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The influence of heat input on stress corrosion cracking (SCC) in the heat-affected zone (HAZ) of A508
steel welds was investigated. Constant extension rate tensile tests were conducted on notched round-
bar specimens in simulated reactor coolant conditions to assess SCC performance. In multi-pass welds,
the use of a low heat input resulted in a better SCC resistance than that of a high heat input due to
the existence of a more refined microstructure.
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1. Introduction

Dissimilar metal welding is widely used for joining low-alloy to
stainless steel components in the nuclear power industry [1,2]. For
such applications, Alloy 52, a nickel-based alloy, has been used as a
buttering or filler metal in the dissimilar metal welds [3,4]. In mul-
ti-pass welding, the heat-affected zone (HAZ) of a weld undergoes
microstructural changes due to the multiple thermal cycles. It is
known that the heat input affects the thermal cycle and the trans-
formation products in the HAZ of the weld. Consequently, the
resistance to stress corrosion cracking (SCC) can be altered in the
HAZ as a result of the weld heat input.

Environment-assisted cracking is one of the most common fail-
ure mechanisms of reactor pressure vessels after long-term ser-
vices [5]. In the case of nozzle-to-pipe welds, large axial cracks
initiated in the nickel-based weld metal and then propagated into
the HAZ of the low-alloy steel nozzle have been observed [6]. Choi
et al. also reported that A508 steel is susceptible to transgranular
SCC in oxygenated water at temperatures ranging from 100 to
288 �C [7]. Although many investigations have conducted research
on SCC of dissimilar metal welds [8,9], little attention has been
paid to evaluate the SCC behavior in the HAZ.

The aim of this study was to investigate the influence of heat in-
put on SCC resistance in the HAZ of A508 welds using Alloy 52 filler
metal. The susceptibility to SCC in the HAZ region of the welds was
evaluated on notched round-bar specimens by performing con-
stant extension rate tensile (CERT) tests in a simulated water reac-
tor environment. In addition, the dependence of the HAZ grain size
and microstructure on the weld heat input is discussed.
ll rights reserved.
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2. Materials and experimental procedures

The materials used in this experiment were A508 Class 2 forged
steel (0.17 wt% C, 0.67 wt% Ni, 0.37 wt% Cr, 0.92 wt% Mn, 0.66 wt%
Mo, 0.03 wt% V and balanced Fe) and Alloy 52 (0.04 wt% C, 29.05
wt% Cr, 9.47 wt% Fe, 0.27 wt% Mn, 0.05 wt% Mo, and balanced
Ni) filler wire that was 2.4 mm in diameter. The steel was cut
and solution-treated at 900 �C for 6 h, then quenched in water
and finally tempered at 680 �C for 4 h. Fig. 1 shows the schematic
diagram of the joint design and the welding sequence. The A508
specimens (150 � 50 � 15 mm) were buttered with Alloy 52 prior
to filling a single 55� bevel joint using the multi-pass gas tungsten
arc welding method. The welding parameters included a voltage of
12 V, a speed of about 132 mm/min, a preheat temperature of
150 �C and a current of either 140 or 175 A. For a given weld, all
weld passes (Fig. 1) were processed with similar welding parame-
ters regardless of whether the higher current could be used to fill
the butt joints. After welding, the welds were subjected to post-
weld heat treatment (PWHT) at 621 �C for 24 h and were inspected
by X-ray before the SCC tests.

Fig. 2 shows the configuration of the notched round-bar speci-
men used in the experiment, where a circumferential V-notch
(notch radius of 0.025 mm) was introduced 1 mm away from the
vertical weld interface within the HAZ (Fig. 1). The CERT tests were
conducted in pure water (about 7 wppm dissolved oxygen) at
300 �C and 10 MPa to simulate coolant conditions in a nuclear
reactor. The CERT tests were conducted with two extension rates,
i.e. 3 � 10�4 mm/s (fast) and 1 � 10�6 mm/s (slow), to study the
influence of the environment on the SCC performance of two dif-
ferent heat input (764 and 955 J/mm) specimens, namely the low
and high heat input specimens. For the HAZ specimen welded with
a specified heat input, a fast CERT test represented little or no
environmental contribution to the SCC, whereas a slow CERT test
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Fig. 1. Schematic diagram showing the A508 multi-pass welds using an Alloy 52
filler metal.

ø1
2.

2

ø1
0

ø4

60°

ø8

20

44 3 14

78

M12×1

C1

Unit: mm

R
6

Fig. 2. Dimensions of the notched tensile specimen for the SCC test. Note that the
shaded area is the weld metal.
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represented a corrosion effect. As a result, the cracking susceptibil-
ity in terms of the percentage loss in the notched tensile strength
(NTS) of a given specimen can be expressed as follows:

NTS loss ð%Þ ¼ NTS ðfastÞ � NTS ðslowÞ
NTS ðfastÞ � 100%

For microstructural observations, the HAZ specimens were
etched using a 4% nital solution and examined with a scanning
electron microscope (SEM). In addition, the fracture surfaces of
the specimens after the CERT tests under the slow and fast exten-
sion rates were compared with a focus on regions that exhibited
SCC fractures.
Fig. 3. SEM micrographs of the specimens after the PWHT: (a) A508 base metal; (b)
the HAZ specimen with a low heat input; and (c) the HAZ specimen with a high heat
input. Note that the microstructures shown in (b) and (c) are located 1 mm away
from the weld interface.
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Fig. 4. Microhardness distribution of A508 steel welds after the PWHT.
3. Results and discussion

The microstructures of the A508 base metal after PWHT con-
sisted primarily of tempered martensite and bainite (Fig. 3a). For
simplicity, if not specified, the HAZ specimens were in the PWHT
condition in the following discussion. In comparison with the base
metal, the microstructures in the HAZ of the A508 multi-pass
welds were refined and had a mixture of bainite and ferrite regard-
less of the heat input. However, the low heat input specimen
exhibited finer microstructures (Fig. 3b) than the high heat input
specimen (Fig. 3c) due to a faster cooling rate and lower peak tem-
perature during the weld thermal cycles. Fig. 3 also reveals signif-
icant differences in grain size between the base metal and the HAZ
specimens. At high magnification, the precipitation of carbides at
the ferrite grain boundaries was observed for the HAZ specimens
after the PWHT but not found in the as-welded condition. The
microhardness profiles of the weld cross-sections (Fig. 4) also re-
vealed a lower hardness in the HAZ of the high heat input speci-
men, which was consistent with the microstructural
observations, i.e. a lower hardness was associated with a coarser
grain structure. It was noted that a circumferential notch in the
CERT specimen was located around the highest hardness region
in the HAZ for different heat input specimens. In addition, carbon
migration from the A508 base metal to the Alloy 52 weld metal
near the weld interface was observed after the PWHT.
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Fig. 5. Stress-extension curves of the CERT tests for the HAZ specimens with a heat input of (a) 764; and (b) 955 J/mm.
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Fig. 5 shows the CERT results of the HAZ specimens for the two
heat inputs. The stress-extension curves indicate that the high heat
input specimen exhibited lesser NTS than the low heat input spec-
imen, particularly at the slow extension rate. The NTS and ductility
losses in the low heat input specimen were 8.8% and 26.2%, respec-
tively. For the high heat input specimen, the NTS loss (12.8%) was
1 mm
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Fig. 6. Fractographs of the HAZ specimens after the CERT tests: (a) macroview of the hig
input specimen tested at 1 � 10�6 mm/min; (c) macroview of the low heat input sp
transgranular SCC area.
higher, but the ductility loss (25.2%) seemed comparable with the
low heat input specimen. The NTS loss has been used to study the
susceptibility to environment-assisted cracking of a number of
high-strength steels [10,11]. The results described above clearly
indicate that the NTS loss is also suitable to assess the relative sus-
ceptibility to SCC in the HAZ.
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h heat input specimen tested at 3 � 10�4 mm/min; (b) macroview of the high heat
ecimen tested at 1 � 10�6 mm/min; and (d) typical feather-like patterns in the
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A circumferential notch in a round-bar tensile specimen radi-
cally changes the stress distribution, causing a crack to grow in-
ward. During the slow extension rate tests in high-temperature
water, the area near the root of the notched tensile specimen
was affected the most by the SCC, and a change in fracture modes
was expected. Fig. 6a and b show typical fractographs of the high
heat input specimens after the CERT tests at the fast and slow
extension rates, respectively. The high heat input specimen that
was tested at the slow rate exhibited obvious fan-shaped areas of
the transgranular SCC fracture (marked SCC in Fig. 6b) on the frac-
ture surface [12], while a similar specimen tested at the fast rate
did not reveal any transgranular SCC (Fig. 6a). In the low heat input
specimen that was tested at the slow rate, a reduced area of trans-
granular SCC was observed (Fig. 6c), where the fan-shaped fracture
morphology was obscured at low magnification. Other than that,
the fracture surfaces of the HAZ specimens consisted of mainly
dimple fractures outside the SCC regions. The transgranular SCC
areas of both specimens had similar fracture appearance and
exhibited typical feather-like patterns (Fig. 6d). However, the area
of feather-like patterns on the fracture surface in the low heat in-
put specimen was less than that in the high heat input specimen. It
should be mentioned that after the CERT tests, the fracture surfaces
were covered with corrosion products (mostly magnetite), which
might have caused the difficulties in SEM observation. It was con-
cluded from the CERT results of the HAZ specimens in high-tem-
perature water that the use of low heat input for welding of an
A508 steel was beneficial to SCC resistance. The improvement
could be attributed to the refined microstructures as discussed
previously.

4. Summary

The notched round-bar specimen with a circumferential notch
at the HAZ of an A508 steel weld was found to be useful in deter-
mining the SCC behavior of a narrow region of the weld. Slow
extension rate tests under simulated reactor coolant conditions
could be used to rank SCC resistance of the HAZ specimens, which
were processed at two different heat inputs. The SCC resistance, in
terms of NTS loss, clearly indicated that the low heat input was
beneficial to the SCC resistance in the HAZ of A508 steel welds.
Apparently, a more refined structure in the HAZ of the multi-pass
welds was attributed to the low heat input. The HAZ microstruc-
tures of A508 welds with different heat inputs were similar and
consisted of mainly bainite and ferrite; however, the low heat in-
put specimen had a finer grain size than the high heat input
specimen.
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