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ABSTRACT. The relationship between 
microstructure and mechanical proper
ties was examined for weld metal and 
heat-affected zones of submerged arc 
welds deposited in HSLA 80 steel. The 
welds, deposited over an energy input 
range of 2-4 kj /mm (51-102 kj/in.) with 
two commercial consumable combina
tions, exceeded the targeted notch 
toughness properties in the as-welded 
condition. The superior toughness 
resulted from a high proportion of acicu
lar ferrite and low (O + S < 0.031) con
tent. The notch toughness of the coarse-
grain heat-affected zone (CCHAZ) 
decreased with increasing energy input. 
The low toughness at the highest (4 
kj/mm) energy input resulted from the 
increased proportion of CGHAZ taking 
part in the fracture and the formation of a 
coarse upper bainite microstructure. 
Stress relieving reduced the notch tough
ness of both the weld metal and heat-
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affected zone as a result of embrittle
ment caused by carbide precipitation and 
an increase in yield strength resulting 
from copper precipitation. 

Introduction 

Current interest in the fabrication of 
naval surface ships and submarines has 
prompted renewed studies on sub
merged arc welding of conventional 
high-strength quenched-and-tempered 
(Q&T) steels, particularly HY 80 (Ref. 1) 
and HY 100 (Ref. 2). Recently, several 
papers have been published on the 
development of copper-precipitation-
strengthened steels that have potentially 
the same (or better) strength and tough
ness properties, with improved weldabili
ty compared to the conventional Q&T 
steels (Refs. 3-5). One of these steels, 
designated HSLA 80, is a modified version 
of ASTM A710 Grade A Class 3, and is 
currently being specified for the con
struction of U.S. Navy ships (Ref. 6). 

HSLA 80 steel differs from the conven
tional higher-carbon quenched-and-tem
pered HY steels in that the strength is 
obtained through copper precipitation 
hardening. The steel has lower carbon 
and alloy levels, and therefore does not 
transform to the hard martensitic struc
ture associated with the HY steels. This 
leads to improved weldability and essen
tially eliminates the need for preheating at 
ambient temperatures above 0°C (32°F). 
However, only limited published research 
exists on the evaluation of weldability 
and mechanical properties of weldments 
in ASTM A710 (Refs. 7, 8) and HSLA 80 

(Refs. 9-11). The recent work of Jesse-
man and Schmid (Ref. 7) focused on the 
evaluation of copper-containing steels 
(ASTM A710 Grade A and ASTM A736), 
with the aim of determining the effects of 
base plate heat treatment class, welding 
energy input, and plate thickness-heat 
flow conditions on the HAZ toughness 
and hardness. They also reported weld 
metal properties for several welding con
sumable combinations for both the as-
welded and PWHT conditions. However, 
in order to establish the suitability of the 
HSLA 80 steel for critical applications and 
to provide guidance with regard to weld
ing procedure development, there is a 
need for further research to obtain more 
quantitative results on structure/property 
relationships of weld metals and heat-
affected zones. The objective of the 
present study was to perform a quantita
tive analysis of the microstructure/ 
mechanical property relationships of sub
merged arc welds deposited in low-
carbon, copper-precipitation-strength
ened HSLA 80 steel. 

Experimental 

Base Material and Welding Procedure 

Microstructure and mechanical prop
erty studies were performed on experi
mental submerged arc welds deposited 
in 25.4-mm (1-in.) thick HSLA 80 steel, the 
composition of which is listed in Table 1. 
The mechanical property requirements 
presented in Table 2 were established 
from current military standards con
cerned with the qualification of sub-

Table 1—Chemical Composition of HSLA 80 High-Strength Steel 

Element, wt-% 
C Mn Si S P Ni Cr Mo Cu V Nb 

0.060 0.50 0.27 0.004 0.007 0.92 0.66 0.25 1.02 0.005 0.044 
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(a) 2 k J/mm 

(b) 3 kJ/mm 

(cKkJ/mm 

Typical Charpy 
Location 

Fig. 1—joint design preparation, pass sequence and Charpy specimen 
location for the submerged-arc welds 

Fig. 2 — Schematic diagram showing position of HAZ Charpy specimen, 
notched through thickness, 1 mm from the fusion line 

merged arc welding consumables for HY 
80/100 steels (Ref. 12). 

Two series of submerged arc welds 
(Series A and Series B) were made using 
electrode/flux combinations approved 
for welding HY 80 at energy inputs less 
than or equal to 4 k j /mm (102 kj/in.). The 
two electrodes used were both 100S-1 
(AWS EM2) classification, and the two 
fluxes were highly basic. The consuma
bles, weld identifications, and welding 
parameters are listed in Table 3. The 
ranges of energy inputs employed were 
in accordance with the limits specified for 
HY 80 steels in the current military stan
dard for HY 80/100 submarine construc
tion (Ref. 13). Single-V joint design prepa
rations were used with a 60-deg included 
angle and a 6- to 8-mrm (0.24- to 0.31-in.) 
root face, to accommodate increasing 
energy input. Figure 1 shows the joint 
design preparation, pass sequence and 
Charpy test specimen location. The 
welds were air carbon arc back gouged 
on the second side prior to deposition of 
the final passes. All welding was done 
parallel to the plate rolling direction. 

To evaluate the microstructure and 
mechanical properties of both as-welded 
and stress-relieved conditions, one half of 
each weld from Series A was subjected 
to a PWHT for 1 h at 600°C (1112°F) for 
stress relieving (SR). All the welds were 
inspected by x-ray radiography prior to 
machining mechanical test specimens. 

Mechanical Testing and Metallography 

The tensile properties were deter
mined from all-weld-metal specimens for 
the Series A and B as-welded condition 
and the Series A stress-relieved condition. 
Charpy impact transition curves were 
generated for each test condition, includ
ing both weld metal and the CGHAZ 

regions. The specimens were notched 
through-thickness at the weld centerline 
and the CGHAZ 1 mm (0.04 in.) from the 
fusion line on the back gouged side of 
each weldment, as shown in Figs. 1A and 
2, respectively. 

The microstructures of the weld metal 
and the CGHAZ were identified and char
acterized using optical and scanning elec
tron microscopy (SEM) for both the as-
welded (AW) and the stress-relieved (SR) 
conditions. The specimens were pre
pared by standard metallographic tech
niques and subsequently etched in 2% 
nital to reveal the overall structure and in 
4% picral for details of secondary micro-

constituents, M-A and/or carbides. Point 
counting was performed on the last as-
deposited weld bead to determine the 
percentage of acicular ferrite (AF), grain 
boundary ferrite (GF), ferrite with second 
phase (FS) (aligned FS(A) and nonaligned 
FS(N)), and polygonal ferrite (PF) in accor
dance with current IIW recommenda
tions (Ref. 14). Transmission electron 
microscopy was used to study copper 
precipitation in selected samples, using a 
two-stage carbon extraction replica tech
nique. Energy dispersive x-ray analysis 
was used to determine the precipitate 
compositions. 

Fractured surfaces of selected Charpy 

Table 2—Mechanical Property Requirements for HSLA Submerged Arc Weld Metals 

Yield strength 
Reduction in area 

Elongation 
Charpy impact energy 

565 MPa min 
50% min 
20% min 

81 J at -18°C 
47 J at -50°C 

Table 3—Submerged Arc Welding Consumables and Parameters 

Series 

A 

B 

Weld 
No. 

SA20 
SA30 
SA30 

SA21 
SA31 
SA41 

Energy 
Input, 
k j /mm 

2 
3 
4 

2 
3 
4 

Electrode/Flux 
Combination 

Electrode A 
100S1 (EM2) 

Basic flux 
B.l. = 3.0* 

Electrode B 
100S1 (EM2) 

Basic flux 
B.l. = 2.7* 

Current, 
A 

450 
500 
570 

450 
500 
570 

Wire 
Feed Speed, 

mm/s 

55.0 
61.2 
76.2 

55.0 
61.2 
76.2 

Travel 
Speed, 
mm/s 

7.8 
5.9 
5.1 

7.8 
5.9 
5.1 

Note: a) voltage setting — 35 V; b) electrode extension — 32 mm; c) preheat temperature — 93°C; d) interpass temperature - 149°C; 
e) electrode diameter —2.4 mm. 
*Basicity index was provided by manufacturer. 
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Table 4—Chemical Composition of Submerged Arc Welds 

Weld 
Series No. 

SA20 
A SA30 

SA40 

SA21 
B SA31 

SA41 

Note: For all weld metals, 

Table 5—Chemical 

Electrode A 
100S-1 

Electrode B 
100S-1 

C 

0.06 
0.05 
0.06 

0.05 
0.05 
0.05 

Nb = 0.020 

Mn 

1.16 
1.14 
1.05 

1.11 
1.13 
1.08 

Si 

0.37 
0.37 
0.35 

0.35 
0.35 
0.35 

S 

0.005 
0.005 
0.005 

0.003 
0.003 
0.003 

P 

0.010 
0.010 
0.010 

0.007 
0.007 
0.007 

Ni 

1.67 
1.43 
1.30 

1.52 
1.32 
1.28 

Element wt-% 

Cr 

0.28 
0.27 
0.34 

0.27 
0.24 
0.35 

Mo 

0.32 
0.29 
0.29 

0.28 
0.28 
0.28 

Pcm (%) = C + Si/30 + M n / 2 0 + Cu/20 + Ni /60 + Cr /20 + M o / 1 5 + V / 1 0 + 5 B. 

Composition of Welding 

C 

0.08 

0.07 

Mn 

1.64 

1.57 

Electrodes 

Si 

0.30 

0.52 

S 

0.008 

0.004 

P 

0.007 

0.00 

Ni 

1.74 

1.86 

Al 

0.015 
0.015 
0.015 

0.010 
0.010 
0.010 

Cr 

0.08 

0.03 

Cu 

0.27 
0.41 
0.53 

0.48 
0.40 
0.58 

N 

0.0086 
0.0090 
0.0109 

0.0094 
0.0095 
0.0094 

Mo 

0.28 

0.28 

O 

0.0307 
0.0282 
0.0259 

0.0310 
0.0274 
0.0221 

Al 

0.021 

0.009 

Pcm 

0.21 
0.20 
0.21 

0.20 
0.19 
0.20 

Cu 

0.02 

0.06 

specimens were examined in a SEM to 
evaluate the cleavage fracture features 
for specimens containing the CGHAZ 
region. Microhardness measurements 
were made in the vicinity of the Charpy 
notches for both weld metal and CGHAZ 
regions using a diamond pyramid indent-
er with a 500-g load. 

Results 

Weld Metal Chemistry 

The chemical compositions from the 
root region (Charpy position, Fig. 1) of 
the submerged arc welds and the corre
sponding electrode chemistries are pre
sented in Tables 4 and 5, respectively. 
Only slight differences in chemistry were 

observed between the Series A and B 
welds. The higher Cu in the Series B 
welds was attributed to the copper coat
ing of Electrode B. Variations in weld 
chemistry within each series reflect the 
increase of dilution as a result of higher 
energy inputs. The dilution ranged from 
about 30% for the 2-kJ/mm (51 kj/in.) 
energy inputs to 65% for the 4-kJ/mm 
energy inputs. This was calculated geo
metrically for the back gouged side of the 
weldments. The primary differences in 
weld metal composition within each 
series are the increase in copper and 
chromium and the decrease in nickel and 
oxygen with increasing energy input. The 
reduction in oxygen should relate to a 
lower volume fraction of inclusions (Ref. 
15). 

Weld Metal Mechanical Properties 

The results from weld metal Charpy 
impact testing are presented in Fig. 3 and 
Table 8. All welds exceeded the targeted 
toughness requirements of 47 J at —50°C 
(-58°F) and 81 J at - 1 8 ° C (0°F) in the 
as-welded condition. In both Series A and 
B, the 4-kJ/mm welds had consistently 
higher notch toughness at temperatures 
below - 4 0 ° C (-40°F). For the stress-
relieved condition (Fig. 3A), only the 2-
k j /mm weld met the notch toughness 
requirements. The transition curves for 
the 3- and 4-kJ/mm (76- and 102-kJ/in.) 
welds were shifted to higher tempera
tures. All as-welded specimens exhibited 
full ductile behavior at the 20°C (68°F) 
impact testing temperature. In the stress-

2A0 

200 

(SR) 
- 2kJ/mm • — 

•A— — 3kJ/mm * _ . 
• 4kJ/mm • -

(AW) 
—O— 

T — i — r 

-80 -60 -AO -20 0 20 40 

Temperature, *C 
Fig. 3 —Charpy transition curves for submerged arc weld metals. A —Series A; B —Series B 

-80 -60 -A0 -20 0 20 A0 

Temperature, "C 
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relieved condition, fully ductile behavior 
was not observed at the 20° C test tem
perature. 

The tensile properties of the experi
mental welds are listed in Table 6. In 
general, there was no significant differ
ence in the tensile properties between 
the Series A and B welds in the as-welded 
condition. All welds, with the exception 
of weld SA40 (AW), met or exceeded the 
minimum yield strength requirement of 
565 MPa (81.9 ksi). A marked decrease in 
yield strength with increasing energy 
input was observed for both Series A and 
B welds. There was, however, a signifi
cant increase in yield strength observed 
in the Series A welds after stress relieving. 
This was most pronounced at the higher 
energy inputs (3 and 4 kj/mm), where 
increases of 83 and 135 MPa (12,040 and 
19,600 psi) occurred (13% and 24%, 
respectively), as shown in Table 6. As 
indicated in Table 7, only a slight 
decrease in microhardness with increas
ing energy input was observed for both 
Series A and B welds in the as-welded 
condition. All welds exceeded the per
cent elongation and reduction of area 
requirements in both the as-welded and 
stress-relieved conditions. 

Weld Metal Microstructure 

The weld metal microstructure in the 
root region (from which the Charpy 
specimens were taken) for the Series A 
and B welds contained as-deposited and 
reheated regions for the 2- and 3-kJ/mm 
welds. The proportion of as-deposited 
structure increased from approximately 
30% for the 2-kJ/mm weldments to 90% 
for the 4-kJ/mm weldments. For the 
low-energy-input (2 kj/mm) weld, ten 
passes were required to complete the 
joint, compared with only four passes for 
the high-energy input (4 kj/mm) weld — 
Fig. 1A. 

Representative optical and SEM micro-

Table 6-

Weld 
No. 

SA20 
SA30 
SA40 

SA21 
SA31 
SA41 

Note: AW -

-Tensile Properties of Submerged Arc Weld Metals 

Yield 
Strength, 

MPa 

AW 

658 
604 
564 

669 
603 
565 

-as welded (SR) — 

(SR) 

(670) 
(687) 
(706) 

tress relieved. 

Ultimate 
Strength, 

MPa 

AW 

714 
698 
699 

750 
733 
709 

(SR) 

(734) 
(767) 
(772) 

Elongation. 
% 

AW 

27 
25 
24 

27 
25 
29 

(SR) 

(32) 
(28) 
(25) 

Reduction 
in area. 

% 
AW 

72 
72 
63 

72 
72 
74 

(SR) 

(72) 
(68) 
(66) 

Table 7—Microhardness Results of HSLA 80 Weldments 

DPH 

Weld 
No. 

SA20 
SA30 
SA40 

Heat 
Input, 
k l /mm 

2 
3 
4 

CGHAZ 
AW (SR) 

Weld 
Metal 

A W (SR) 

276 
265 
249 

(292) 
(293) 
(288) 

255 
251 
243 

(238) 
(241) 
(258) 

SA21 
SA31 
SA41 

2 
3 
4 

273 
242 
236 

247 
235 
231 

Note: AW —as welded; (SR)-stress relieved. 

graphs of the as-deposited region of 
Series A and B welds are shown in Figs. 4 
and 5. The SEM micrographs were used 
to determine dimensions of acicular fer
rite and location of the secondary micro-
phases. In general, the microstructure 
within the as-deposited region was com
posed predominantly of acicular ferrite 
with various proportions of grain bound
ary ferrite, ferrite with second phase and 
polygonal ferrite. These constituents are 
identified in Figs. 4A and 5A. In addition 
to the major transformation products, 
the presence of martensite-austenite (M-
A) microphase between acicular ferrite 
laths and at grain boundaries was 

observed in all welds after etching in a 4% 
picral solution —Fig. 7A. The quantitative 
analysis of the weld metal microstructure 
is presented in Table 8. For both Series A 
and B welds, there was a slight decrease 
in the amount of acicular ferrite with 
energy input. Estimates of the size of 
acicular ferrite lath width were made. 
These measurements indicated that there 
was a slight increase in coarseness (lath 
width changing from 1-3 ^m to 3-5 (tm) 
as energy input increased from 2 to 4 
k j /mm. As indicated in Table 8, the slight 
decrease in acicular ferrite with energy 
input was accompanied by an increase in 
total amount of the minor constituents, 

;A/ f| \ 
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Fig. 4 - Microstructure of the as-deposited region of weld SA20 (Series A) deposited at 51 kj/in. A —Optical; B-SEM 
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Fig. 5—Microstructure of the as-deposited region of weld SA41 (Series B) deposited at 102 kj/in. A —Optical; B—SEM 

i.e., grain boundary ferrite, ferrite with 
second phase and polygonal ferrite. The 
typical microstructure of the reheated 
weld metal region is shown in Fig. 6. The 
structure consisted of acicular ferrite 
delineated by grain boundary ferrite and 
ferrite with second phase for both Series 
A and B welds. Stress relieving of Series A 
welds did not change the overall micro-
structure. There was, however, an 
increase in the proportion of carbides, 
shown in Fig. 7. 

Energy dispersive x-ray analysis was 
performed on extraction replicas pre
pared from the Series A welds deposited 
at 2- and 4-kJ/mm energy inputs and 
revealed the presence of 10- to 20-mm 
diameter Cu precipitates for the as-
welded and stress-relieved conditions — 
Fig. 8. The size of the precipitates was 
similar for both the 2- and 4-kJ/mm 
welds. The dispersion of precipitates was 
not uniform throughout the welds, but 
varied significantly between individual 

Table 8—Percentage of Microstructural Constituents of Submerged Arc Weld Metals for 
Series A and B 

% of Constituents 

Weld No. 

SA20 
SA30 
SA40 

AF 

79 
85 
75 

CF 

15 
9 
12 

FS(A) 

2 
1 
2 

FS(N) 

2 
2 
4 

PF 

2 
3 
7 

SA21 
SA31 
SA41 

73 
79 
67 

16 
10 
9 

2 
2 

4 
2 
9 

5 
7 
8 

Note: AF —acicular ferrite; GF —grain boundary ferrite; FS(A) - ferrite with second phase (aligned); FS(N) — ferrite with second phase 
(non-aligned); PF — intragranular polygonal ferrite. 

grains. Indeed, some grains were devoid 
of precipitates, while others contained 
precipitates as a result of Cu microsegre
gation. In addition to Cu precipitates, 
some iron carbides were observed in the 
as-welded condition in both the 2- and 
4-kJ/mm welds. 

Stress relieving of the welds resulted in 
an increase in the proportion of Cu 

precipitates compared with the as-
welded condition, particularly for the 4-
k j /mm weld —Figs. 8B-D. After stress 
relieving, no difference in Cu precipitate 
density could be discerned between the 
2- and 4-kJ/mm welds. There was, how
ever, an increase in the proportion of 
iron carbide precipitates observed, as 
shown in Fig. 8. 

•vr-Tf: 
JS&fc' 

Fig. 6 — Microstructure of reheated weld metal region in submerged arc 
weld deposited at 51 kj/in. 
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Table 9-

Series 

A 

-Summary of Weld Metal and CGHAZ Notch Toughness Results 

Heat 
Input, 

k j /mm 

2 
3 
4 

(AW) 

- 5 0 ° C 

96 
110 
152 

Weld Metal. 

20°C 

216 
210 
200 

I 

(SR) 

-50=C 

58 
30 
45 

20°C 

157 
182 
147 

(AW) 

- 5 0 ° C 

107 
85 
62 

CGHAZ, 

20°C 

267 
277 
271 

(SR) 

- 5 0 ° C 

198 
103 
44 

20°C 

235 
230 
206 

Note: Base material impact energy at —50°C —240 I as received; 325 I stress-relieved. AW —as welded. (SR) —stress relieved. 

In addition, in both the as-welded and 
stress-relieved conditions, no alloy car
bides or niobium carbonitrides were 
observed. 

CGHAZ Notch Toughness 

Charpy impact transition curves gener
ated for the CGHAZ (notched through-
thickness 1 mm/0.04 in. from the fusion 
line) of the Series A weldments are 
shown in Fig. 9. Increasing energy input 
resulted in a displacement of the Charpy 
transition curves to higher temperatures. 
All welds in the as-welded condition 
exceeded the impact requirements. For 
the Series A welds, stress relieving 
improved the notch toughness of the 2-
and 3-kJ/mm welds and reduced the 
toughness of the 4-kJ/mm weld. The 
results are summarized in Table 8. The 
microhardness of the CGHAZ region 
adjacent to the fusion line increased for 
all three energy inputs, as shown in Ta
ble 7. 

CGHAZ Microstructure 

The as-welded microstructures of the 
CGHAZ adjacent to the fusion line are 
shown in Figs. 10 and 11 for the 2- and 
4-kJ/mm energy inputs. For the lowest 
2-kJ/mm energy input (Figs. 10A and B), 
the microstructure consisted of a mixture 
of bainite with some regions of low-
carbon martensite. At the higher energy 
inputs of 3 and 4 k j /mm (Figs. 11A and B), 
a predominantly coarse upper bainite 
structure was formed. The bainite con
sisted of packets of parallel bainitic-ferrite 
laths separated by islands of M-A micro-
phases—Fig. 12A. The bainitic packets 
increased in size with increasing energy 
input. The M-A constituent was decom
posed to carbide after stress-relieving, as 
shown in Fig. 12B. 

Discussion 

The present studies on submerged arc 
welding of precipitation-hardened HSLA 
80 have shown that the weld metal notch 
toughness (47 J at - 5 0 ° C and 81 J at 
— 18°C) and tensile property require
ments can be achieved in the as-welded 
condition using the commercially avail
able HY 80 consumables for the energy 
input range of 2 to 4 kj /mm. There was, 
however, a significant decrease in weld 
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Fig. 8— Transmission electron micrographs of carbon extraction replicas showing precipitates in the 
as-deposited region of submerged arc weld metals deposited at 51 kj/in. (weld SA20) and 102 
kj/in. (weldSA40). A - Weld SA20, as welded; B- Weld SA20, stress relieved; C- Weld SA40, as 
welded; D— Weld SA40, stress relieved 

metal yield strength and an increase in 
notch toughness associated with the 
highest 4 k j /mm energy input. Stress 
relieving (at 600°C for 1 h) reduced the 
weld metal notch toughness and 
increased the yield strength. After stress 
relieving, only the 2 k j /mm weld 
exceeded the notch toughness require
ments. 

The CGHAZ notch toughness in the 
as-welded condition decreased with 
increasing energy input, although in all 
cases the toughness requirements were 
met or exceeded. Stress-relieving de
creased the CGHAZ notch toughness of 
the 4-kJ/mm weldment below the target 
requirements. 

In general, these results can be 
explained in terms of the microstructural 
characteristics of weld metal and CGHAZ 
regions affected both by increasing 
energy input and by stress relieving. 

Weld Metal Properties and Microstructure 

The high proportion of acicular ferrite 
(AF) combined with a low oxygen plus 
sulfur content of 220-315 ppm (reflecting 
a low inclusion volume fraction (Ref. 15)) 
were the primary microstructure features 
contributing to the superior low temper
ature notch toughness of the welds. Acic
ular ferrite weld metals consist of highly 
dislocated, low-aspect-ratio (4:1) ferrite 
laths, typically 1-3 ^m wide, separated 
by high-angle grain boundaries. Acicular 
ferrite provides optimum resistance to 
cleavage crack propagation because 
cracks must re-initiate at the closely 
spaced high-angle boundaries. A relation
ship has been proposed showing that the 
amount of weld metal AF is maximized 
for Pcm carbon equivalent levels in the 
range of 0.17 to 0.23 (Ref. 16). A compar
ison of the calculated hardenabilites using 
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the Pcm (Table 4) shows that all weld 
metal compositions were within this opti
mum range. In addition, the oxygen levels 
(Table 4) were in the optimum range 
(200-400 ppm) where, as oxide inclu
sions, they could act as nucleation sites 
for AF formation (Ref. 17). 

In the as-welded condition, there was 
a trend toward higher notch toughness 
with increasing energy input for both 

Series A and B welds (Fig. 3), despite 
coarsening of the microstructure at the 
highest energy input. A similar trend was 
observed by Jesseman and Schmid (Ref. 
7). In general, higher notch toughness 
may be expected at low energy inputs (2 
kj/mm) because of the high proportion 
of fine reheated (several welds beads) 
and as-deposited weld metal structure. 
The precipitation of copper in the 

reheated weld metal (Fig. 8A) may be an 
important factor in reducing the tough
ness at low energy inputs. The higher 
strength of the 2-kJ/mm weld (Table 6) 
reflects the likely precipitation strength
ening of copper. Further studies using 
Gleeble simulation techniques are 
needed to clarify the role of copper 
precipitation in reheated regions of the 
weld metal and its effect on strength and 
toughness. 

Stress relieving of the Series A weld 
metals resulted in a loss of notch tough
ness. The Charpy transition curves were 
shifted to higher temperatures and failed 
to meet the toughness requirement at 
—50°C for the 3- and 4-kJ/mm energy 
inputs. In the stress-relieved condition, 
the decrease in notch toughness was 
accompanied by an increase in yield 
strength. This increase in yield strength 
resulted primarily from increased copper 
precipitation — Fig. 8. The increase in yield 
strength was considerably less for the 
2-kJ/mm weld compared with the 4-
kj /mm weld (Table 6), which is consistent 
with the lower level of copper precipita
tion observed in the 4-kJ/mm weld in the 
as-welded condition. 

In addition, an increase in iron carbide 
precipitation after stress relieving in the 
2-, 3-, and 4-kJ/mm Series A welds also 
contributed to the loss in notch tough
ness. Embrittlement resulting from 
increased iron carbide precipitation after 
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K • , •• I i * $ % V l> }^/;^-C •&$&.4 25um 
^ _ u i i " • ' • • • • > ' • . . • ••- - • • V . . " . ' • . ' . . • • •-• _ » , 

F;g. 11 — Microstructure of the CGHAZ region (coarse upper bainite) for a 102-kj/in. energy input. A -Optical; B—SEM 

118-s I MARCH 1989 



ic r v 

>•• '• * / y 

XX -V 
? ' " fc* > 

'' . v ' •<- ' 

\ * \ y* 
' ' J 

v. / 
--.. r if* 
F* . .• — • 

V * * 

SjK ." 

*7 S 

• ' ; ' 

. • „ ** / 
'-B 

y 

• ' 

s? < 

/ 

. « 

Mrt:** . . 

' -* * i 
/ ;» * * ' 

^ A 10 

r * *̂  

Ltm 

%. 72 — Micrographs of the CGHAZ deposited at 102 kj/in. Etched in 4% picral solution to reveal microphases of M-A microconstituents and carbides. 
A—As welded; B —stress relieved 

stress relieving has also been reported by 
Braid and Gianetto (Ref. 18) for C-Mn-Ni 
shielded metal arc welds. Optical and 
transmission electron microscopy re
vealed an increased proportion of iron 
carbides in the stress-relieved condition, 
as shown in Figs. 7 and 8. This was partly 
associated with decomposition of M-A 
microphases, which offsets normal soft
ening of the weld metal microstructure 
after stress relieving. 

CGHAZ Properties and Microstructure 

Although the CGHAZ Charpy results in 
the as-welded condition exceeded the 
target values, a general trend to decreas
ing notch toughness was observed for 
increasing energy input. This was caused 
by two factors: 1) the increased energy 
input results in a larger proportion of 
CGHAZ being sampled; and 2) an overall 
coarsening of the HAZ microstructure 

from the longer cooling times of the 
higher-energy-input welds. In order to 
explain the change in the notch tough
ness, the proportions of the microstruc
tural regions at the notch of the Charpy 
impact test specimen must be consid
ered. For the CGHAZ impact test, the 
notch is located next to the fusion line 
(Fig. 2), therefore sampling several micro-
structural regions, including weld metal, 
CGHAZ and base metal. Thus, the mea
sured notch toughness includes the sum 
of the individual contributions of these 
regions (Refs. 19, 20). The work of Satoh, 
et al. (Ref. 20), has shown that as the 
proportion of an embrittled region 
increases, the toughness approaches that 
of the lowest toughness region, for Char
py and CTOD testing. 

At the low energy input (2 kj/mm) the 
CGHAZ region is small and represents 
only about 10-20% of the total fractured 
path; therefore, the high toughness con

tributions of the AF weld metal and 
fine-grained polygonal ferrite base metal 
result in superior low temperature tough
ness, measured by the CGHAZ impact 
test. At the higher energy input, 4 k j /mm, 
the CGHAZ represents about 30-50% of 
the total fracture path, and the measured 
notch toughness is lower. 

In addition, the microstructure of the 
CGHAZ changes with increasing energy 
input. In this study, the CGHAZ changed 
from a fine bainite with regions of low-
carbon martensite at 2 k j /mm to a coarse 
upper bainite at 4 k j /mm, as discussed 
above. The presence of low-carbon mar
tensite in the 2-kJ/mm CGHAZ, which 
was difficult to distinguish in the optical 
microscope, was confirmed using SEM, 
which revealed the presence of step-like 
facets 5 to 10 jum wide, as shown in Fig. 
13A. At 4 k j /mm, the CGHAZ was a band 
containing large cleavage facets 40 to 80 
jtm wide —Fig. 13B. This coarse upper 

Fig. 13 — SEM fractographs of fractured HAZ Charpy specimens. A — Fractograph of 51-kJ/in. Charpy specimen showing cleavage facets corresponding 
to the mixed bainite (large facets) and low-carbon martensitic (step-like facets) microstructure. B — Cleavage facets of the 102-kJ/in. Charpy specimen 
corresponding to the coarse upper bainite microstructure 
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bainitic structure has very l o w cleavage 
fracture resistance (Ref. 10) and was 
mainly responsible for the overal l 
reduced toughness exhib i ted in the 
CGHAZ impact test (Fig. 9) at 4 k ) / m m . 
The reduct ion in toughness cont r ibu ted 
by the C G H A Z region was partially offset 
by the imp roved toughness o f the w e l d 
metal region exhib i ted (Fig. 9) at 4 k j / 
m m . 

Stress rel ieving increased the HAZ 
no tch toughness of the 2- and 3-kJ /mm 
welds but l owe red the toughness of the 
4 -kJ /mm welds. These results can also be 
explained on the basis o f the propor t ions 
of the microstructural regions in the frac
ture path , despite the embr i t t lement o f 
the HAZ (ref lected by the higher micro
hardness, Table 7) even at low-energy 
inputs as a result of precip i tat ion of c o p 
per and i ron carbides. At 2 and 3 k j / m m , 
CGHAZ occupies only 10 -30% of the 
f racture pa th ; there fore , the increased 
toughness is at tr ibutable to the higher 
toughness of the base metal region after 
stress relieving. At 4 k j / m m , the decrease 
in toughness was at t r ibuted to the 
increased p ropo r t i on of CGHAZ ( 3 0 -
50%) taking part in the f racture and the 
fur ther embr i t t lement of the coarse bain
ite microstructure. 

Conclus ions 

1) The series of submerged arc welds 
depos i ted w i t h commercial ly available 
we ld ing consumables for the energy 
input range of 2 - 4 k j / m m exceeded the 
no tch toughness requirements o f 47 J at 
- 5 0 ° C and 81 J at - 1 8 ° C in the as-
w e l d e d cond i t ion . 

2) The we ld metal no tch toughness 
propert ies w e r e at t r ibuted to a high p r o 
por t ion of acicular ferr i te microstructure 
comb ined w i t h a l o w O + S content . 

3) The superior l ow- tempera tu re 
notch toughness of the highest (4 k j / m m ) 
energy input welds was related to the 
lower yield strength, c o m p a r e d to the 
multipass 2- and 3-kJ /mm welds. The 
tendency to l ower yield strength w i t h 
increasing energy input was caused by a 
slight coarsening of the we ld metal micro-
structure and a reduct ion in copper p re
cipi tat ion hardening at the highest energy 
input. 

4) A loss o f notch toughness and 
accompany ing increase in yield strength 

was observed after stress rel ieving o f the 
Series A welds. In general, this was attr ib
u ted to an increase in coppe r and carbide 
precipi tat ion. 

5) In the as-welded cond i t ion , the 
decrease in notch toughness o f the 
CGHAZ specimens as the energy input 
was increased resulted f r o m the fo l l ow
ing: a) an increasing p ropo r t i on o f the 
CGHAZ taking part in the f racture; and b) 
a change in microstructure o f the C G H A Z 
f r o m low-ca rbon martensi te /bain i te t o 
coarse upper bainite. 

6) In the stress-relieved condi t ion , 
there was an improvemen t in the C G H A Z 
specimen no tch toughness fo r the 2- and 
3-kJ /mm we ldments . This was related to 
the i m p r o v e d toughness o f the base 
metal , wh i ch represented a significant 
p ropo r t i on o f the f racture path. For the 
4 -kJ /mm we ldmen t , the increased p ro 
por t i on o f C G H A Z in the f racture path 
resulted in l ower toughness. 
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