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ABSTRACT DE88 004701

The potential for stainless steel cladding to improve
the fracture behavior of an operating nuclear reactor
pressure vessel, particularly during certain overcooling
transients, may depend greatly on the properties of the
irradiated cladding. Therefore, weld overlay cladding
irradiated at temperatures and to fluences relevant to power
reactor operation was examined. The cladding was applied to
a pressure vessel steel plate by the three-wire series-arc
commercial method. Cladding was applied in three layers to
provide adequate thickness for the fabrication of test
specimens. The three-wire series-arc procedure, developed by
Combustion Engineering, Inc., Chattanooga, Tennessee,
produced a highly controlled weld chemistry, microstructure,
and fracture properties in all three layers of the weld.
Charpy V-notch and tensile specimens were irradiated at 288°C
to fluence levels of 2 and 5 x 10ls neutrons/cm2 (>1 MeV) .

Postirradiation testing results show that, in the test
temperature range from -125 to 288°C, the yield strength
increased by 8 to 30%, ductility insignificantly increased,
while there was almost no change in ultimate tensile
strength. All cladding exhibited ductile-to-brittle
transition behavior during Charpy impact testing, due to the
dominance of delta-ferrite failures at low temperatures. On
the upper shelf, energy was reduced, due to irradiation
exposure, 15 and 20%, while the lateral expansion was reduced
43 and 41%, at 2 and 5 x 1019 neutrons/cm2 (>1 MeV),
respectively. In addition, radiation damage resulted in 13
and 28°C shifts of the Charpy impact transition temperature
at the 41-J level for the low and high fluences,
respectively.
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INTRODUCTION

The ability of stainless steel cladding to improve the fracture
behavior of an operating nuclear reactor pressure vessel, particularly
during certain overcooling transients, may depend greatly on the
properties of the irradiated cladding. Therefore, weld overlay
cladding irradiated at temperatures and to fluences relevant to power
reactor operation was examined. Two weld cladding procedures were
chosen for the two phases of this study, namely, the single-wire
oscillating submerged-arc and the three-wire series-arc. The primary
differences between these procedures are in the heat input and the
resulting amounts of base metal dilution of the stainless steel
cladding. In the first phase, reported previously in Refs. 1-3, Charpy
V-notch (CVN) impact and tensile specimens from a three-layer stainless
steel weld overlay fabricated using the single-wire procedure were
irradiated to 2 x 1019 neutrons/cm2 (>1 MeV) at 288°C. Cladding from
the upper weldment layers, typical of good quality pressure vessel
cladding, exhibited very little irradiation-induced degradation.
However, ductile- to-brittle transition behavior, caused by temperature
dependent failure of the residual delta-ferrite, was observed during
impact testing. In contrast, specimens from the first weldment layer,
which also exhibited transition type behavior, were markedly
embrittled. The cause of the embrittlement was determined to be high
radiation sensitivity of the atypical microstructure resulting from
excessive base metal dilution of the first weldment layer.

In the second phase, the subject of this paper, a commercially
produced three-wire series-arc stainless steel cladding was evaluated
under similar irradiation (except for the high fluence specimens) and
testing conditions as in the first phase. The results of tensile and
CVN tests are reported here and compared with the properties of the
unirradiated material.

MATERIALS

The specimens were taken from commercially produced stainless
steel cladding overlaid on a pressure vessel steel p la te . Three layers
of cladding were applied to provide adequate thickness (-20 mm) to
fabricate the test specimens. The three-wire series-arc procedure,
developed by Combustion Engineering, Inc. , Chattanooga, Tennessee,
produced a highly controlled weld chemistry, microstructure, and
fracture properties in a l l three layers of the weld. Various
combinations of type 308, 309, and 304 s tainless steel wires were used
in the three layers of cladding. The cladding was postweld heat
treated (PWHT) at 607°C for 40 h. During cladding, the de l ta - fcr r i te
content was monitored with a Fischer Ferritescope. The fe r r i t e numbers
(which correspond roughly to percentages of ferr i te) varied from 7.5 to
10 throughout the three layers of the cladding. The photomicrograph
of this cladding (Fig. 1) shows a dis t r ibut ion of de l ta - fe r r i t e in an



austenitic matrix quite typical of microstructures seen in good
practice commercial weld overlay cladding in reactor pressure vessels
(Refs. 1-3).

IRRADIATION HISTORY

The specimens were irradiated in two capsules by Materials
Engineering Associates in the core of the 2-MW pool reactor (UBR) at
the Nuclear Science and Technology Facility, Buffalo, New York. Each
capsule contained 20 CVN and six miniature tensile (MT) specimens and
was instrumented with thermocouples and dosimeters. Each capsule was
rotated 180° at least once during its irradiation exposure for side-to-
side fluence balancing. Irradiation temperatures were maintained at
288 + 11OC. The average fluence for the first capsule was 2.14 x 1019

neutrons/cm2 (>1 MeV) + 8% following 631.5 h of irradiations. The
second capsule reached an average fluence of S.56 x 1019 neutrons/cm2

(>1 MeV) + 5% in 1607 h. These fluences are for a calculated spectrum
based on Fe, Ni, and Co dosimetry wires.

RESULTS AND DISCUSSION

Tensile tests were conducted in the temperature range of -125 to
288°C. The effect of specimen orientation on tensile properties was
insignificant (Fig. 2). Hence, only MT specimens with their axes
oriented in the longitudinal (rolling and welding) direction were
irradiated at 288°C to the two fluence levels mentioned earlier. The
cladding exhibits an extremely rapid rise in tensile strength below
about 0°C as shown in Fig. 2. This figure also shows that the
ductility properties increase from high temperatures to about -50°C,
then decrease at lower temperatures.

Charpy impact specimens were machined in the LT, LS, TL, and TS
orientations, corresponding to crack extension across and through the
length of the plate, respectively. These four specimen orientations
were chosen to simulate the possibilities of crack extension in the
axial and circumferential orientations, both across and through the
cladding of a pressure vessel. All three-wire cladding specimens
exhibited ductile-to-brittle transition behavior (similar to that of
single-wire cladding in Refs. 1-3) during impact testing, due to the
dominance of delta-ferrite failures at low temperatures. The test
results also show relatively small variations of Charpy impact
toughness in four orientations (Fig. 3). Hence, CVN irradiated
specimens were machined only from the cladding with their notches in
the LS orientation since this orientation exhibited a typical
transition temperature as well as a slightly lower upper-shelf energy.

The fracture appearance macroscopically did not change signifi-
cantly from the upper to lower shelf as shown in Fig. h. These CVN
specimens (unirradiated, LS orientation), shown in Fig. 4, were further
examined in the scanning electron microscope. The specimen tested at



100°C that absorbed 80 J fractured in a fully ductile manner by
microvoid coalescence. The spherical particles that initiated the
dimples were readily visible on the fracture surface. In contrast, the
specimen tested at -100°C absorbed only 20 J and fractured in a much
more brittle mode. The fracture surface of this specimen contained
areas of cleavage associated with the ferrite phase. Also present were
smooth regions believed to be associated with the ferrite-austenife
inter- faces, indicating that fracture occurred by interphase
separation. Some isolated patches of dimples and their initiating
particles were also present. In conclusion, scanning electron
microscopic examination (Fig. 5) demonstrated that the fracture of
stainless steel cladding is matrix controlled on the upper shelf and
ferrite controlled at lower temperatures.

Effect of Irradiation on Tensile Properties: The yield strength
of three-wire stainless steel cladding was increased due to irradiation
exposure. The effects were greater at room temerature and below
(Fig. 6), e.g., at the fluence of 2 X 1019 neutrons/cm2 the yield
strength increased by 9, 20, and 28% at test temperatures of 288°C,
room temperature, and -125°C, respectively. At the higher fluence
level of 5 x 1019 neutrons/cm2, the yield strength increased by 6, 16,
and 34% at the test temperatures of 288°C, room temperature, and
-125°C, respectively. Hence, it can be seen that most of the radiation
damage occurred at the first fluence level; increasing the fluence by a
factor of 2.5 did result in a relatively smaller radiation damage
increase. The effects of irradiation on the ultimate strength and
ductility were insignificant or very small (Fig. 7).

Effect of Irradiation on Charpy Impact Properties: Irradiation of
the three-wire stainless steel cladding specimens at 288°C to fluence
levels of 2 and 5 x 1019 neutrons/cm2 (>1 MeV) resulted in decreases of
the CVN upper-shelf energy by 15 and 20% and increases of the 41-J
transition temperature by 13 and 28°C, respectively (Fig. 8). Again,
Fig. 9 shows that increasing irradiation from 2 to 5 x 1019

neutrons/cm2 further degraded the three-wire stainless steel cladding.
Irradiation also degraded the CVN lateral expansion significantly
(Fig. 10). The upper-shelf lateral expansion was reduced by 43 and 41%
at the low and high fluences, respectively. Furthermore, the 0.38-mm
(0.015-in.) transition temperature shifts were 41 and 46°C for the low
and high fluences, respectively. Table 1 also provides the curve fit
results for the unirradiated and irradiated CVN test results. These
results are in general agreement with those for the :;ingle-wii.-e
cladding produced with good welding practice (Refs. 1-3).

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK

The effects of neutron irradiation on three-wire stainless steel
weld cladding, prototypical of commercial light water reactor (LWR)
materials, were evaluated at a wide range of test temperatures for
conditions similar to those at the end of life of an LWR. The yield
strength of this cladding increased with irradiation exposure; the



increase rate was appreciably higher at low temperatures (room
temperature and below). However, the effects of irradiation on the
ultimate tensile strength and ductility (both uniform and total
elongation) were insignificant.

All the unirradiated and irradiated three-wire cladding specimens
exhibited ductile-to-brittle transition behavior similar to that seen
earlier for the single-wire cladding. Again, this was also attributed
to the dominance of failure of delta-ferrite at lower temperatures.
The upper-shelf energy was reduced by 15 and 20%, while the upper-
shelf lateral expansion was reduced 43 and 41%, at 2.14 and 5.56 x 1019

neutrons/cm2 (>1 MeV), respectively. The 41-J trf.asition temperature
shifts were 13 and 28°C for the low and high levels of fluence,
respectively.

It must be stressed that the results presented and discussed in
this paper are only for a single case of a three-wire stainless steel
cladding; hence, no conclusions can be drawn for different material
chemistries and/or welding procedures.

Additional work in progress includes testing of precracked Charpy
V-notch and 12.5-mm compact specimens (0.5T CS) from the single-wire
cladding as well as 0.5T CS specimens from the three-wire cladding.
These tests are intended to verify whether the fracture toughness
follows those trends exhibited during impact testing. Furthermore,
stainless steel cladding from the decommissioned West German
Pressurized Water Reactor at Gundremmingen will be examined using
subsize specimen techniques to compare to our test reactor data.
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Table 1. Charpy impact test results for stainless
steel three-wire series-arc cladding

Orientation2

LS
LS
LS
LT
TL
TS

Neutron
fluence,
neutron/cm2

(>l Mevj

0
2 x 1019

5 x 1019

0
0
0

Transition
temperature
criterion

41 J 68 J

-41 6
-28 56
-13
-28 11
-40 4
-55 7

Energy
( T \

Upper
shelf

82
70
68
88
86
83

11

Lower
shelf

13
9
12
14
16
12

a With respect to the base metal where L is the rolling
as well as the welding direction.
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Fig. 1. Micros trueture of three-wire stainless steel cladding
weld overlay is typical of reactor pressure vessel cladding with deltn-
ferrite in austenitic matrix, good quality commercial cladding.
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three-wire stainless steel cladding: (a) yield strength vs temperature
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temperature.
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Fig. 4. Fracture surfaces of unirradiated CVNrspecimens tested at
upper and lower shelves.
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Fig. 5. Scanning electron microscopic examination demonstrates
that fracture of stainless steel cladding is matrix controlled at the
upper shelf and ferrite controlled at lower temperatures.
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