
Underbead Cracking in Cladding 
Deposited with ER320 and ER320LR 

Stainless Steel Consumables 

Reducing the C content of the consumable was effective in 
preventing grain boundary liquation cracking 

BY T. KASUGAI, H. NAKAMURA, Y. ONITSUKA, T. TAKATSU AND T. SANGO 

ABSTRACT. The underbead cracking seen 
in cladding from ER320 and ER320LR con
sumables was studied using the crack 
sensitivity test, simulated hot cracking test 
and micrographic examination. Through 
this study, the underlying mechanism of 
underbead cracking was made clear, and 
effective measures for preventing the un
derbead cracking were established. 

The underbead cracking in ER320 weld 
metal deposited with the GTAW process 
proved to be grain boundary liquation 
cracking. The result of the simulated hot 
cracking test showed that this cracking 
was due to the eutectic liquation of NbC 
and the matrix, and was seen at above 
1100°C (2012°F), both on heating and 
during cooling. 

Possible measures for preventing the 
grain boundary liquation cracking, such as 
lowering of the C content and substitution 
of Ta for Nb in the weld metal, were at
tempted. While the lowering of C content 
was found to be the most effective 
method for preventing the grain bound-
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ary liquation cracking in the cladding, the 
substitution of Ta in ER320LR consumable 
for Nb promoted ductility-dip cracking. 
An attempt at adding nitrogen did not 
provide satisfactory results. This study 
shows that in order to prevent underbead 
cracking in the cladding, it is required to 
limit the C content in the weld metal to less 
than 0.005% and the N content to less 
than 0.015%. 

Introduction 

The ASTM B 463 chromium-nickel-iron-
molybdenum-copper-columbium stabi
lized alloy (UNS N08020) is an excellent 
corrosion-resisting steel in a nonanodizing 
atmosphere. But ER320 filler metal, used 
as the welding material for B 463 stabilized 
alloy, has the problem of causing under
bead cracking in weld metal cladding on 
mild steel or low-alloy steels. 

It is reported that the underbead crack
ing has often occurred in the heat-af
fected zone (Refs. 1-6 and 13-14) or in 
the weld metal (Refs. 7-14) of stainless 
steels and high-nickel alloys. The underly
ing mechanism of this cracking is believed 
to be the following: grain boundary liqua
tion cracking (Refs. 1-6 and 12-14), or 
ductility-dip cracking (Refs. 7-10 and 12). 
An additional cause of cracking may lie in 
the chemical composition of either the 
base metal or the weld metal. It is reported 
that the weld metals of AISI 347 stainless 
steel (Ref. 14), 70Ni-14Fe-14Cr-4Mo-2Nb 
alloy (Ref. 11), and Alloy 903 (Ref. 13) are 
subject to grain boundary liquation crack
ing, while that of Invar (Fe-36%Ni) is sub

ject to both the grain boundary liquation 
cracking (Ref. 12) and the ductility-dip 
cracking (Refs. 7-10 and 12). 

The purpose of this study is to clarify the 
mechanism of the underbead cracking in 
ER320 and ER320LR stainless steel weld 
metal cladding, and to establish counter-
measures through the use of the crack 
sensitivity test and simulated hot cracking 
test under forced strain. 

Test Procedures 

Table 1 shows the chemical composi
tions of the B463 base metal, ER320 filler 
metal and the weld metal. The weld metal 
used for the simulated hot cracking test 
was prepared by CTA automatic welding 
using one pass one layer in the weld joint 
shown in Fig. 1. The energy input was 
50kJ/cm, 250 A, 10 V with a travel speed 
0.5mm/s. The interpass temperature was 
less than 150DC (302 °F). 

Thermorestor-W (Ref. 15), which has 
high-frequency induction heating, was 
employed to evaluate the simulated hot 
crack sensitivity of the weld metal. The 
specimen configuration is shown in Fig. 2. 
Heat-strain cycles in this investigation are 
shown in Fig. 3. The heating rate was 
85°C/s (153°F/s), the test temperature 
900°-1250°C (1652°-2282°F), and the 
value of the forced strain was from 0.2 to 
5% of the parallel part of the specimen. 
The specimen was held at the test tem
perature for 2 s, and was strained. Argon 
gas was used for shielding and cooling of 
the specimen. Free expansion/contrac
tion was allowed during heating and cool-

Table 1—Chemical Composition of B463 Base Metal, ER320 Welding Wire, and Deposited 
Weld Metal. 

Base metal 
Welding wire 
Weld metal 

C 

0.050 
0.020 
0.026 

Si 

0.50 
0.34 
0.31 

Mn 
0.91 
2.05 
2.11 

0.013 
0.007 
0.008 

0.003 
0.008 
0.004 

Ni 

33.34 
33.40 
33.64 

Cr 

20.42 
20.34 
20.31 

Mo 
2.60 
2.37 
2.25 

Cu Nb + Ta 

3.41 
3.30 
3.18 

0.77 
0.39 
0.38 
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ing of the specimen, except for the period 
of enforced straining. 

The crack sensitivity test was made us
ing an experimentally prepared welding 
consumable. Liquid penetrant examina
tion was employed for the detection of 
discontinuities below the weld metal sur
face, with samples being tested at inter
vals of 1-mm thickness. 

For SEM observation of the fracture 
surface, the specimens were force broken 
at room temperature by an Instron test 
machine. The weld metal cladding that 
was sliced was bent by a vise for opening 
the crack and observing the fracture sur
face. 

Results and Discussion 

Underbead Cracking in Weld Cladding with 
ER320 

An example of the underbead cracking 
in ER320 cladding on mild steel with a 
welding heat input of 13 kj /cm using the 
GTAW process is shown in Fig. 4A. This 
underbead cracking was seen in the fourth 
layer of weld metal near the fifth layer. A 
fractograph of the crack in the weld metal 
is shown in Fig. 4B. This is grain boundary 
cracking with a smooth fracture surface, 
and it looks like liquation cracking. 

Simulated Hot Cracking Test of ER320 Weld 
Metal by Enforced Strain 

Figure 5 shows the critical strain curve 
for crack initiation in the simulated hot 
cracking test. The underbead cracking 
occurred in the temperature range of 
above 1050°C (1922°F) on heating and 
above 1000°C (1832°F) during cooling. 
The higher the test temperature was, the 
lower the strain for crack initiation. Figure 
6 illustrates some features of the grain 
boundary cracking on heating in the sim
ulated hot cracking specimens tested at 
1200°C (2192°F). The majority of the 
grain boundary cracking showed a smooth 
surface as shown in 6A, but there were 
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traces of remelting of inclusions in the re
gion of smooth grain boundary cracking 
as shown in 6B. There was also a small area 
with a small ragged surface as shown in 
6C. It is considered that the underbead 
cracking on heating was due to the grain 
boundary liquation cracking. The fracture 
configuration of the underbead cracking 
occurred during cooling changes in the 
test temperature —Fig. 7. The fracture 
surface shown in 7A and B, tested at 
1200°C during cooling from 1250°C, was 
thought to be grain boundary liquation 
cracking, the same as for on heating. On 
the other hand, the fracture surface tested 
at 1000°C during cooling from 1250°C 
had two fracture modes, as shown in 7C 
and D. One was a smooth surface and the 
other had a small ragged surface area. It is 
thought that the smooth fracture surface 
was caused by liquation cracking, which is 
the same interpretation as that for the 
fracture surface at 1200°C on heating and 
at 1200CC on cooling from 1250°C. How
ever, the one with a small ragged surface 
area, because of its clear boundary with 
the smooth area, is considered to be duc
tility-dip cracking. 

From fracture surface observations, it 
was found that the underbead cracking in 
ER320 cladding resembles that of the sim
ulated hot cracking at 1200°C on heating 
(Fig. 6A) and during cooling —Fig. 7A. 
Therefore, it is thought that the under
bead cracking is mainly the grain bound
ary liquation cracking occurring at the 
temperature range of more than 1100°C 
on heating and during cooling. 

Remelting of Inclusions 

The appearance of inclusions on an 
electropolished and heated surface of 
some test specimens is shown in Fig. 8. 
The inclusions heated at 1100°C melted 
partially, and the greater part of the inclu
sion melted at 1250°C. Further, it ap
peared that some molten material pene
trated into and stayed in the austenite 
grain boundaries. These phenomena cor
respond to the results of the simulated hot 
cracking test in that the liquation cracking 
occurred at temperatures above 1100DC 
on heating and during cooling. It is, there
fore, considered that the grain boundary 
liquation cracking was caused by the 
reheated inclusions. 

Table 2 is the result of EDAX analysis of 
the inclusions in the weld metal before 
heating. Samples of the inclusions were 
obtained by the extraction replica method. 
Many of the inclusions contained a large 
quantity of Nb. Table 3 shows the EDAX 
analysis of each part of the inclusion B in 
Table 2. Though the mean Nb content in 
the inclusion B was about 8%, there was 
a local concentration of Nb in B2 and B3. 

Figure 9 shows the result of an EPMA 
analysis of the inclusion melted at 1250°C. 
The main components of the inclusion 
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Fig. 4 —Example of underbead 
cracking in ER320 weld cladding 
A — Cross-section of cracking; 
B — fractograph of cracking. 
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Table 2—Chemical Composition of Inclusions in ER320 Weld Metal (See corresponding photos A and B below) 

C 
D 
E 
F 
G 
H 
I 

Fe 

12.24 
5.00 
2.06 

8.49 

5.02 
0.99 

0.72 
8.50 

48.10 

Mn 

1.03 
0.04 

3.03 

11.93 
0.02 

2.44 

1.50 

13.35 

S 

3.62 

24.62 

Ni 

9.70 
1.91 

Cr 

33.71 
45.23 
26.30 
4.11 
6.82 
2.28 
3.79 
2.20 

Mo 

12.83 
31.23 

2.53 
8.02 

Nb 

14.78 
8.08 

67.52 
81.89 
82.47 
67.42 
96.27 
83.87 

Ca 

3.54 

0.84 

0.58 
1.37 
0.18 

1.76 

2.21 
0.31 

43.67 
41.79 46.79 10.24 

w h e r e Nb and C. The elements Cr and M o 
we re not s h o w n in Fig. 9, but w e r e f ound 
to show the similar distr ibut ion pat tern to 
that of Ni. As shown in Table 2, a f e w in
clusions conta ined sulfur and phosphorus, 
h o w e v e r , these elements w e r e not de
tected th rough this analysis. Yet, x-ray dif
f ract ion analysis of electrolytically ex
t racted inclusions in the w e l d metal 
s h o w e d that it conta ined a large quanti ty 
o f NbC. It is considered that this NbC did 
no t precipi tate dur ing reheat ing, but crys
tallized by the eutect ic react ion at the f i 
nal stage of solidif ication of the we ld met
a l - 1 Figs. 8 and 9. 

As the melt ing temperature of N b C is 
above 3600°C (6512°F) (Ref. 14), the 
melt ing phase is not o f NbC, bu t is an eu 
tectic l iquation of N b C and the matrix. 

Prevention of Underbead Cracking in ER320 
Weld Metal 

A t tempts at prevent ing underbead 
cracking in the cladding by lower ing the 
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t 

, 20w71 

amount of NbC w e r e accompl ished by 
substituting Ta for Nb in the we ld metal , 
and by lower ing the amount of C content 
in the we ld metal . 

Substitution of Ta for Nb in the Weld Metal 

As the A W S standard limits the amount 
of N b to a percentage o f Nb + Ta, substi
tu t ion of Ta for Nb was tr ied. Table 4 
shows the chemical compos i t ion of bo th 
the exper imental we ld ing consumable and 
the w e l d metal . Table 5 shows the w e l d 
ing cond i t ion fo r automat ic C M A weld ing. 
The conf igurat ion of the cladding speci
men is s h o w n in Fig. 10. Discontinuit ies in 
the cladding w e r e de tec ted by l iquid pen
etrant examinat ion. Tantalum was f ound 
to be ineffect ive for prevent ing under
bead cracking in the we ld metal . A n 
example of the fracture surface is s h o w n 
in Fig. 1 1 , indicating grain boundary crack
ing w i th many small peaks and valleys. It 
suggests that this underbead cracking was 

7One can conceivably speculate that the Laves 
phase should form rather than NbC. On the 
other hand, while Nakao, et. al., reported that 
Laves phase formed in the centrilugally casted 
24Cr-24Ni-1.5Nb Alloy (IN 519) when Nb/C 
(at.-"u) was greater than 1 (Ref. 1), it was con
sidered the above relationship holds true only 
when C and Nb contents are more than 0.1 % 
and 1%, respectively, and may not be applica
ble to lower-C, iower-Nb alloys (less than 

0.05",,, 0.5% each), such as ER320 (0.026%C, 
0.38"„Nb). 

This is because niobium is used up not only 
for forming NbC and/or Laves phase, but also 
for producing niobium nitride. 

Therefore, the ratio of the available Nb con
tent in ER320 for forming Laves phase to the C 
content could be less than 1, and this may be 
the reason for not forming the Laves phase. 

Fig. 6 — Fractographs of simulated hot cracking specimen for ER320 
weld metal tested at 1200CC on heating (strain: 1.75%). 

Table 3—Chemical Composition of Inclusion B in Table 2 (see corresponding photo, left) 

Fe Si Mn P Ni Cr Mo Nb 

B 
Bl 
B2 
B3 

5.00 
0.37 
0.51 
1.52 

8.50 
-
-
-

0.04 
37.98 

1.32 
-

0.02 1.91 45.23 
4.67 
2.52 
1.74 

31.23 
49.48 

7.05 
3.27 

8.08 
7.55 

88.60 
93.54 
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not liquation cracking, but ductility-dip 
cracking. 

Reduction of C Content in the Weld Metal 

Figure 12 shows the effect of C in the 
welding consumable on cracking in the 
weld cladding. The chemical composition 
of the welding consumables is shown in 
Table 6. Manual CTA welding was per
formed using 10-12 V and 150 A. Crack
ing decreased with the decrease of C con
tent in the welding consumable. How
ever, even when C content in the welding 
consumable was as low as 0.001%, a few 
cracks in the weld metal were observed. 

Figure 13 shows the effect of nitrogen 
on the cracking in a cladding produced 
from an experimental welding consum
able containing 0.006%C (ER320LR) shown 
in Table 7. The welding variables em
ployed for automatic GTA welding in the 
crack sensitivity test (Fig. 10) were 10-12 
V, 150-170 A, 1.3-1.7 mm/s and an 
interpass temperature of less than 150°C. 
Nitrogen was introduced into the shielding 
gas. The cracking was checked by liquid 
penetrant examination after grinding off a 
1-mm-thick layer from the weld metal sur
face. The addition of nitrogen aggravated 
the underbead cracking in ER320LR weld 
metal. The fracture surface observed in 
the cladding containing low-carbon and 
0.083% nitrogen (99%Ar-1%N2) is shown 
in Fig. 14. It was similar to the fracture sur
face of the weld metal produced by sub
stituting Ta for Nb. 

Figure 15 is the summary of simulated 
hot cracking test results on ER320LR weld 
metals. The maximum strain for the crack 
initiation of ER320LR weld metal was de
creased by the addition of nitrogen, yet 
the strain curve of low-carbon, high-
nitrogen weld metal was still on the higher 
side than that of ER320 weld metal. This 
means that ER320 weld metal shows the 
highest crack sensitivity among these three 
weld metals. Fracture surfaces of simu
lated hot cracking test specimens of low-
carbon, high-nitrogen weld metal are 
shown in Fig. 16. The fracture configura
tion of the simulated hot cracking speci
men and fracture surface of low-carbon, 
high-nitrogen weld metal (Fig. 14) are sim
ilar, which suggests that the cracking ob
served in the low-carbon, high-nitrogen 
weld metal cladding is caused by the duc
tility-dip cracking. 

Discussion 

lt is reported that liquation of the matrix 
and NbC (Refs. 2, 4, 6, 13 and 14), Laves 
phase (Refs. 2, 13) or Cr carbide (Refs. 2, 
5), and liquation of the matrix and low 
melting Ni-Nb-Si segregation (Ref. 11) are 
the conceivable causes for the liquation 
cracking of stainless steels and Ni alloys. 
Another reported cause is the decrease in 
the melting temperature, because of the 

Fig. 7 - Fractographs of simulated hot cracking specimens for ER320 weld metal during 
cooling from 1250°C. A andB-0.75% strain at 1200°C; CandD-5% strain at 1000°C 
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Table 4—Chemical Composition of Laboratory-Made ER320LR Welding Wire Substituting Ta 
for Nb, and its Weld Metal. 

Mn Ni Cr Mo Cu Ta 

Welding wire 
Weld metal 

0.001 
0.007 

0.01 
0.00 

1.77 
1.74 

0.004 
0.004 

0.002 
0.001 

34.76 
34.29 

19.81 
19.34 

2.60 
2.32 

3.67 
3.35 

0.19 
0.16 

Table 6—Chemical Composition of Laboratory-Made ER320 and ER320LR Welding Wires 

C Si Mn P S Ni Cr Mo Cu Nb + Ta 

C-030 0.030 
C-004 0.004 
C-001 0.001 

0.40 
0.14 
0.06 

2.00 
1.91 
1.51 

0.016 
0.006 
0.006 

0.002 
0.006 
0.001 

33.54 
33.58 
33.68 

20.06 
20.50 
20.58 

2.39 
2.44 
2.46 

3.28 
3.24 
3.37 

0.52 
0.21 
0.13 

Table 5—Welding Conditions for GMA 
Welding 

Polarity 
Peak current 
Bottom current 
Pulsed time 
Average current 
Arc voltage 
Welding speed 
Weld heat input 
Interpass temp. 

DCEP 
50 A 
30 A 
1 ms 

210-235 A 
29-31 V 

4.5-4.8 mm/s 
13-16 kj/cm 
> = 150°C 

Three 
l a y e r e d . 
w e l d i n g f. 

JIS SM50 

Weld ing 
d i r e c t i o n 

Chemical 
analysis 

/ specimen 

m 
•x. i 
T Penetrant test 

specimen of 
reheat cracking 

I 

- t " J_ 
T 

Chemical 
/ • a n a l y s i s 

J s u r f a c e 

•250-

300 

TT 
L« in 
10 ^ 

"I 

ro 
J f c -

Fig. 10 — Welding sequence of crack sensitivity specimen of weld cladding and sampling position 
of each test. 

Fig. 11 — Fracture surface of underbead crack
ing in modified ER320LR weld cladding. (Sub
stituting Ta for Nb). 
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Table 7—Chemical Composition of Experimental ER320LR Welding Wire and Weld Metals 

C Si Mn P S Ni Cr Mo Cu Nb-ETa 

Welding wire 
ER320LR weld metaN 
Low-carbon, high-nitrogen weld metal(b) 

0.006 
0.005 
0.004 

0.12 
0.09 
0.09 

1.73 
1.73 
1.74 

0.001 
0.005 
0.006 

0.001 
0.003 
0.003 

33.54 
34.21 
34.31 

20.28 
20.16 
20.17 

2.38 
2.35 
2.37 

3.35 
3.17 
3.19 

0.12 
0.14 
0.14 

0.007 
0.014 
0.083 

(a) 100'8 argon shielding gas. 
(b) 1% nitrogen + 99% argon shielding gas. 

local Ti enr ichment , at the migrat ing grain 
boundary o f Al loy 800 (Refs. 3, 5). From 
the result of the EPMA analysis s h o w n in 
Fig. 9, the inclusions in ER320 w e l d metal 
that l iquated at 1250°C w i t h the matrix d id 
not c o m e f r o m segregation o f Ni , Cr and 
Si. Laves phase, Cr carbide and Ni-Nb-Si 
segregation are considered to have little 
ef fect on the cracking of ER320 we ld 
meta l . A l though some o f the inclusions 
conta ined Ti, the major i ty d id not , and the 
amount of Ti was small, if any. Thus, Ti is 
not considered t o have an effect o n 
cracking. 

From the above considerat ions, it may 
be conc luded that the cracking in ER320 
cladding was caused by the eutect ic li
quat ion of NbC and the matrix. It is 
repor ted that the eutect ic tempera ture on 
NbC and the matrix in the stainless steel is 
1315°C (2369°F) (Ref. 1) and that the eu 
tectic temperature o f NbC and the matrix 
in the 25Cr-25Ni-1.5Nb Fe-based heat-
resisting alloy is 1250° t o 1350°C, de
pending on the matrix compos i t ion (Ref. 
2). O the r studies show that in the hot 
cracking test o f Inco Al loy 718 (50Ni-
18Cr-5(Nb + Ta)-3Mo), its hot ducti l i ty 
deter iorated rapidly in the tempera ture 
range above 1100°C (Ref. 4). Indeed, this 
is due to the l iquation of N b C and the ma
trix and infers that any increase of Ni con 
tent lowers the eutect ic tempera tu re o f 
N b C and the matrix, and in the case o f 
ER320 we ld metal containing 35%Ni, the 
eutect ic tempera tu re wen t d o w n t o near 
1100°C. 

Let us discuss again the ragged (peak 
and valleys) f racture surfaces of ER320 
we ld metal at the test tempera tu re o f 
1000°C dur ing cool ing f r o m 1250°C (Figs. 
7C and 7D) and the l ow-ca rbon , high-ni
t rogen we ld metal — Figs. 14 and 16. From 
the raggedness of the area, it looks like 
traces of the melt existed pr ior t o the 
comple te grain solidif ication. If that is the 
case, traces of the melt should be visible 
in the grain boundar ies by microscopic 
observat ion. If the raggedness (Figs. 7C 
and D) o n the f racture surface w e r e 
f o r m e d by the melt, the quant i ty o f the 
melt at the test tempera ture of 1000°C 
should be m o r e than that at 1 2 0 0 ° C -
Figs. 7A and B. If that is the case, the crit
ical strain at 1000°C dur ing cool ing should 
be l o w e r than that at 1 2 0 0 ° C - F i g . 5. 
Howeve r , the microscopic observat ion 
revealed that there was no trace o f the 
grain boundary l iquation in ER320 and 
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Fig. 12 - Effect of C content in ER320 and ER320LR welding consumables on under
bead cracking obtained from crack sensitivity test of weld cladding. 

B D 

Fig. 13 - Effect of N content in ER320LR weld cladding deposited by GTA welding. A and B -
ER320LR (0.014 %N); C and D-lo w-carbon, high-nitrogen (0.0831 %N); A and C-at 4mm from 
base metal surface; B and D — at 2mm from base metal surface. 
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Fig. 14 —Fracture surface of low-carbon, 
high-nitrogen weld cladding. 

l ow-ca rbon , high-ni trogen w e l d metals at 
the test temperature o f 1000°C dur ing 
cool ing. Further, the ragged fracture sur
faces of the simulated hot cracking test 
specimens for the three w e l d metals 
(ER320, ER320LR and l ow-ca rbon , high-ni
t rogen) w e r e very similar to that of the 
duct i l i ty-dip cracking o f Invar w e l d metals 
(Refs. 7-10) and to that o f the solidif ication 
cracking of 310S we ld metal occurr ing 
right after solidif ication. (Ref. 16). It is 
there fo re thought that the f racture sur
faces o f these w e l d metals featured by a 

Fig. 15-Critical 
strain curves for 
crack initiation of 
simulated hot 
cracking test on 
heating of ER320LR 
weld metal 
(0.005%C, 0.014%N), 
low-carbon, 
high-nitrogen weld 
metal (0.004%C, 
0.083%N), and 
ER320 weld metal 
(0.026 %C). 
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raggedness w e r e deve loped by the duc
ti l i ty-dip cracking mechanism. The under
bead cracking in Invar we ld metal is duc
ti l i ty-dip cracking caused by precipitates 
(Refs. 7-10) . O n the other hand, there are 
cases w h e r e grain boundary embr i t t le
ment occurs w i t h no precipitates in the 
grain boundary (Refs. 18-20) . Small p re
cipitates w e r e observed o n the f racture 
surface of l ow-ca rbon , high-ni trogen w e l d 
metal ; h o w e v e r , the quant i ty of precipi
tates was no t much . It is conceivable that 
n i t rogen p romotes the duct i l i ty-dip crack
ing of ER320LR cladding, a l though the role 
of n i t rogen in this cracking has not been 
determined. 

Conc lus ion 

1) The underbead cracking seen in 
ER320 stainless steel cladding was f ound 
to be grain boundary l iquation cracking, 
wh ich occur red by the eutect ic remelt ing 
of N b C and the matrix in the tempera ture 
range above 1100°C o n heating and dur
ing cool ing. 

2) The subst i tut ion of Ta for Nb t o pre
vent underbead cracking p r o m o t e d duc
ti l i ty-dip cracking. 

3) A successful result fo r minimizing 
NbC in the w e l d metal was obta ined by 

320LR 

crack 

-J>I 

ER320 

no crack 

1 — ' — s M 
400 1200 1000 0 

Test Temperature (°C) 

l ower ing the C content . Increasing n i t ro
gen content in the w e l d metal was detr i 
mental because it p r o m o t e d duct i l i ty-dip 
cracking. 

4) The fo l low ing w e r e also ef fect ive in 
prevent ing underbead cracking in ER320 
and ER320LR w e l d cladding: l ower the C 
conten t t o less than 0.005% in the w e l d 
metal t o prevent grain boundary l iquation 
cracking; l ower the n i t rogen content t o 
less than 0.015% in the w e l d metal to pre
vent duct i l i ty-dip cracking. To lower the 
n i t rogen, it is impor tant that the shielding 
gas is not contaminated by air. 
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