (major) side, generally in the first or 
second pass, within the central 10 mm 
of the 30-mm-thick specimen. An ex
ception to this was specimen B-7, where 
fracture initiation occurred in the third 
bead of the first side, at a distance of 
only ~8 mm from the level of the plate 
surface, indicating that no regions with 
a lower cleavage resistance were sam
pled in the central one-third of the spec
imen. 
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Occasional instances of local initia
t ion of cleavage fracture at inclusions 
(~1-|im diameter) were observed, as re
ported by several investigators (Refs. 
23-27). 

However, unlike the samples of some 
of these investigators, the phenomenon 
was not a general one, and did not ap
pear to have played a major role in the 
init iation of unstable fracture, as such 
features were not always seen in the gen
eral region in which fracture appeared 
to have init iated. In some instances, 
(local) cleavage fracture init iation ap
peared to have occurred at microphases 
(Fig. 7) as observed by Terlinde, et al. 
(Ref. 26) and by Chen and Yan (Ref. 28). 

The metallographic observations re
ported in Table 8 include the mi
crostructural regions in which fracture 
appeared to have init iated. In the ma
jority of welds, initiation occurred in re-
austenitized or partially re-austenitized 
regions, implying that for all the con
sumables it wou ld not necessarily be 
beneficial to toughness to deposit shal
lower layers, thereby reducing the per
centage of as-deposited weld metal. 

On the fracture surfaces of the (as-
welded) specimens from Weld M, iso
lated patches of cleavage fracture were 
observed within the band of ductile tear
ing below the fatigue precrack. Only one 
or two such features, which were up to 
-300 |im long and up to -200 u,m wide, 
occurred on the specimens which had 
given 8m CTOD values, whereas several 
such features occurred on specimens 
which had given §u values. A particu
larly high incidence occurred in speci
men M-3 (5C = 0.12 mm), within a band 
of mixed mode fracture beside the main 
cleavage fracture initiation region — Fig. 
8. Clearly, none of the features observed 
was sufficient to initiate unstable frac
ture under the prevailing test conditions. 
However, it is considered probable that 
the occurrence of slightly larger low 
toughness features, or the chance occur
rence of two such regions immediately 
adjacent, or a lowering of the test tem
perature, wou ld al low them to do so. 
Such features have been reported previ
ously (Refs. 28,29) and have been sug
gested as contributing to scatter in 
CTOD values, attributable to variations 
in their number density and their dis
tance from the fatigue crack tip. 

In the light of the marked adverse ef
fect of a stress relief heat treatment on 
the toughness of Weld R, selected stress-
relieved toughness test specimens from 
this weld were subjected to a detailed 
fractographic examination. Study of the 
fractured Charpy specimens revealed 
that the principal fracture mode, over 
the whole temperature range studied, in 
the columnar (as-deposited) regions was 
intergranular fracture, wi th respect to 

Fig. 9 — Fractograph showing intergranular fracture linked by both quasi-cleavage and mi
crovoid coalescence in as-deposited weld metal in the fill region of the Weld R stress-re
lieved Charpy specimen tested at -20°C. ~250X/~1000X. 

the prior austenite grains. Such fracture 
also occurred in coarse-grained re
heated regions, particularly in the later 
passes on each side. The intergranular 
surfaces were l inked by occasional 
bands of quasi-cleavage toward the bot
tom end of the temperature range stud
ied and by microvoid coalescence to
ward the top end of the range. The tran
sition between these two nodes of link
age of intergranular fracture occurred at 
—20°C — F i g . 9. 

In the grain-refined regions, fracture 
occurred by cleavage or quasi-cleavage 
at the lower end of the temperature 
range, wi th linkage of patches of such 
fracture occurring by microvoid coales
cence at intermediate temperatures — 
Fig. 10. Towards the top of the temper
ature range studied, failure of the grain-
refined regions occurred almost entirely 
by microvoid coalescence. 

Fractographic examination in the 
SEM of tested stress-relieved CTOD 
specimens from Weld R also revealed 
that the predominant fracture mode in 
the columnar (as-deposited) and grain-
coarsened reheated regions was inter
granular fracture. Intergranular fracture 
occurred so readily that it was com
monly observed within the fatigue pre
crack regions. In spite of the apparent 
ease with which intergranular fracture 
occurred in this weld, fracture initiation, 
as indicated by river markings, gener
ally occurred in re-austenitized regions. 

Examination of Charpy specimens 
from Weld S (which had similar tough
ness to Weld R in the as-welded condi
t ion, and which also contained a sub
stantial level of Ti (-0.035%) revealed 
that the low temperature fracture mech
anism was cleavage. Moreover, only oc
casional large elongated cleavage facets, 
indicating the location of the as-de
posited regions, were observed in these 
specimens. 

Discussion 

Welding Behavior 

This investigation has demonstrated 
that out-of-posit ion semiautomatic 
welding with small (1.2-mm) diameter 
metal cored, basic flux cored and solid 
welding wires can be achieved using 
synergic pulsed power sources. The pre
sent pulse frequency vs. wire feed speed 
values fall within the scatter-band of data 
presented by Ma and Apps (Ref. 11) for 
one drop per pulse in synergic pulsed 
welding with solid electrode wires. Ex
cept for the presence of entrapped slag 
in the root in some welds, notably in 
Weld B, welding behavior was satisfac
tory, and it can be expected that such 
entrapped slag would have been re
moved if backgouging had been em
ployed. 

Wi th the rutile flux cored welding 
wire, a stable arc, smooth metal trans-
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Fig. 10 — Quasi-cleavage linked by microvoid coalescence in a re-austenitized region of 
the specimen shown in the previous figure. -10Q0X. 

fer, low spatter and very smooth bead 
appearance were obtained using a con
stant voltage power source. The high 
melt-off rate achieved with this wire per
mitted the use of faster travel speeds, re
sulting in a substantially shorter total arc 
time than for the other consumables. 

Lower levels of as-welded Charpy 
and CTOD toughness were obtained 
wi th a 2-mm-diameter C-Mn-Ni self-
shielded welding wire than with the 
other consumables, and thus back-goug
ing, or an alternative welding procedure 
to that employed in the present study, 
may wel l be necessary to give welds 
wi th adequate toughness for this con
sumable. However, the consumable has 
the considerable advantage, particularly 
for on-site applications, of not requiring 
a shielding gas. 

Strength and Hardness 

With the exception of the root regions 
of Welds F and S, a stress relief heat treat
ment reduced deposit strength, and in 
all cases it reduced deposit hardness. 
The strength reduction was substantial 
(>40 MPa; 6 ksi) in the fill region of three 
of the welds, namely Welds M, S and B 
— Table 6. The observed behavior pre
sents a very complex picture, which can
not be explained in detail. It is to be ex
pected that the stress relief heat treat
ment would produce softening by dis
location recovery, and that this would 
lower the yield strength more than the 
tensile strength. The cause of the strength 
increases (for the tensile strength of the 

root region of Weld F and for the yield 
and tensile strength of the root region of 
Weld S) has not been studied in detail, 
but is presumed to be intragranular pre
cipitation inhibiting dislocation motion. 
This precipitation, of nitrides or carbo
nitrides, reduced the free nitrogen con
tent of all welds — Table 4. It should be 
noted that, in spite of the reduction in 
strength in most of the welds, they all 
still exceeded the strength requirements 
for BS4360:1986 50EE plate — Table 6. 

Weld Metal Toughness 

Viewed overal l , the as-welded 
Charpy and CTOD toughness levels 
achieved were reasonably high, with the 
possible exception of the root of Weld 
F, which was the only region fail ing to 
meet the Charpy toughness required for 
the plate, viz. >27Jat-50°C. From Table 
7, the relative ranking of the various 
welds depends on the criterion applied, 
but, in terms of CTOD cleavage resis
tance, Weld B (made using a basic flux 
cored electrode) has the highest as-
welded low-temperature toughness, 
with the self-shielded Weld F being low
est. The toughness values obtained wi l l 
depend on the arc energy employed; 
however, the present arc energies were 
selected as representative of fabrication 
practice, and on this basis the data are 
considered to be broadly typical of the 
various consumables, although opt i 
mum toughness levels have probably not 
been achieved. 

Clearly, the most marked toughness 

changes which occurred on stress relief 
heat treatment were the reduction in 
toughness in Weld R, where the Charpy 
transition curve was displaced to higher 
temperatures by -60°C in the root re
gion and by >100°C in the f i l l region, 
and where the critical CTOD changed 
from upper shelf to lower shelf behav
ior at -10°C. Such behavior is more ex
treme than, but is generally in line with, 
experience in industry; however, the 
phenomenon is not widely publicized. 
The toughness changes were associated 
with a change in the low-temperature 
mode of failure to predominantly inter
granular fracture, in both as-deposited 
weld metal and in grain-coarsened re
heated regions. This behavior is at
tributable to the prior austenite bound
aries being preserved during transforma
tion, rather than being lined with (soft) 
ferrite. These boundaries are then po
tential sites for the segregation and pre
cipitation of boron and phosphorus 
(Table 4), which have an embrittling ef
fect. It is therefore considered unlikely 
that the high level of Ti in this deposit is 
solely responsible for the observed be
havior. Somewhat similar Charpy tough
ness behavior has been reported previ
ously, where an as-deposited submerged 
arc weld gave intergranular fracture be
tween -40°C and 30°C (Ref. 30). The 
submerged arc welds were deposited 
using a basic flux with a Mn-Mo-Ti-B 
welding wire and a high Al plate mi
croalloyed with substantial additions of 
both Nb and V; thus, the resulting weld 
composition was broadly similar to that 
of Weld R. It is notable that similar be
havior was reported not to have oc
curred in a related weld containing 
lower levels of Al and V. For the basic 
flux cored weld, the small change in 
Charpy toughness resulting from stress 
relief heat treatment, particularly for the 
second side fill region, is consistent with 
results obtained for all weld metal de
posits of similar composition, produced 
with basic-coated SMA electrodes (Ref. 
31). In Weld F, the most likely explana
tion for the slightly lower toughness in 
the root compared with the fill region is 
concluded to stem from the differences 
in microstructure — Table 5B. Noting 
that the compositional differences be
tween root and fill regions are generally 
small, the small variations in the heat 
sink and in arc energy and bead shape 
between the first side root and second 
side fill passes may have contributed to 
the development of the observed mi
crostructures in Weld F. 

For the remaining welds, the CTOD 
was improved by a stress relief heat treat
ment, and the changes in Charpy tough
ness were not especially significant in 
Welds F, S and B. The selection of a dou-
ble-V-groove preparation, and the use 
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of only light backgrinding in the root, 
permitted the sampling of the potentially 
low toughness root region in both 
Charpy toughness tests and in CTOD 
tests in which specimens were notched 
through the thickness on the weld cen
tral plane. In v iew of the small differ
ence in as-welded toughness between 
the root and f i l l regions and, for Weld 
S, the higher strength of the latter, it ap
pears that, with the possible exception 
of Weld F, strain age damage was mini
mal for all welds. Certainly, the level of 
restraint should have been sufficient to 
ensure that any toughness degradation 
due to strain aging or to straining alone 
would be min imal1 , and the similar 
strength of these two regions for Weld F 
supports this view. The enhanced cleav
age initiation resistance caused by stress 
relief heat treatment may wel l be due 
not only to some reduction in yield 
strength, but possibly also to a reduced 
effect of free nitrogen. Certainly, the free 
nitrogen contents in both root and f i l l 
regions were decreased considerably by 
the heat treatment. 

The CTOD results (Table 7) typically 
show 5m values at the highest test tem
perature and 8U values at the next lower 
test temperature, 20°C (36°F) lower. (An 
exception to this is Weld B, which gave 
8m critical CTOD values at both -10° 
and -30°C.) For many applications, the 
levels of toughness obtained in the pre
sent welds therefore generally indicate 
suitability for service at least at -1 0°C, 
and at even lower temperatures for some 
of the consumables. 

Critical CTOD values depend not 
only on test specimen size and shape, 
but also on crack length. For example, 
Anderson (Ref. 32) observed a shift of 
~6°C (11 °F) in CTOD transition curve 
associated with a change in the ratio of 
crack depth to specimen width (aAV) 
from -0 .2 to - 0 . 5 2 . Both Towers and 
Garwood (Ref. 33) and Tweed and Knott 
(Ref. 24) observed a decrease in 8m with 
increasing aAV- Thus, the present results 
allow comparisons between the various 
welds in this study, but care is needed 
in attempting to make comparisons with 
the results of other investigations in 
which the specimens may be of differ
ent size or configuration. 

The scatter obtained in the CTOD re
sults is worthy of comment. With the no
table exception of Welds F and R in the 
stress-relieved condition, critical CTOD 
values vary by a maximum factor2 of 7 
(in Weld M), with a more usual factor of 
-2 .5 . This may be linked to the difficulty 

1. It will be noted that the temperature em
ployed for the hydrogen release treatment 
did not exceed the maximum interpass tem
perature, and thus should not have produced 
further strain age damage. 

of locating the primary cleavage initia
tion site during fractographic examina
t ion. It is probable that there were gen
erally several potential fracture init ia
tion sites within the process zone ahead 
of the (advancing) crack tip in each 
CTOD specimen, and that the fracture 
init iation in one such region triggered 
cleavage fracture in several other regions 
nearby, making it impossible to estab
lish by fractographic examination which 
of these had failed first. Thus, it appears 
that, so far as cleavage resistance is con
cerned, there were no major microstruc
tural inhomogeneities giving rise to re
gions of toughness significantly below 
that of surrounding material. As noted 
above, Welds F and R, in the stress-re
lieved condit ion, showed much greater 
scatter in CTOD values (factors of <~21 
for Weld F and <~26 for Weld R). This 
observation suggests that stress-reliev
ing actually produced microstructural 
inhomogeneities in these two deposits. 

Implications of the Present Findings 

On the basis of the observed welding 
behavior and weld metal mechanical 
properties obtained, all the consumables 
examined are clearly of potential appli
cation for steel fabrications where semi
automatic welding offers advantages 
from the productivity viewpoint. The 
successful use of synergic pulsed weld
ing wil l be noted, and application of the 
method in practice should be examined 
further. In any fabrication program, pro
cedure test welds would be deposited 
using one or more selected consumables 
and processes. Compared with SMA 
electrodes, the consumables used in the 
present study have the advantage of a 
higher duty cycle, and they al low the 
f lexibi l i ty of either semiautomatic or 
ful ly automatic operation. The welds 
that formed the basis of the present study 
were chosen as being broadly represen
tative of different types of consumables 
which, on the basis of the information 
supplied by the manufacturers, were ex
pected to give mechanical properties ex-
ceeding those specified for 
BS4360:1986 Grade 50EE plate (Table 
1). In the as-welded condition, only the 
self-shielded flux cored deposit, Weld 
F, failed to meet these Charpy toughness 
criteria, and it also failed to do so after 
stress relief heat treatment. Thus, the pro
cess advantages for this consumable 
must be traded against the weld tough
ness. The rutile flux cored welding wire 
performed wel l , not only in giving ac
ceptable mechanical properties, but also 

2. This is a ratio of the highest to the lowest 
critical CTOD value at a particular tempera
ture. 

in al lowing deposition of weld metal at 
a rate which was substantially greater 
than that achieved wi th the other con
sumables. However, the toughness falls 
to an unacceptably low level after a 
stress relief heat treatment. As current 
codes require postweld heat treatment 
for joints in heavier section sizes, con
sideration should be given to restricting 
the use of this type of consumable to fab
rications where a stress relief heat treat
ment wi l l not be carried out. This wi l l 
generally imply joints with plate thick
nesses <50mm. 

In spite of the substantial improve
ment in crit ical CTOD upon stress re
l ieving the weld deposited with the 
metal cored welding wire (with the low
est temperature at which upper shelf be
havior occurred being shifted from 10° 
to -10°C), the reduction in Charpy 
toughness was sufficient enough that this 
weld failed to meet the plate toughness 
criterion of >27 J at -50°C. Thus, use of 
this type of consumable too may be re
stricted to fabrications that are not to be 
subjected to a stress rel ief heat treatment. 

The welds produced wi th the basic 
flux cored welding wire gave the high
est toughness in both the as-welded and 
stress-relieved conditions, and the Ti-
containing solid welding wire also per
formed wel l , giving only slightly lower 
toughness. Considering both the as-
welded and stress-relieved data, only 
these two consumables produced welds 
that met the toughness criterion speci
fied for the plate, namely >27J at-50°C. 
This suggests that these two consum
ables might be favored for butt jo int 
welding thick-section material that is to 
be given a PWHT. 

This study has explored some of the 
criteria on which selection of consum
ables would be made, including depo
sition rate and resulting weld strength 
and toughness, not only in the as-welded 
condi t ion, but also after a stress relief 
heat treatment, where few data are avail
able for GMA welds. The investigation 
has shown that root toughness was not 
substantially lower than that in the fi l l 
region, even without the back-gouging, 
which would generally be carried out 
when using these consumables, in order 
to avoid root defects. Thus, the several 
consumable types merit consideration 
for semiautomatic (or even ful ly auto
matic) out-of-position welding of 
BS4360:1986 Grade 50EE and similar 
steels. 

With the exception of Weld F, the de
posits examined displayed predomi
nantly acicular ferrite microstructures, 
and this has doubtless contributed to the 
generally good toughness obtained, al
though the propensity for init iation of 
CTOD fracture in reheated regions must 
be recognized. The general relationships 
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between composit ion and microstruc
ture, and hence toughness, have been 
well explored for the submerged arc pro
cess and in large part the present results 
seem consistent with available informa
tion. However, substantially more study 
is necessary to define the factors con
trol l ing deposit microstructure, espe
cially in terms of the role of minor ele
ments, notably Al. 

Conclusions 

A series of uphill welds has been pro
duced in 30-mm-thick steel plate which 
met the requirements of BS4360:1 986 
Grade 50EE steel plate, using a range of 
C-Mn-Ni (nominally 1 % Ni) welding 
wires. Argon-20% C 0 2 shielding was 
employed for all except a self-shielded 
flux cored electrode. Constant voltage 
power sources were employed for this 
consumable and for a rutile flux cored 
electrode, while synergic pulsed power 
sources were employed for a metal 
cored, a basic flux cored and a solid con
sumable. The as-welded and stress-re
lieved mechanical properties and mi 
crostructure of these welds has been in
vestigated, and the fo l lowing conclu
sions drawn: 

1) Stable welding conditions were 
achieved by synergic pulsed welding 
with the metal cored and the solid con
sumables, and to a lesser extent the basic 
flux cored welding wire. However, the 
welds produced with the basic flux 
cored electrode and, to a lesser extent, 
the rutile flux cored electrode contained 
entrapped slag in the root, indicating a 
need for back-gouging. The highest de
position rate (shortest total arc time) was 
achieved with the rutile flux cored con
sumable, deposited with a constant volt
age power source. 

2) As-deposited microstructures con
sisted predominantly of fine-grained aci
cular ferrite, except for the self-shielded 
weld, where the microstructure was 
much coarser and the predominant mi
crostructural constituent was FS(A). This 
coarse microstructure is considered to 
be largely a consequence of the low in
clusion content of this deposit. 

3) A stress relief heat treatment pro
duced a complex pattern of mechanical 
property changes in which strength was 
normally reduced, although deposit 
strength still always exceeded the re
quirements of the base plate. In both the 
first side root and the second side sub
surface regions, hardness was reduced. 

4) In the groove welds that were pro
duced, all consumables gave as-welded 
weld metal Charpy V-notch toughness 
exceeding that required for the plate 
(>27 ] at -50°C), except for the root re
gion of the self-shielded deposit. The 
Charpy toughness changes produced by 

a stress relief heat treatment did not fol
low a consistent pattern. In many cases, 
toughness was reduced at the lower en
ergy levels (27 J), but for several of the 
welds the toughness was increased at 
higher levels (100 ]). The rutile flux cored 
deposit suffered severe degradation of 
toughness during stress relieving, with 
the Charpy transition curve being shifted 
to higher temperatures by >~60°C. 

5) The as-welded critical CTOD data 
indicated that the welds were fit for ser
vice over a wide range of temperatures. 
The lowest temperatures at which upper 
shelf behavior was observed were -30°C 
for the basic flux cored deposit, -1 0°C 
for the rutile flux cored deposit, and 
10°C for the self-shielded flux cored de
posit and the metal cored deposit. The 
toughness of the solid welding wire de
posit was only marginally lower than 
that of the rutile flux cored deposit. The 
critical CTOD of the welds was gener
ally improved substantially by a stress 
relief heat treatment. The exception to 
this was the rutile flux cored wire weld, 
where a substantial reduction in tough
ness occurred once again, with a change 
from upper shelf to lower shelf behav
ior at -10°C. 

6) The substantial reduction in tough
ness that occurred in the rutile flux cored 
weld upon stress relief heat treatment is 
attributable to a change in fracture 
mode, at least in the as-deposited and 
grain-coarsened reheated regions, from 
ductile to intergranular fracture. 
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Recommendations Proposed by the PVRC Committee on Review of 
ASME Nuclear Codes and Standards Approved by the PVRC Steering 
Committee 

The ASME Board on Nuclear Codes and Standards (BNCS) determined in 1986 that an overall 
technical review of existing ASME nuclear codes and standards was needed. The decision to ini
tiate this study was reinforced by many factors, but most importantly by the need to capture a 
pool of knowledge and "lessons learned" from the existing generation of technical experts with 
codes and standards background. 

Project responsibility was placed with the Pressure Vessel Research Council and activity initi
ated in January 1988. The direction was vested in a Steering Committee which had overview of 
six subcommittees. 

The recommendations provided by nuclear utilities and industry were combined with the inde
pendent considerations and recommendations of the PVRC Subcommittees and Steering Com
mittees. 

Publication of this document was sponsored by the Steering Committee on the Review of 
ASME Nuclear Codes and Standards of the Pressure Vessel Research Council. The price of WRC 
Bulletin 370 is $30.00 per copy, plus $5.00 for U.S. and $10.00 for overseas, postage and 
handling. Orders should be sent with payment to the Welding Research Council, Room 1301, 
345 E. 47th St., New York, NY 10017. 
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