
Investigation of Cracking in SWAC 
Submerged Arc Weld ing 

Welding with a wire electrode containing certain levels of carbon 
and manganese may be acceptable using a single electrode 

direct current method but unacceptable 
using a single electrode alternating method 

BY JOHN W. YORK 

Introduction 

The fabrication of large thick-
shelled pressure vessels often includes 
extensive use of the submerged arc 
welding processes. Al though provi
sions of the ASME Boiler and Pressure 
Vessel Code closely control the pro
duction welding of these vessels, 
problems may arise from t ime-to-t ime 
which require investigation. This paper 
reports the results of an investigation 
covering three variations of the sub
merged arc process: 

1. Single wire direct current 
(SWDC). 

3. Single wire alternating current 
(SWAC). 

3. Tandem—one wire ac and one 
wire dc. 

Some cracking had been observed 
with the SWAC submerged arc process 
when welding the low alloy steel 
SA533 Grade A Class 2. This steel has a 
minimum specified tensile strength of 
90 ksi (620 MPa) and a minimum yield 
strength of 70 ksi (482 MPa). The crack
ing problem was isolated to a particu
lar combination of a heat of wire elec
trode and lot of flux. The problem was 
easily detected during routine inspec
t ion and circumvented on future units 
by avoiding the welding material com
bination involved. In addit ion, all of 
the SWAC weld metal involved in the 
very few production welds was totally 
removed from the vessels. 

Welding Materials and 
Parameters 

The same welding electrode wire 
and type of flux were used for the 
three variations of submerged arc 

welding. The 5/32 in. (4.6 mm) diame
ter electrode used was designated as a 
modified SFA-5.17 EH14, and the spe
cial chemistry ranges of the four major 
alloying elements were: carbon—0.14 
to 0.19%; manganese-1.90 to 2.25%; 
molybdenum-0.40 to 0.60%; nick-
el-0.50 to 0.80%. The flux was a non-
alloy additive fused type. 

Welding parameters for the three 
variations of submerged arc welding 
were: 

1. Current—approximately 600 A. 
2. Voltage—approximately 30 V. 
3. Travel speeds: 11 to 12 ipm (0.462 

to 0.504 cm/s) for SWDC and SWAC; 
approximately 18 ipm (0.756 cm/s) for 
tandem welding. 

The ASME Code requires that each 
heat of electrode and lot of flux be 
qualified. This is achieved by using the 
approved welding parameters, weld
ing a test plate, sectioning and testing 
for mechanical properties. 

Observations 

A welding problem occurred when 
using a heat of submerged arc elec
trode containing 0.23% carbon and a 
manganese content of 2.23% (near the 
upper end of the range) for three 
production welds. The weld joint 
design in which the cracking occurred 
was such that the largest amount of 
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welding was performed from the out
side diameter using the SWDC sub
merged arc process. A small portion of 
this weld was then removed by back 
chipping, and four or five weld passes 
were used to fil l this area using the 
SWAC method. Cracking, isolated Xo 
the much smaller SWAC portion of the 
weld, occurred transverse to the weld
ing direction at approximately 18 in. 
(45.7 cm) intervals around the inside 
diameter circumference. The cracks 
were open to the surface and visually 
detectable. 

Additional electrode and flux quali
fication welds were made using all 
three variations of the submerged arc 
welding and the suspect heat of elec
trode and lot of flux. In addit ion, a 
section of a production weld contain
ing cracking was removed for compar
ison purposes. 

Qualification Welds 

Table 1 lists the results of electrode 
and flux qualifications in the as-
welded condit ion and after various 
simulated postweld heat treatments. 
The SWDC reflected acceptable prop
erties. The SWAC and tandem welds 
exhibited lower ducti l i ty, tensile and 
yield strengths. Ducti l i ty increased as a 
postweld heat treatment was applied 
to the weld metal indicating a temper
ing effect and/or an elimination of 
weld metal hydrogen. 

Figure 1 shows the fracture faces 
and scanning electron fractographs 
from the tensiles of the suspect weld 
material. The SWDC weld had a 
normal ductile appearance but the 
SWAC and tandem tensiles had a mix
ture of ducti le and britt le areas. The 
brittle appearance was present in the 

156-sl M A Y 1980 



Table 1-Mechanica 

Method 

SWDC 
SWAC 
SWAC 
SWAC 
SWAC 
Tandem 
Tandem 
Tandem 
Tandem 

Properties 

PWHT'a l 

24 h 
None 
24 h 
None 
24 h 
None 
15 h 
24 h 
34 h 

of Weld Deposits Using 

Tensile 
strength, 

ksi 

99.7 
77.3 
85.7 
80.2 

100.5 
108.0 
99.5 
98.2 
97.7 

Suspect Heat of Electrode 

Yield 
strength, 

ksi 

91.2 
76.7 
79.2 
77.7 
88.6 
93.3 
90.5 
88.2 
88.0 

Wire and Flux 

Elongation, 

finear 

24 
2 
4 
3 
8 

12 
14 
16 
20 

^ 
Area 

40.7 
13.5 
15.0 
10.0 
17.4 
23.0 
18.9 
29.6 
37.2 

Charpy V-no tch" " 
(ft-lb) 

51 
57.5 
40.3 
29.6 
36.6 
— 
_ 
— 

40.0 

" P W H T per formed al 1125°F ± 25°F (607°C ± 14°C). 
"Average of three readings; tested at + 10°F (-12.2°C) 

light areas on the fracture faces of the 
broken tensiles representing SWAC 
and tandem. The amount of this brittle 
area (light area) determines the 
amount of brittleness or lack of elon
gation. For example, observe the larger 
amount of the britt le area in Figure 1, 
SWAC, which has an elongation of 1 to 
3% and a lesser amount on the tandem 
fracture face (Fig. 1) which has an 
elongation of 10-12%. 

The two all-weld-metal SWAC and 
SWDC tensiles shown in Fig. 1 had 

cracks at varying intervals along the 
gage length (see Fig. 2 for typical 
example). When some of these cracks 
were broken open, they revealed simi
lar light or brittle areas. The dark areas 
of the fracture faces on the SWAC and 
tandem tensiles are the same as the 
fracture face of SWDC tensile which is 
entirely ductile in appearance. 

When the tensile fractures were 
viewed on the scanning electron 
microscope, the SWDC tensile and the 
gray areas on the SWDC tensiles dis-

TANDEM 

Fig. 1-Fracture laces of (1) SWDC tensile with 28% elongation, (2) SWAC tensile 1 to 3% 
elongation and (3) tandem tensile with 10 to 12% elongation. Electron fractographs of (1) the 
brittle intercellular areas (light spots), bottom right (x 140) and (2) the normal ductile areas 
on all three fracture faces, upper right (X750) are at right. (Reduced 37% on reproduc
tion) 

played the dimpled or cupped appear
ance (Fig. 1 top right), which is charac
teristic of a ductile fracture. In Fig. 1, 
bottom right, the electron fractograph 
displays the characteristic features 
found in a typical light or brittle area 
on the SWAC and tandem tensile frac-

Fig. 2-Typical secondary cracking found on 
high carbon, high manganese SWAC and 
tandem tensile specimens. Note the cracks 
(arrows) are transverse to the length of this 
tensile (and to the welding direction) 

Fig. 3—Fracture face of crack which was 
present in production weld sample. Ap
proximately X4 (reduced 43% on reproduc
tion) 

~ P ^ 

u •« "^ 

Fig. 4—Electron fractograph of crack sur
faces found in imple removed from vessel 
weld. Fracture occurred along the solidifi
cation cell boundaries; this was a SWAG 
weld. X290 (reduced 43% on reproduc
tion) 
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Fig. 5—Electron fractograph of etched frac
ture face of the production weld. Note the 
large population of needle structure. 
X 1,900 (reduced 40% on reproduction) 

ture faces. Fracture occurred along the 
solidification cell boundaries (each 
grain is made up of a large number of 
these cells). In Fig. 1 (right bottom), 
the right half of the fractograph shows 
fracture along the length of the cells, 
and the left half of the fractograph 
shows fracture along the ends of the 
cell. These adjacent areas represent 
different directions of weld metal sol
idification. 

Section from Cracked We ld 

Several samples containing cracks 
were removed from one of the pro
duction welds for examination and 
analysis. One of the cracks was broken 
open displaying the brittle fracture 
face shown in Fig. 3. Examination of 
the fracture face on the scanning elec
tron microscope revealed an intercel
lular fracture (Fig. 4) similar to the 
brittle areas found on the SWAC and 
tandem tensile fractures in Fig. 1. Inter
cellular fracture was present on ap
proximately 90 to 95% of the produc
t ion weld fracture face; this amount 
was far more than that found on the 
SWAC tensile fracture face, indicating 
the elongation was probably between 
0 t o 1 % . 

This production weld sample frac
ture face was etched wi th nital to 
determine the microstructure present 
along the fracture face—Fig. 5. The 
sample was then mounted and pre
pared for examination on the light 
microscope. Figure 6A shows the 
microstructure of the production weld 
metal sample, and Fig. 6B is the struc
ture of a normal weld, i.e., SWDC and 
normal SWAC and tandem. The 
normal fductile) weld deposit (Fig. 6A) 
is referred to as a tempered bainite, 
and there is a solidification cell struc
ture there similar to the production 
weld sample. The large difference is in 
the phases present in the cell bounda
ry region. 

The production sample microstruc
ture (Fig. 6B) reveals the presence of 

y '• 

1® 

Fig. 6—Production weld microstructures: 
A—tempered bainite structure found in a 
normal weld deposit (arrow denotes one of 
the cell boundaries); B—micrograph denot
ing a different appearance (note lighter 
etching solidification cell boundary areas). 
Nital etchant; x 750 (reduced 32% on repro
duction) 

lighter areas in the cell boundary 
region. Microhardness transverses 
from the interior of a cell across one of 
the boundary regions showed that the 
cell boundary region was noticeably 
harder than the interior of the cell. A 
secondary crack that has propagated in 
the light etching cell boundary region 
is noticeable in Fig. 6B. 

Two stage replicas of the micro-
structures were prepared for viewing 
on the transmission electron micro
scope. Figure 7 is an electron micro
graph of a normal weld structure. It is 
composed of carbides (small particles) 
and ferrite as the matrix. The two 
electron micrographs in Fig. 8 are typi
cal of the production weld sample. 
Figure 8A shows the interior of the 
solidification cell and is similar, 
although the individual phases are 
smaller, to the normal weld metal 
deposit shown in Fig. 7. However, the 
cell boundary region has an acicular or 
needle-like structure and is the same 
structure displayed on the etched frac
ture face of the production weld sam
ple—Fig. 5. This is the microstructure 
through which the brittle fracture 
occurred. 

Fig. 7—Electron micrograph of normal weld 
structure; the light areas are ferrite and the 
smallest particles are carbides. Nital etch
ant; X4,400 (reduced 43% on reproduc
tion) 

Using a transmission electron mi
croscopy metal foil preparation tech
nique (ion beam thinning or ion mi l l 
ing), a specimen from the cracked 
production weld sample was prepared 
for electron diffraction. Electron dif
fraction identified the acicular struc
ture in the cell boundary region as 
martensite. Untempered martensite is 
considered a brittle phase, and the 
degree of brittleness is normally 
dependent upon the percent carbon in 
solution in the martensite. 

An electron microprobe transverse 
of the boat sample was made from 
inside a cell across one of the bound
aries, and it was found that most of the 
0.23% carbon had segregated in cell 
boundary regions. As much as 2.0% 
carbon was present in these bounda
ries. This would cause a very brittle 
martensite formation, and the segrega
tion of this carbon helps promote the 
formation of this brittle phase. The 
microprobe analysis did not show 
segregation of any of the other ele
ments present in weld deposit. The 
three SWAC production welds cracked 
because of the presence of untem
pered martensite and/or hydrogen 
induced cracking. 

Discussion 

The literature12 suggests that there 
are four factors acting simultaneously 
in the generation of hydrogen cracks: 

1. Dissolved hydrogen. 
2. Tensile or welding stresses. 
3. Low ducti l i ty microstructure such 

as martensite. 
4. A low temperature, usually 50 to 

100°F (10 to36°C). 
The dissolved hydrogen probably 

results from adsorbed moisture on the 
surface of the fused flux particles or 
from hydrogen dissolved in the flux, 
base metal or weld wire. Tensile 
stresses were developed during the 
welding operation. A low ducti l i ty 
microstructure (martensite) was devel
oped in the SWAC due to carbon 
segregation in the cell boundaries. 

The explanation given for hydrogen 
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Table 2-Parameters of SWAC Analysis 

Test 
no . 1 " 

Parameters, 
A X V X 60 

Travel speed (ipm) 

600 x 34 X 60 

15 

600 x 36 X 60 

18 

600 x 38 x 60 

18 

600 X 40 x 60 

20 

600 X 40 x 60 

20 

Heat input, 
Joules 

81,600 

72,000 

76,000 

72,000 

72,000 

Elongation, % 

Before After 
PWHT PWHT" 

5.9,6.5 

9.3,13.6 

12.2 

14.3 

15.0 

24.3 

23.3 

"Minimum preheat 350°F (177°C) instead of 250°F (121°Q required in the welding specification 
"PWHT consisted of 24 h at 11250F ± 25°F (607°C ± 14°Q 

Fig. 8—Electron micrographs of typical 
structures found in sample taken from 
cracked weld: A—typical cell interior; 
B— typical cell boundary region (acicular or 
needle structure). Nital etch; X4,400 (re
duced 43% on reproduction) 

crack ing 3 is t ha t h y d r o g e n present in 
t h e steel in excess o f t h e mater ia l 's 
so lub i l i t y l im i t at tha t t e m p e r a t u r e d i f 
fuses g radua l l y t o t h e p o i n t o f m a x i 

m u m stress c o n c e n t r a t i o n un t i l 
e n o u g h o f t h e h y d r o g e n a c c u m u l a t e s 
t o p r o d u c e a crack. H y d r o g e n is v i r 
tua l l y i nso lub le in mar tens i te ; t hus , t h e 
cel l bounda r i es in t he p r o d u c t i o n w e l d 
and the e l e c t r o d e and f l ux - tes ted t e n 
siles spec imens w o u l d be the most 
suscep t ib le areas. The greater the 
a m o u n t o f h y d r o g e n in t he w e l d m e t 
a l , t h e l o w e r t h e stress fo r h y d r o g e n 
c rack ing a n d t h e m o r e suscep t ib le a 
mater ia l is t o h y d r o g e n c rack ing . 
C rack ing w i l l t ake p lace ear l ier a n d at 

l o w e r stress levels w i t h a harder , a n d 
n o r m a l l y a h igher s t reng th leve l . 
Essent ia l ly w i t h t he h igh c a r b o n segre
ga t i on in t he cel l b o u n d a r i e s o f t he 
S W A C w e l d m e t a l , a c o n d i t i o n of h i gh 
s t rength steel in t h e b o u n d a r y reg ions 
and l o w e r s t rengths in t he i n te r i o r o f 
t he cel l exists. 

Several a d d i t i o n a l areas—flux analy
sis, w e l d i n g pa ramete r analysis and 
ca rbon equ i va l en t eva lua t i on—were 
e x a m i n e d fo r any i n f o r m a t i o n tha t 
c o u l d be o b t a i n e d in regards t o eva lu -
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ation of the mode of fracture. 

Flux Analysis 

Since the presence of hydrogen 
could be associated with moisture in 
the submerged arc flux, it was decided 
to perform some tests on the flux. The 
submerged arc flux used was a pre-
fused flux, i.e., the ingredients are dry 
mixed, then melted in an electric fur
nace, water shotted or poured on chil l 
plates and then crushed and sized. 

One of the advantages of this type 
of flux is that it is hygroscopic,4 and 
water can only be adsorbed on the 
surface. This water, if present, could 
possibly be removed by baking. A 
batch of production flux was baked for 
3 days at 500°F (260°C) and then two 
regular wire and 1 in. (25.4 mm) thick 
flux plates were welded wi th the high 
carbon, high manganese heat of wire 
to determine if the baking operation, 
and hence adsorbed moisture, had any 
effect on the mechanical test results. 
The SWAC test plate was welded first 
and the SWDC test plate was welded 
immediately thereafter wi thout re
heating the flux. 

The results displayed the same 
mechanical property characteristic as 
the previously unbaked flux tests, i.e., 
SWDC showed good ducti l i ty and the 
SWAC displayed embritt lement wi th 
1-2% elongation. If hydrogen cracking 
was the cause of the problem, then the 
baking did not remove all of the 
adsorbed moisture. Wi th the hard, 
high strength steel in the cell bounda
ries, the literature suggests that only 
very small amounts of dissolved 
hydrogen are necessary to cause crack
ing. 

Parameter Analysis 

An attempt was made to decrease 
the embritt l ing effect of the high 
C-Mn by varying the parameters of the 
welding operation. Table 2 shows 
some of the parameters used and the 
elongation (measure of ductil ity) re
sults obtained. A min imum preheat 
temperature of 350°F (177°C) was 
used instead of the250°F (121°C) min
imum required by the welding process 

specification. The fo l lowing formula 
was used to calculate the heat input 
and record parameters: 

Amperage X Voltage x 60 

Travel Speed (ipm) 

= Heat Input (Joules) 

It can be seen in Table 2 that when 
the amperage was held constant and 
the voltage and travel speed were 
increased, the elongation increased. 
Specimen voltage, travel speed and 
minimum preheat temperature varia
tions in Table 2 are outside the weld
ing parameters specified. 

Carbon Equivalent for Cracking 

The literature13-6 has listed a number 
of attempts to relate cracking tenden
cy quantitatively to metal composit ion 
and the term carbon equivalent (CE) 
has been used to designate this crack
ing parameter. This parameter is essen
tially related to martensite transforma
tion temperature range. Researchers 
have used this carbon equivalent in a 
number of different ways and formulas 
to give relevance to their data. 

Figure 9 is a plot of carbon equiva
lent vs. both elongation and reduction 
of area of various tensile tests per
formed on SWAC test plates after 24 
hours postweld heat treatment at 
1125°F (607°C). The formula for the 
as-received wire chemistry or individ
ually analyzed coil carbon equivalent 
is as fol lows: 

Mn% Ni% 
CE = C% + + + 

Cr% + 
2 

Mo% 
10 

Cu% 

10 10 

The plot in Fig. 9 reveals that the 
elongation and reduction of area 
(measures of ductil ity) do not drop off 
gradually as the carbon equivalent 
increases, but drop off suddenly as a 
certain value of CE is obtained. This 
plot can be used to determine if crack
ing could possibly occur in an as-
received electrode chemistry. This 
would be tested using SWAC because, 
as previously mentioned, SWAC is the 

most susceptible to cracking wi th high 
carbon equivalent. 

Conclusions 

As a result of this investigation it can 
be concluded: 

1. The cracking in the SWAC welds 
was the result of carbon segregation at 
the weld metal solidification cell 
boundaries. 

2. The carbon segregation at the cell 
boundaries resulted in the formation 
of martensite and fracture due to lack 
of ducti l i ty and/or hydrogen induced 
cracking. 

3. An upper limit was placed on the 
chemistry, particularly carbon and 
manganese, for SWAC submerged arc 
welding using the welding parameters 
discussed. 

4. For SWAC submerged arc weld
ing using the parameters discussed, a 
threshold value exists for the carbon 
equivalent value of the as-received 
weld wire of 0.73 above which weld 
cracking and a dramatic drop in weld 
metal ducti l i ty wi l l occur. 
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