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Effective reheating of weld metal produces a highly refined, 
tempered microstructure that improves SCC resistance in 

HY-130 weldments 
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ABSTRACT. Fractographic and micro-
structural analyses were carried out on 
single edge notched, cantilever beam 
specimens of HY-130 weld metal tested 
for stress corrosion cracking (SCC) resis
tance in 3.5% sodium chloride solution. 
The weldments were fabricated by the 
gas tungsten arc (GTA), gas metal arc 
(GMA) and shielded metal arc (SMA) 
welding processes using both standard 
(STD) welding electrodes and welding 
electrodes of base metal composition 
(BMC). Some of the specimens were 
tested as welded, whereas others were 
heat treated before testing. 

The purpose of the investigation was 
to correlate the fracture morphology and 
corresponding microstructure with the 
SCC resistance of the weld metal as 
welding conditions and heat treatments 
varied. 

Maximum SCC resistance was found in 
weldments fabricated by the fine bead, 
low deposition rate, GTA process that 
effectively reheated the as-deposited 
weld metal, thereby producing a uni
form, refined, tempered microstructure 
that fractured predominantly by micro-
void coalesence (MVC). A coarse 
grained, non-uniform microstructure de
veloped in both the GMA and SMA 
weldments, and fracture by cleavage was 
common to specimens fabricated by 
both of these processes. Heat treating a 
GMA weldment to deliberately coarsen 
the microstructure resulted in intergranu
lar (IC) fracture and a substantial reduc
tion in SCC resistance. On the other 
hand, heat treating a GMA weldment to 
refine the microstructure resulted in frac
ture by MVC and improved SCC resis-
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tance. 
Limited variations in the concentrations 

of the major alloying elements in the 
weld metal had no demonstrable effect 
on the SCC resistance. 

Introduction 

The HY-130 steel weldment system 
has been identified as a primary candi
date for future marine applications. The 
system shows good strength and tough
ness properties at the intended service 
temperatures, but use in a marine envi
ronment necessarily exposes the steel to 
conditions favoring corrosion damage. 
Previous investigations have shown that 
under conditions of cathodic protection 
that prevent general corrosion, SCC is 
intensified (Ref. 1,2). Moreover, in the 
HY-130 system, the weld metal appears 
to be more susceptible to SCC than does 
the rolled base metal. In a previous inves
tigation of HY-130 steel plate (Ref. 3), 
altering the microstructure was a key 

factor in improving SCC resistance. A 
refined, tempered, martensitic structure 
was found to be the most resistant to the 
propagation of a stress corrosion crack. 

An investigation was undertaken to 
determine the feasibility of improving the 
SCC resistance of HY-130 weld metal. 
During the investigation, the microstruc
ture, developed in weldments fabricated 
by different welding processes and sub
jected to different heat treatments, was 
identified along with the microfracture 
processes occurring during SCC testing. 

Procedure 

The specimens analyzed were double 
V-groove, multipass weldments in HY-
130 steel plate, a 5Ni-Cr-Mo-V 
quenched-and-tempered steel having a 
minimum yield strength of 130 ksi (900 
MPa). Three of the weldments were 
fabricated using filler metal prepared 
from HY-130 electroslag remelt plate 
(BMC), and four were fabricated using 

Table 1—Test Conditions and Properties 

Material 

GTAW - BMC(a) 

G T A W - S T D * ) 
G M A W - B M C 
GMAW - B M C 

GMAW - STD 
GMAW - STD 

SMA - STD 

Heat 
treatment 

As-welded 

As-welded 
As-welded 

1500°F (816°C), 
1h,W.Q.<e> 

1100°F(593°C), 
1h,W.Q. 
As-welded 

1025°F (552°C), 
98 h furnace 

cooled 
As-welded 

of HY-130 Weldments 

0.2% yield 
strength. 

ksi 

143 

142 
136 

131 
150 

145 
144 

(MPa) 

(998) 

(990) 
(937) 

(903) 
(1034) 

(1000) 
(992) 

Klscc -
ksi \/m~ 

115 
90 

103'd> 
92 

112 
99 

38 
100 

-100 h,<c> 
(MPax/m) 

(126) 
(99) 

(113)(d) 
(102) 

(123) 
(109) 

(42) 
(110) 

(a) Base metal chemistry welding electrode. 
(b) Standard welding electrode 
(c) Hold time between load increments. 
(d) Retest va lues - 1 in. (25.4 mm) thick specimen -
(e) Water quenched. 

surface beads machined off. 
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standard (STD) electrodes. All of the test 
specimens were 1.5 in. (37.5 mm) thick. 

Table 1 lists the materials tested, iden
tified by the welding process and welding 
electrode, and the heat treatment, yield 
strength and K|scc values. Conditions for 
the three welding processes are given in 
Table 2. The GTA specimens were fine 
bead, low deposition rate weldments, 
whereas the GMA and SMA specimens 
were coarse bead, high deposition rate 
weldments. Table 3 gives the chemical 
composition of the deposited weld met
al. 

SCC testing was carried out by the 
cantilever beam method (Ref. 3) as 
reported in a previous investigation (Ref. 
4). The test specimens were single edge 
notched (SEN), side grooved and fatigue 
precracked. They were galvanically cou
pled to zinc electrodes and fractured 
under stress in 3.5%, nonflowing, sodium 
chloride solution. The tests were carried 
out at approximately 25°C (77°F). A step-
loading and bracketing technique was 
used with an increase in the load incre
ment at 100 hour (h) intervals until crack 
growth was initiated. The reported K|5CC 

value for each specimen is an average of 
the K| values associated with the final two 
loads. 

One fracture surface of each specimen 
was cleaned ultrasonically and fracto
graphic analysis was carried out by scan
ning electron microscopy. The dominant 
modes of fracture were identified at the 
fatigue-SCC interface, and in the SCC and 
fast-fracture areas. Figure 1 is a schematic 
of a test specimen depicting a typical 
fracture surface and the areas analyzed. 
Upon completion of the fractographic 
analysis, the specimens were sectioned in 
both longitudinal and transverse direc
tions for metallographic analysis. The lon

gitudinal sections were taken from a 
thermally cycled, smooth SCC zone. The 
transverse sections, also from the SCC 
zone, encompassed the root pass area, a 
thermally cycled area and the final weld 
passes along the side of the specimen. 

The metallographic sections were 
mounted, polished and etched with 2% 
nital, and the microstructures, near the 
fracture edge, were identified by optical 
microscopy. In some instances, the speci
mens were repolished and etched with 
10% ammonium persultate solution to 
identify solidification substructure. Micro
hardness measurements were made 
along the fracture edge of the metallo
graphic specimens using a Vickers micro
hardness tester under a 300 g load. All 
hardness measurements were converted 
to the Rockwell C (RHC) scale. 

Results 

GTA weldments 

Macroscopically, the fracture surfaces 
of the two GTA weldments were rela
tively flat. Figure 2A shows the fracture 
surface of the BMC weldment, and Fig. 
2B shows the fracture surface of the STD 
weldments. The texture of the surfaces 
varied from quite smooth in the thermally 
cycled areas (1) to coarse in the root pass 
(2) and final weld pass areas along the 
sides of the specimens (3). 

In all of the as-welded specimens the 
shape of the SCC zone was concave. In 
the two GTA specimens, this concavity 
was most pronounced in the specimen 
welded with the standard electrode — Fig. 
2B. The SCC crack appeared to propa
gate inward from the sides of this speci
men as well as from the fatigue crack tip. 
Horizontal secondary cracks were appar
ent in both the SCC and fast fracture 

Table 2—Welding Conditions 

Material 

GTAWM _ B M C 

GTAW - STD 
GMAW<b c>-BMC 
GMAW<C ' -STD 
SMAW<b» - STD 

Voltage, 
V 

14 
12 
30 
29 
22 

Current, 
A 

240 
240 
350 
290 
120 

Travel 
speed, 

ipm 

6 
6 
14 
15 
4 

Heat 
input, 
kj/ in. 

34 
29 
45 
34 
40 

Preheat 
interpass 

temperature, 
°F 

275-300 
275-300 
275-300 
200-225 
200-225 

No. of 
beads 

175 
158 
32,34 
33,31 
32 

(a) Shielding gas -75 " . , Ar + 25" . He. 
(b) Shielding g a s - A r + 2",. 0 2 . 
{c) T w o weldments fabricated. 

areas of both GTA specimens. 
The smooth, thermally cycled area of 

the SCC zone fractured by MVC in both 
specimens. The dimples in the STD weld 
metal ranged from coarse to fine. On the 
other hand, the dimples in BMC weld 
metal were generally fine and uniform. It 
may be that this difference in dimple 
morphology reflects the solidification 
substructure which, although predomi
nantly cellular in both specimens, was 
extremely fine along the fracture edge of 
the BMC weld metal and, in some areas, 
was virtually unresolvable optically. 
There was no evidence of solidification 
cracking in any of the test weldments. 

In the SCC zone, cleavage was the 
dominant fracture mode in the root pass 
area where thermal cycling was minimal. 
Also in the SCC zone, the weld metal 
along the sides of the specimens (the final 
weld passes) fractured by cleavage. The 
cleavage facets in the BMC weld metal 
(Fig. 3A) were considerably finer than 
those in the STD weld metal (Fig. 3B), and 
microcracks in the latter specimen may 
be evidence of columnar grain boundary 
separation. MVC was the dominant frac
ture mode in the fast fracture or overload 
zone of all of the test specimens. 

The microstructure in the thermally 
cycled zones of both GTA specimens 
was extremely fine grained. It was pre
dominantly a highly tempered, refined 
martensite but also contained areas com
posed of a fine, tempered bainite — Fig. 
4A. A coarser structure, typical of the 
root pass area, is shown in Fig. 4B. it 
contained martensite that had undergone 
varying degrees of tempering, acicular 
ferrite and bainite. The microstructure in 
the final pass areas (Fig. 5) contained 
substantial amounts of untempered mar
tensite. In the BMC weld metal the mar
tensite platelets were needle-like where
as those of the STD weld metal were 
large and blocky. Also, both columnar 
and equiaxed grains in the final pass areas 
were considerably larger in the STD weld 
metal than in the BMC weld metal. 

A second STD weld metal specimen 
was tested for SCC resistance after the 
extremely coarse structure was machined 
off the sides of the weldment. The K|SCC 

value increased from 90 ksi \/\A. (99MPa 
-a/m) for the original specimen to 103 ksi 

V i a (113MPa\/m). 
Hardness measurements, along the 

fracture edge, ranged from 35.5 RHC to 
37.9 RHC in the STD weld metal and from 
32.6 RHC to 37.2 RHC in the BMC weld 

Table 3—Chemical Composition of the Deposited Weld Metal, wt-% 

Material C Mn P S Si Cu Ni Cr Mo O 

GTAW-BMC 
GTAW-STD 
GMAW-BMC 
GMAW-STD 
SMAW-STD 

0.077 
0.13 
0.083 
0.093 
0.064 

0.78 
1.43 
0.69 
1.50 
1.16 

0.005 
0.004 
0.006 
0.009 
0.009 

0.001 
0.003 
0.002 
0.007 
0.003 

0.25 
0.35 
0.23 
0.31 
0.45 

0.13 
0.037 
0.17 
0.057 
0.02 

4.88 
2.97 
4.99 
2.59 
3.80 

0.56 
0.67 
0.56 
0.91 
0.58 

0.48 
0.83 
0.49 
0.61 
0.85 

0.059 
0.011 
0.063 
0.016 
0.019 

0.007 
0.006 
0.012 
0.006 
0.011 

0.0012 
0.0010 
0.0400 
0.0205 
0.0266 

WELDING RESEARCH SUPPLEMENT 1113-s 



-NOTCH-

FATIGUE PRECRACK 

SCC AREA 

FAST FRACTURE 

Fig. 2-Fracture surfaces of the GTA weldments: A -BMC; B-STD; 1, 2, 3-see text 

metal. The lower hardness values were 
obtained in the thermally cycled areas. 

GMA Weldments 

Macroscopically, the GMA, as welded, 
BMC specimen was a composite of 
smooth, flat areas and coarse textured, 
rough areas — Fig. 6A. The SCC zone was 
of relatively uniform depth. Most likely, a 
weld pad, built up on either surface of 
the weldment during fabrication, was 
machined off thereby removing the 
coarse, untempered, final weld passes 
prior to SCC testing. This would account 
for the lack of SCC crack extension along 
the sides of the fracture surface as seen in 
the GTA specimens. The macroscopic 
appearance of the GMA, heat treated, 
BMC specimen (Fig. 6B) was similar to the 
as welded specimen. 

Microfracture in the as welded speci
men was characterized by MVC (Fig. 7A) 
in the smooth areas where the micro-
structure consisted of tempered martens
ite, with some ferrite and bainite (Fig. 7B). 
Alternating cleavage and MVC character
ized the coarse fracture areas (Fig. 7C). 
Here the microstructure, which was gen

erally coarse, contained a mixture of 
untempered or mildly tempered martens
ite, with ferrite platelets along grain 
boundaries. (Fig. 7D). 

Although the heat treated specimen 
fractured predominantly by MVC, there 
were scattered areas of cleavage and 
some IG separation along columnar 
grains and adjacent coarse, equiaxed 
grains. IG fracture and cleavage also 
occurred in isolated areas along the fa
tigue—SCC interface. The heat treated 
microstructure was relatively uniform and 
composed of tempered martensite, acic
ular ferrite and coalesced carbides —Fig. 
8. Scattered cleavage and secondary 
cracks were found in the overload areas 
of both specimens but were more exten
sive in the as welded specimen. The 
hardness range for the as welded speci
men was 31.1 to 33.0 RHC and for the 
heat treated specimen, 30.0 to 34.0 
RHC. 

The fracture surface of the GMA-STD 
specimen was characterized by a disper
sion of elongated columnar grains, coarse 

Fig. 1 —Schematic of SCC test specimen and fracture 
surface 

faceted, equiaxed grains and flat, fibrous 
regions. The SCC crack front extended 
well into the brittle area along the sides of 
the specimen and the entire SCC zone 
contained crevices and pockets of torn 
metal —Fig. 9. Voids were numerous in 
the fast fracture zone. Solidification struc
ture was discernible within the voids and 
the larger ones contained fractured inclu
sions. By energy dispersive x-ray analysis 
these inclusions were found to contain, 
mainly, Mn, Ti and Si. 

IG fracture occurred in the root pass 
area and along the sides in the final weld 
passes. The thermally cycled areas frac
tured by cleavage and MVC. There was 
extensive secondary cracking throughout 
the SCC area. Large columnar and coarse 
equiaxed grains, composed primarily of 
untempered martensite, were found in 
areas that fractured by IG separation. 
Where fracture occurred by cleavage 
and MVC, the microstructure was a het
erogeneous mixture of tempered mar
tensite, acicular ferrite and coalesced car
bides. Microcracks branched from the 
fracture edge and isolated cracks formed 
within the microstructure —Fig. 10. The 
solidification substructure, at the fracture 
edge, was predominantly cellular-den
dritic. The hardness ranged from 35.8 to 
40.2 RHC. 

Bands of columnar grains, large facet
ed, equiaxed grains and flat, smooth 
fracture alternated across the surface of 
the GMA stress relief embrittled speci
men—Fig. 11. Fracture occurred by IG 
separation and cleavage, with some duc
tile tearing between the ridges. The 
microstructure consisted, primarily, of 
acicular ferrite platelets within large, irreg
ular grains. Ferrite and clusters of precipi
tated carbides decorated the grain 
boundaries —Fig. 12. The hardness, near 
the fracture edge, ranged from 32.1 to 
34.6 RHC. 

SMA Weldment 

The macroscopic appearance of the 
SMA, as welded specimen (Fig. 13) was 
smoother and more uniform than either 
of the two as welded, GMA specimens. 
Nevertheless, columnar grains were visi
ble in the root pass area. The remainder 

SX^yfggL' 

ffi*RHR< 
V / 

Fig. 3 — Cleavage in GTA surface weld pas 4 -BMC; B-STD 

® 
Fig. 4 — Typical microstructure in GTA weldments: A - highly refined, 
tempered martensite and bainite-thermally cycled areas. B —coarse 
grained martensite, bainite and acicular ferrite-root pass area 
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Fig. 5 — Coarse grained, untempered martens
ite. GTA weldment — final pass area 

of the surface appeared flat and fine 
textured. IG separation was found only in 
the root pass area. As in the GTA and 
GMA, as welded specimens, cleavage 
along the sides of the specimen indicated 
some embrittlement of the final weld 
passes. Although the smooth, thermally 
cycled regions fractured predominantly 
by MVC, cleavage was found associated 
with secondary cracks in both the SCC 
and fast fracture areas. 

The microstructure (Fig. 14), a tem
pered martensite and bainite with scat
tered areas of acicular ferrite, was some
what more uniform than either of the 
two GMA, as welded specimens. Al
though no microcracks were found with
in the microstructure, a few short scat
tered microcracks were found along the 
fracture edge. The solidification substruc
ture along the fracture edge was pre
dominantly fine and cellular. Hardness 
values ranged from 33.7 to 36.6 RHC. 

Discussion 

No single microstructure was identified 
in the HY-130 weldment system as con
sistently yielding high K|SCC values. None
theless, a highly refined and relatively 
homogeneous microstructure appears to 
be essential to maximum SCC resistance. 
The effect of microstructure on the prop
agation of an SCC crack was illustrated 
by the irregular shape of the SCC zone in 
the as-deposited weld metal. A coarse 
grained, untempered, columnar struc
ture, highly susceptible to SCC devel
oped in the final passes, the last of the 
weld metal to be deposited during fabri
cation. This was attributed to a lack of 
reheating and tempering. 

Subsequent exposure of this area to a 
corrosive environment resulted in embrit
tlement, as evidenced by IG fracture and 
cleavage found at the sides of the as 
welded specimens. The crack front 
advanced more rapidly in this area than in 
the remaining weld metal where the 
microstructure, due to repeated thermal 
cycling, was finer grained and tempered, 
and where exposure of a fresh surface to 
the corrosive medium was restricted by 
the crack opening. The exception was in 
the root pass area. Relatively few passes 
were required to fill the root of the 
double V-groove weldments; therefore, 

Fig. 6-Fracture surfaces of GMA-BMC weldments: A -as-welded; B — heat treated 

Fig. 7 — Fracture mor
phologies and corre
sponding microstruc
tures in GMA-BMC, 
as-welded speci
mens: A—MVC; 
B — tempered mar
tensite, bainite and 
ferrite; C- cleav
age; D — untempered 
martensite and fer
rite 

Fig. 8 - Microstructure of heat-treated GMA-
BMC weldment: tempered martensite, acicular 
ferrite and coalesced carbides 

thermal cycling was minimal. 
The lack of reheating of the weld metal 

in this area resulted in a coarse grained 
microstructure that received little or no 
tempering, and fracture, again, occurred 
by IG separation and cleavage. Also, a 
slight bulge was observed macroscopical-
ly in the crack front in the root pass areas 
of the as welded specimens. The bulge 
indicated more rapid advancement of the 
propagating crack at this location than in 
the adjacent, thermally cycled areas 
where a fine grained, tempered micro-
structure developed, and where MVC 
was the dominant fracture mode. 
Removing the coarse grained, SCC sus
ceptible microstructure from the sides of 

Fig. 9 —Fracture surface of as-welded GMA-
STD weldment 

- " - ^ , « . - » A. 
20/jm 

Fig. 10—Microstructure and microcrack in the 
GMA-STD weldment; tempered martensite, 
acicular ferrite and coalesced carbides 
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Fig. 11 — Fracture surface of the GMA stress 
relief embrittled weldment 

Fig. 12-Microstructure of the GMA stress 
relief embrittled weldment; acicular ferrite, 
grain boundary precipitates 

the weldment by machining, prior to SCC 
testing, substantially decreased the inci
dence of IG separation and cleavage and, 
as seen in the second GTA-STD weld
ment, resulted in a higher Kjscc value. 

Heat treating the weld metal to a lower 
yield strength, as with the GMA-BMC 
weldment, refined and tempered the 
microstructure throughout the weld met
al and improved the SCC resistance. Fur
thermore, the slight bulge seen at the 
SCC crack front in the root pass area of 
the as welded specimens was not seen in 
the GMA-BMC heat treated specimen. 
Refinement of the microstructure in the 
root pass area, by heat treating the weld
ment, retarded the propagation of the 
crack in this region and, consequently, 
the SCC zone was of a relatively uniform 
depth across the entire fracture surface. 

The influence of microstructure on 
SCC resistance was further illustrated by 
heat treating a specimen to deliberately 
coarsen the microstructure. The result 

Fig. 13 — Fracture surface of as-welded SMA 
weldment 

was a substantial increase in IG fracture 
and cleavage and a drastic lowering of 
the K|5CC value. 

In comparing the microstructures 
developed by the GTA, GMA and SMA 
welding processes, we found that the 
fine bead, low deposition rate, GTA pro
cess produced a relatively uniform, fine 
grained, tempered microstructure. The 
dominant fracture mode was MVC and 
the K|SCC values indicated good SCC resis
tance. On the other hand, the coarse 
bead, high deposition rate GMA and 
SMA processes produced a mixed, 
coarse grained microstructure that frac
tured, mostly, by cleavage and MVC but 
with some IG separation. 

The SMA weldment had a finer, more 
uniform microstructure and a lower inci
dence of IG separation and cleavage than 
its GMA counterpart. However, the K|scc 

values reported indicate comparable SCC 
resistance. Microbranching of the main 
SCC crack in the GMA specimen may 
have led to an over estimate of the SCC 
resistance in these short time tests. Crack 
branching occurring as relatively short, 
fine microcracks relieves the stress con
centration at the crack tip and crack 
arrest may follow. To reinitiate crack 
growth after arrest, a greater load must 
be applied than that required to sustain 
uninterrupted crack growth; consequent
ly, the K|SCC values may be relatively high 
and may not reflect either a coarse 
microstructure or a high incidence of low 
energy fracture. 

The weldments investigated were fab-

Wn'l -• AAAA:'-AA;A. 
": - ; v . - , . ; * • . , *> - • 
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Fig. 14-Microstructure of SMA as-welded 
specimen: tempered martensite, bainite, acicu
lar ferrite 

ricated from welding electrodes of differ
ent chemical compositions. Variations in 
the concentrations of the major alloying 
elements in the weld metal, however, did 
not appear to significantly affect the SCC 
resistance of the test specimens. 

Conclusions 

1. The formation of a refined, tem
pered microstructure is essential for max
imum SCC resistance in HY-130 weld 
metal. 

2. MVC is the dominant fracture 
mode in HY-130 weld metal that offers 
the maximum resistance to SCC. 

3. Welding processes that effectively 
reheat the previously deposited weld 
metal, thereby refining and tempering the 
microstructure, as in the low deposition 
rate GTAW process, produce weld 
deposits that offer maximum SCC resis
tance. 
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