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Significance of Reheat Cracks to the 
Integrity of Pressure Vessels for 

Light-Water Reactors 

Based on available metallurgical information microscopic grain boundary 
decohesions, which are not detectable by commercial NDT methods, 

are assumed to be not detrimental to the integrity of 
nuclear pressure vessels 

BY D. A. CANONICO 

ABSTRACT. Reheat cracks usually 
manifest themselves as macroscopic 
defects that are detectable by the 
usual nondestructive testing (NDT) 
procedures or as microscopic grain 
boundary decohesions (GBD) that are 
beyond the limit of detection by 
commercial NDT procedures. This pa
per has concentrated on the signifi
cance of the microscopic cracks that 
may go undetected. The probability 
that GBD exist in the heat-affected 
zones (HAZ) of weldments of pressure 
vessel steels is high; particularly in SA 
508 Class 2 weldments. 

The GBD reside in the coarse
grained region of the HAZ. The 
microstructure of this region tends to 
be a tempered martensite or lower 
bainite, a structure whose fracture 
toughness is superior to that of a high
er temperature transformation product 
(upper bainite and pearlite-ferrite ag
gregate). Further, this region should be 
less sensitive to irradiation embritt le
ment. Toughness data for this region in 
either the unirradiated or irradiated 
condit ion are sparse; however, those 
data that are available indicate that 
this area is superior in toughness to 
the base metal. 

A sample of the HAZ from the 
prolongation-weldment from the 

Heavy Section Steel Technology pro
gram Intermediate Test Vessel (ITV) 
No. 4 was examined by the Staatliche 
Materialpriifungsanstalt (MPA). They 
reported GBD 5 mm (0.2 in.) long. This 
prompted an examination of the HAZ 
from the ITV vessel that had been 
tested to failure at 24 C (75 F). During 
testing, the region of the weld which 
contained the flaw that initiated the 
failure was strained up to 0.5%. A 
metallographic examination of this 
region of the weldment revealed GBD, 
but none of the size reported by the 
MPA. Further, there was no evidence 
that the GBD had extended as a conse
quence of the tests. Fracture tough
ness tests were made of the HAZ of 
welds from ITV-4. The electron-beam 
welding procedure, which permits 
more accurate siting of the crack, was 
used. Fracture toughness values in 
excess of 220 MPa/m (200 ksi/in.) were 
obtained at - 1 8 C (0 F). 

On the basis of the metallurgical 
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information available for microstruc
tures similar to those of the coarse
grained region of the HAZ as well as 
on the basis of experimental data 
(admittedly sparse), it can be assumed 
that the GBD that exist in these steels 
are not detrimental to the integrity of 
the nuclear pressure vessels. This posi
tion on the significance of reheat 
cracks is premised to a large extent on 
circumstantial evidence. Additional 
fracture toughness tests of actual 
weldments would lend considerable 
support to this conclusion. 

Introduction 

The pressure vessels used as the 
primary containment for light-water 
nuclear power plants are fabricated 
from thick-walled plate or forgings by 
welding. Figure 1 provides a schematic 
view indicating the various compo
nents that are joined together to 
produce a large pressure vessel. Figure 
2 is a photograph of the Oyster Creek 
nuclear power plant being prepared 
for hydrostatic testing prior to ship
ment. Figure 1 depicts the procedure 
used when plate is employed. The 
individually formed plates (usually 3) 
are joined longitudinally by welding to 
provide a single course. If forgings are 
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Fig. 7—Schematic view of a typical large 
pressure vessel 

used, a course is manufactured by ring 
rolling or press forging (over a 
mandrel) a single ingot of steel. This 
procedure eliminates the need for 
longitudinal weld seams. 

Welding is usually accomplished by 
either the submerged arc (SA) or 
shielded-metal arc (SMA) welding 
processes. The SA process is a high 
deposition rate process that can be 
automated. Prior to welding the base 
metals are prepared by machining a 
weld joint that is nondestructively 
examined to assure its soundness. 
Welding is done with a multipass tech
nique. Approximately 100 passes may 
be used to complete a weld between 
two thick [150 to 300 mm (6 to 12 in.)] 
plates or forgings. 

The filler metal and fluxes are 
selected for their compatibi l i ty wi th 
the base metal. Frequently, the depos
ited weld metal is nearly identical to 
the pressure vessel steel except for its 
carbon content, which is usually 
considerably lower. This lower carbon 
content is reflected in the excellent 

toughness exhibited by the weld 
metals. Figure 3 illustrates the effect of 
carbon content on toughness.1 

The welding operation melts both 
the filler metal and the base metals 
being joined, and the deposited weld 
has a chemical composit ion that is a 
result of this mixture. The amount of 
mixing or di lut ion that occurs is a 
function of the welding procedure and 
joint design, and wil l vary throughout 
the weld. The area in the base metal 
immediately adjacent to the weld 
deposit undergoes a thermal excursion 
up to its melting point [approximately 

• 1593 C (2900 F)]. This region which is 
metallurgically affected by the weld
ing process is referred to as the heat-
affected zone (HAZ). The base metal is 
heated to maximum temperatures that 
range from that of the preheat temper
ature [approximately 149-260 C 
(300-500 F)] to the melting point of the 
steel. 

A schematic representation2 of the 
influence of the thermal excursion on 
the microstructure of the base metal is 
provided in Fig. 4. Over a short 
distance the base metal is exposed to 
nearly every ferrous thermal cycle 
possible for that steel composit ion. 
The weldment area of concern in this 
paper is l imited to the region of the 
HAZ that is immediately adjacent to 
the fusion line, i.e., the line of demar
cation between the metal heated just 
above its melting point and that which 
did not melt. This region has been 
heated to just below the melting point 
of the steel. During welding this 
region has been transformed to aus
tenite, and the austenite grains have 
grown to rather large sizes. An exam
ple of a coarse-grained austenitic 
microstructure that can exist in this 
region of the HAZ is shown in Fig. 5. 

Attention has been directed to this 
region of a weldment in recent years 
due to the detection of cracks in the 
boundaries between these coarse 
grains. The first instance, and the one 
which received the most attention, 
was related to the presence of cracks 
in the base metal HAZ beneath the 
stainless steel overlay that protects 
against corrosion in pressure vessels 
for light water nuclear reactors. These 
cracks were found after postweld heat 
treatment and were attributed to a 
number of factors including: 

1. The composit ion of the base 
metal (SA 508 Class 2 is much more 
susceptible than SA 533 Grade B 
Class 1). 

2. The overlay (i.e., surfacing) weld
ing procedure (high heat-input single-
pass welds are more susceptible than 
low heat-input multipass welds). 

3. The liquation of low melting 
point constituents (these serve as 
stress intensifiers during the stress-

Fig. 2—Completed reactor vessel prepared 
for the hydrostatic test. (Photograph cour
tesy of Combustion Engineering Compa
ny) 

relief treatment). 

The sensitivity of these underclad 
regions to cracking has been referred 
to as creep embritt lement or stress-
relief cracking. This aspect of reheat 
cracking has received a good deal of 
attention. Investigations37 by com
mercial organizations both in the 
United States and abroad assessed the 
significance of these underclad cracks. 
Lorenz and Luginbuhl3 concluded that 
increased susceptibility was noted in 
those steels that contained higher 
quantities of such elements as chromi
um, molybdenum and vanadium and 
indicated that the cracking could be 
minimized (and possibly eliminated) 
with improved cladding procedures. 
H. Nakamura1 established an equation, 
based on extensive tests wi th low-
alloy high-strength structural steels, 
that predicts crack sensitivity based on 
the main alloying elements: 
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Fig. 3—Effect ot carbon content on the shape of the Charpy V-notch transition 
temperature curve for steel. Values on curves are carbon content in wt-% 
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Fig. 4—Relation between the peak temperatures experienced by various regions 
in a weld, and how these correlate with the iron-carbon phase diagram 

AG = %Cr + 3.3 [% Mo] 
+ 8.1 [% V] - 2 (1) 

A positive AG value indicates that a 
steel is sensitive to reheat cracking. 
Ayres et a//' did an extensive assess
ment of the significance of the under
clad cracks on the integrity of thick-
walled pressure vessels; they con
cluded that the underclad cracks have 
no detrimental effect on these vessels 
under all operating conditions antici
pated during the design life of the 
pressure vessel. 

Finally, the most comprehensive 
report concerning the status of the 
underclad cracks was prepared by 
Vinckier and Pense6 for the Pressure 
Vessel Research Committee of the 
Welding Research Council. The con
clusions of these investigations were: 

1. Underclad cracks did occur. 
2. Their presence could be mini

mized. 
3. They were of no significance in 

regard to the integrity of the pressure 
vessels in which they were found. 

About the same time that the under-
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Fig. 5—Montage ot photomicrographs rep
resentative of the microstructure seen at 
the fusion line in a weld between two thick 
plates of A 533 Grade B Oass 1 steel. The 
bottom of the montage is weld metal, and 
the top is the coarse-grained austenite 
region of the HAZ. (The microsttucture is 
tempered martensite) 

clad cracks were brought to the atten
t ion of the technical community, the 
presence of reheat cracks in butt welds 
was reported. This phenomenon was 
introduced by Professor Karl Kussmaul 
at the Sixth Annual Heavy Section 
Steel Technology (HSST) Information 
meeting in 1972. These cracks manifest 
themselves in the coarse-grained re
gion of the HAZ of the longitudinal 
and circumferential welds in reactor 
pressure vessels. Professor Kussmaul 
reported7 the presence of such cracks 
in a German forging grade steel desig
nated 22NiMoCr37. This paper wi l l 
consider the significance of reheat 
cracks in butt welds on the integrity of 
pressure vessels for light water reac
tors. 
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Investigations of Reheat Cracks 

Reheat cracks can manifest them
selves as microscopic grain boundary 
decohesions (Fig. 6) and as large 
macrocracks. An example of an ex
tremely large stress-relief crack is 
represented by the defect responsible 
for the failure of the Cockenzie Vessel 
in England during proof testing.8 That 
flaw was approximately 33.0 cm (13 
in.) long and 9 cm (3Vi in.) deep in a 
pressure vessel whose wall was 14 cm 
(59/.e in.) thick. 

The most extensive examination of 
commercial weldments has been un
dertaken by the Staatliche Material-
prufungsanstalt (MPA) at the Universi
ty of Stuttgart in the Federal Republic 
of Germany. This work has been 
reported at various meetings and in 
numerous publications by Prof. Kuss
maul and his colleagues.9"12 The MPA 
has conducted extensive metallo
graphic studies of the HAZ of com
mercial weldments of various grades 
of steel. 

Many of the steels investigated by 
the MPA are not applicable to this 
paper because they are not employed 
for Class 1 nuclear pressure vessels. Of 
all the steels investigated by the MPA, 
only the 22NiMoCr37 and the 
20MnMoNi55 steels are similar to the 
pressure vessel steels employed in the 
fabrication of nuclear pressure vessels 
in the United States. The two German 
grades are nearly identical to SA 508 
Class 2 and SA 533 Grade B Class 1, 
respectively. 

The chemical compositional limits 
for these steels are provided in Table 1. 
The SA 508 Class 2 steel is considerably 
more sensitive to reheat cracking than 
the SA 533 Grade B. This difference in 
sensitivity was particularly noted in 
the underclad crack studies.3-5 These 
observations substantiate the predic
t ion of sensitivity based on the Naka
mura equation—equation (1). Apply
ing this equation to nominal composi
tions for SA 533 Grade B steel (0.22% C, 
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Fig. 6-Photomicrograph of an area of the 
heat-affected zone immediately adjacent to 
the fusion line in a sample from ITV-4. The 
"cracks" are intergranular and reside in the 
base metal. They are referred to in the test 
as grain boundary decohesions (GBD). The 
cracks are about 0.152 mm (0.006 in.) long 

1.35% Mn , 0.55% Mo, 0.60% Ni) and SA 
508 Class 2 steel (0.22% C, 0.75% Mn , 
0.35% Cr, 0.65% Mo, 0.70% Ni and 
0.03% V) provides AG values of -0.19 
and +0.74 respectively. The MPA stud
ies have concentrated on the 
22NiMoCr37 forging steel (similar to 
SA 508 Class 2) because of its higher 
susceptibility to reheat cracking. 

The MPA has shown through an 
extensive metallographic examination 
of the HAZ of 22NiMoCr37 welds that 
reheat cracks do exist. They attribute 
the cracks to the resolution of the 
metallic (chromium, molybdenum, va
nadium) carbides as a consequence of 
the exposure of the base metal adja
cent to the fusion line to temperatures 
near the melting point of the steel. 
Vinckier13 described the mechanism 
for stress relief cracking as fol lows: 

"Al though the mechanism of stress 
relief cracking is not completely 
understood, it is now generally ac
cepted that cracks form as a result of 

relaxation strains exceeding the duct i l 
ity of the HAZ or weld metal. Accord
ing to the existing theories of reheat 
cracking, carbides (vanadium, molyb
denum, chromium, etc.) are taken into 
solution in the HAZ when its tempera
ture exceeds 1200°C (2192°F). These 
elements reprecipitate as carbides in 
the lattice structure during reheating 
and stiffen the grain interiors. The 
piastic creep strains concentrate at the 
grain boundaries, and the grain 
boundary sliding leads to wedge and 
cavitation cracking." 

In 1972 when Prof. Kussmaul re
ported7 the detection of reheat cracks 
in steels similar to those employed in 
the United States for the fabrication of 
nuclear pressure vessels, the HSST 
program undertook an examination of 
the HAZ of welds. The samples 
selected were SA welds between 
plates of A 533 Grade B Class 1 steel. 
Samples were obtained parallel to the 
direction of welding. The specimens 
which measured 2.5 by 7.5 cm (1.0 by 
3.0 in.) were progressively polished 
from the base metal toward the weld 
metal. 

Figure 7 consists of two montages 
made of the HAZ in which there was 
no evidence of reheat cracking. (Figure 
5 contains photomicrographs taken 
during this examination.) The method 
of sectioning the weld is shown in the 
sketch in the upper right-hand corner 
of Fig. 7. A number of areas were 
examined, but no evidence of GBD 
was found. 

In September 1974 it was reported to 
the HSST program office that the MPA 
had examined a sample of the weld
ment from the prolongation on Inter
mediate Test Vessel (ITV) No. 4 and 
found " the worst case of microcrack
ing that they had observed to date." 
The ITV-4 tests are described by R. H. 
Bryan et al." The longest cracks were 
approximately 5 mm (0.2 in.) long. 
Further, incidence of occurrence was 
high. This prompted an examination of 
the HAZ of ITV-4. 

Table 1—Comparison 

Steel 
identif ication 

SA 508 Class 2 

22NiMoCr37 

SA 533 Grade B 

SA 508 Class 3 

20MnMoNi55 

Between the Chemical Compositions 

Carbon 

0.27 

0.17 

0.25 

0.25 

0.15 

0.25 
0.15 

0.25 

Manganese 

0.05 

0.90 
0.50 

1.00 
1.10 

1.55 
0.20 

1.50 
1.20 

1.50 

of German and United States Steels 

Chemical 

Phosphorus Sulfur 

0.025 

< 0.025 

0.035 

0.025 

< 0.025 

0.025 

< 0.025 

0.040 

0.025 

< 0.025 

composite 

Silicon 

0.15 

0.35 

< 0 . 3 5 

0.13 

0.32 
0.15 

0.35 
0.15 

0.35 

an, wt -%"" 

Nickel 

0.50 

0.90 
0.60 

1.00 
0.37 

0.73 
0.40 

0.80 
0.40 

0.80 

Chromium 

0.25 

0.45 
0.30 

0.50 

Molybdenum 

0.55 

0.70 
0.50 

0.80 
0.41 

0.64 
0.45 

0.60 
0.45 

0.60 

Vanadium 

0.05 

< 0 . 0 5 

0.05 

< 0 . 0 5 

"Single number indicates a maximum value; double numbers denote range. 
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88cs Fig. 7—Example of the sectioning procedure used in 
the investigation of a submerged-arc weldment 
between two A 533 Grade B Class 1 plates. The 
photomacrograph in the upper right-hand corner 
shows the surface being examined during one of the 
intermediate stages of polishing. The vertical and 
horizontal montages show typical microstructures 
observed during the metallographic examination. No 
reheat cracks were observed in this specimen 
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It was learned13 that MPA had found 
the cracks near the %t location in the 
weldment. This is the root region of 
the double-] weld joint design used in 
welding ITV-4. To facilitate the exami
nation of ITV-4, precracked Charpy 
(PCC) archive samples of tests con
ducted on the weld metal at the same 
location in the ITV-4 prolongation 
were selected. The PCC sample had 
been tested at 93 C (200 F) and exhib
ited a shear failure as a consequence 
of being tested at this temperature. 
The specimen exhibited a weld metal 
toughness of 193 MPa ^Tm (176 ksi 
y/\n.) at the test temperature. 

The first indications of grain bound
ary decohesions were those shown in 
Fig. 8. The two GBD appeared to be 
" f i l l ed" even at magnifications of 
X1000. A scanning-electron micros
copy (SEM) study at X3000 confirmed 
that these were GBD. The metallo
graphic examination was continued 
and additional GBD were observed. 
These latter GBD were more easily 
resolved. Etching appears to empha
size the presence of cracks— 
Fig. 9. 
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In addition to the metallographic 
examination of archive PCC specimens 
from the ITV-4 prolongation, research
ers visited the MPA. Portions of the 
summary of the trip report,16 that are 
pertinent to the MPA visit are as 
follows: 

"The Staatliche Materialprufungsan-
stalt (MPA) has metallographically 
characterized the heat-affected zone 
(HAZ) of 80 production qualification 
weldments of 22NiMoCr37 steel (Ger
man designation for a steel similar in 
composit ion to ASTM A 508 Class 2). 
These weldments covered a broad 
spectrum of welding processes and 
procedures. Approximately 20 of these 
welds contained cracks up to 0.50 mm 
long. 

"The intent of the MPA program is 
to establish qualification standards, 
which the German Reactor Safety 
Board wi l l impose on nuclear pressure 
vessel fabricators. These standards wi l l 
include extensive metallographic ex
aminations of the qualif ication weld
ments. These destructive examinations 
wil l be in addition to the usual 
nondestructive and mechanical prop-

Fig. 8—Photomicrographs of grain boundary decohesions. The "cracks" appeared 
to be "filled." Scanning-electron microscopy procedures were required to 
confirm that the indications in the 1jhotomit.rogro.ph5 were indeed "cracks" 

erty tests currently imposed on the 
fabricators. 

"The results from the MPA examina
tion of the production qualification 
weldments is not cause for alarm. The 
cracks (about 0.5 mm in length) in 
themselves are not significant. Cur
rently, there is no basis for suggesting a 
reduction in the service life of any unit 
(nor do I personally foresee such a 
conclusion). 

"The MPA is reducing its efforts in 
metallographic examination and is 
emphasizing the characterization of 
the mechanical properties of the weld
ment HAZ through the use of simu
lated thermal cycles imposed on base 
metal materials. Specimen blanks are 
heated to 1300°C and quenched to 
simulate the HAZ near the fusion line 
in a heavy section weldment. The 
specimens are subsequently exposed 
to elevated temperatures (usually 
610°C) under loads designed to pro
vide various levels of creep in a 
constant period of time. This thermal-
mechanical treatment is intended to 
simulate a stress-relief treatment on 
the coarse-grained HAZ. The speci
mens are then tensile tested at 320°C 
to determine the influence of the ther
mal-mechanical treatment on the 
properties of these regions. 

"In addition to this work, the MPA 
has proposed a $1.2 mil l ion research 
program aimed at perfecting the appli
cation of current state-of-the-art non
destructive examination techniques to 
assure that insignificant discontinui
ties in the region of HAZ are not 
masking larger cracks. 

"The MPA studies are primarily on 
forging materials. However, some 
work has been done on plates, and no 
sensitivity toward cracking has been 
found for ASTM A 533 Grade B Class 1 
steel. This resistance to cracking exhib
ited by the ASTM A 533 Grade B Class 1 
steel was also true in the extensive 
underclad cracking study conducted 
under the auspices of the Pressure 
Vessel Research Committee. 

"The quality of the studies under 
way at the MPA is excellent. It has an 
exceptionally well-equipped facility 
staffed by qualified personnel. Its goal, 
to assure the integrity of the nuclear 
pressure vessel over its entire l ifetime, 
is commendable. I would recommend 
that the U.S.A. cooperate wi th the 
German researchers in this effort. 
Although not a novel observation, 
MPA did find a high incidence of 
cracking in the HAZ of the production 
weldments. These small cracks are not 
significant unless they serve as the 
cause of an accelerated damage mech
anism. For example it is possible that 
the subcritical crack growth rate, 
da /dN, could be more rapid in this 
region for a given stress intensity vari
ation, AK, due to the l ink-up of the 
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Fig. 9—Effect of etching on the resolution of the reheat cracks in the 
coarse-grained region of the heat-affected zone of reactor pressure 
vessel steels 0.001 
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individual small cracks. Also the 
absence of cracks in the HAZ does not 
assure a tough weldment. It is possible 
that an excessively coarse-grained 
HAZ is a region of inferior toughness. 

"I t would be beneficial for the 
U.S.A. to embark on a similar examina
tion of welds produced in our country. 
The goal of this study should be to 
establish the character of the HAZ; we 
must determine the toughness of the 
weldment under conditions of service 
that can affect material properties. 

" O n November 14, 1974, a meeting 
was held between representatives of 
Westinghouse Electric Company, 
MPA, and ORNL (represented by 
Professor A. W. Pense, Consultant, and 
myself) to discuss the results of a 
metallographic examination of an 
ASTM A 508 Class 2 weldment 
provided MPA by Westinghouse Re
search Laboratories—Europe (WRL-E). 
The weldment is from the prolonga
t ion from Heavy Section Steel Tech
nology (HSST) program Intermediate 
Test Vessel 4 (ITV-4). The MPA found 
extensive cracking in the root region of 
the sample. The cracks were up to 5 
mm long, 10 times larger than any that 
MPA had previously seen in its exami
nation of production qualif ication 
weldments. The cracks were in the 
HAZ (adjacent to the fusion line) in 
regions where the grain size was near 

ASTM No. 1. This grain size, although 
extremely coarse, is wi th in the range 
of sizes observed by MPA (but near the 
lower 15% of the spectrum). Previously 
WRL-E had examined the upper por
t ion of one half of the weldment (it 
was sectioned longitudinally through 
the weld) and had not found any 
indications; this was true even after 
WRL-E had bent the polished speci
mens and reexamined them for cracks. 
When WRL-E investigators learned of 
the results of the MPA examination, 
they examined specimens from near 
the root region of their half of the 
weld and found hot cracks up to 4 mm 
long. When ORNL learned of these 
results we examined broken Charpy 
V-notch specimens from the root of 
ITV-4 and found a few grain boundary 
decohesions (we required 100 to 
1000X magnification to ascertain that 
they were indeed cracks). 

"The MPA observed that the chemi
cal analysis of the ASTM A 508 Class 2 
forging steel is such that this steel is 
more sensitive to stress-relief cracking 
than the similar German grade. Fur
ther, the heat of steel used in the 
fabrication of ITV-4 is near the upper 
limit of the allowable chemical com
position limits in the ASTM specifica
tion. This specimen exhibited the 
worst cracks that MPA had observed to 
date. It must be emphasized that the 

sample was from the ITV-4 prolonga
tion. If indeed the sample does repre
sent the ITV-4 vessel, then we can 
unequivocally state that it withstood a 
stress nearly 3 times the design stress 
at 75°F. This fact does imply that a 
significant toughness exists in this 
region." 

The ITV-4 was tested at 24 C (75 F), 
and the vessel underwent a strain of 
0.17% at the outside surface 180 deg 
away from the flaw during testing. In 
the vicinity of the flaw, the weld metal 
underwent a strain of 0.5% in the 
circumferential direction. Failure oc
curred when the internal pressure of 
the vessel reached 187.7 MPa (26,500 
psi), a value approximately 3 times 
higher than that allowed by the design 
rules of Section III of the ASME 
Code. 

The vessel contained two fatigue-
sharpened flaws, each approximately 
21 cm long and 7.5 cm deep (8.25 in. 
and 3.0 in.). Failure initiated at the flaw 
located in the weld metal. The crack 
propagated in the weld metal and 
terminated in the lower head and at 
the bolt holes in the upper region. 
There was no evidence that the crack 
ran out of the weld metal into the 
HAZ. 

The ITV-4 vessel presented an excel
lent opportunity to investigate a weld
ment that not only indicated a suscep-
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Fig. 10—View of fracture surface from intermediate test vessel no. 4. The lines identify the cutting plan. The letters and 
numbers are the code used to identify the various regions ol the tracture surface. (B-2 = 27.59 cm; B-3 = 21.27 cm; 
B-4 = 22.54 cm; B = 35.56 cm; B-5 = 20.64 cm; B-6 = 27.59 cm; B-7 = 21.59 cm. Total length = 166.37 cm) 

Fig. 11—Transverse section of an area of the weld from intermediate test vessel no. 4. Each 
weld pass is evident in this photomacrograph. Note the irregularity of the fusion line and, 
therefore, the coarse-grained region of the heat-affected zone. This irregularity is the reason 
it is so difficult to test this region 

tibil ity to reheat cracks—the Nakamura 
number for the heat of steel from 
which ITV-4 was fabricated17 is near 
0.85—but there was evidence (from its 
prolongation) that it did indeed con
tain reheat cracks. To facilitate the 
examination of the HAZ of ITV-4 the 

fracture surfaces were removed from 
the vessel—Fig. 10. The surfaces, 
approximately 1.67 m (5% ft) in length, 
were sectioned as indicated in Fig 10. 
The examination of the HAZ was made 
in the vicinity of the flaw. A typical 
section through the fracture in ITV-4 is 

shown in Fig. 11. The irregularity of the 
HAZ and the individual weld passes 
are evident in the macrophotograph. 

Specimens approximately 5 X 10 cm 
( 2 x 4 in.) were removed parallel to 
the fusion line for metallographic 
examination. These were reduced by 
sawing and grinding to a thickness of 
approximately 12 mm (0.5 in.), and the 
samples were ultrasonically tested. 
Indications were found in three areas. 
These areas were given more attention 
during the metallographic examina
t ion. Microscopic defects were found 
during the metallographic study, but 
only in a few locations. 

Figure 12 contains photomicro
graphs representative of the defects 
that were observed. Incipient melting 
defects, lack of fusion, and GBD were 
found in the HAZ of ITV-4. The GBD 
shown in Fig. 12 are typical of the size 
and shape that were seen. When pres
ent, they appeared to cluster in a 
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Fig. 12-Various types of defects found in the heat-affected zone of intermediate test vessel no. 4. The photomicrographs (left 
to right) show incipient melting, lack of fusion, and reheat cracking, respectively 
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region of the HAZ where the austenite 
grain size was much larger than that in 
other regions. 

The ORNL examination centered 
about the %t depth location, the loca
t ion where the MPA observed the 
large reheat cracks in their examina
tion of the prolongation from ITV-4. 
No large cracks were seen. Figure 13 is 
typical of the structure that was 
observed in the examination of the 
HAZ from ITV-4. In summary, the 
ORNL investigation of the HAZ from 
ITV-4 did not reveal any large micro
cracks nor any evidence that the GBD 
had extended as a consequence of the 
test. During testing, the outer surface 
of the vessel was in excess of the yield 
strength of the base metal as evi
denced by 0.5% strain recorded; yet 
there was no apparent damage to the 
HAZ. 

A fracture toughness study of the 
HAZ was conducted from the longitu
dinal weld in ITV-4. An electron beam 
(EB) weld crack init iation technique18 

was used to place a sharp crack in the 
exact location desired. The accuracy 
wi th which an EB weld can be placed 
in the exact location desired is quite 
good. Tests to date, admittedly l im
ited, have shown that the fracture 
toughness of the region of interest is 
estimated to be at least equal to that of 
the base metal. Further, the KIcd values 
calculated, based on the equivalent 
energy method, from precracked Char
py specimens are about 220 MPa y'Tn 
(200 ksi ^/Vu). 

In their efforts to study the proper
ties of the HAZ of pressure vessel 
steels, the MPA developed methods 
for simulating the microstructure of 
the base metal immediately adjacent 
to the fusion line. They did this by 
rapidly heating bars of steel machined 
from the alloys of interest (for exam
ple, 22NiMoCr37) to 1300 C (2371 F) 
and quenching them. These coarse
grained specimens could be given a 
simulated postweld heat treatment 
(PWHT) under stress to determine the 
effect of t ime and temperature on the 
creep-strain tolerance of this micro-
structure. 

They found that the 22NiMoCr37 
alloy underwent a severe loss of Char
py V-notch (Cv) toughness at 320 C 
(608 F) when a specimen subjected to 
the 1300 C (2372 F) simulated HAZ 
thermal excursion was PWHT at 610 C 
(1130 F) for 6 hours (h) under a load of 
180 MPa (26 ksi).1'3 It should be noted 
that the 180 MPa stress value at 160 C 
(320 F) is near (if not above) the 
ultimate tensile strength of the con
ventionally heat-treated (quenched 
and tempered) thick-walled pressure 
vessel steels used in the fabrication of 
reactor pressure vessels. 

The MPA has shown that reactor 
pressure vessel steels, in particular 

22NiMoCr37 and SA 508 Class 2 are 
susceptible to creep embritt lement if 
the material is heated to 1300 C (2372 
F), quenched in water, and aged at 610 
C (1130 F) for 6 h under a load of 180 
MPa (26 ksi). Their tests also show that 
the strength of the steel in the as-
quenched and aged condit ion has an 
ultimate and yield strength of 880 MPa 
and 790 MPa (127 ksi and 114 ksi), 
respectively. This level of yield 
strength is over twice that of the mini
mum room-temperature value re
quired by the specification for SA 508 
Class 2 [345 MPa (50 ksi) ]-Table 1. 

That microcracks may exist in the 
HAZ of reactor pressure vessel weld
ments is an accepted fact. Their 
presence has been reported by a 
number of research and production 
organizations throughout the world. 
The assessment of the significance of 
these microcracks and of the micro-
structure in which they reside on the 
structural integrity of the thick-walled 
nuclear pressure vessels used in the 
U.S. must include consideration of a 

Fig. 13—Photomicrographs that are repre
sentative of most of the regions of the 
heat-affected zone from the longitudinal 
weld in intermediate test vessel No. 4 

number of other factors, including the 
materials themselves, welding proce
dures, microstructural effects, sensitiv
ity to radiation damage, and ultimately 
the toughness of the coarse-grained 
region of the HAZ in which the reheat 
cracks reside. 

Material Considerations 

The pressure vessels used for the 
primary containment of the light-
water nuclear power plants in the 
United States are fabricated from 
essentially two base metal composi
tions. These are steels identified as SA 
533 Grade B Class 1 and SA 508 Class 2. 
The SA before the specification num
ber indicates that the material has 
been accepted for use by the ASME 
Code. Further, both steels are ap
proved by Sect. I l l , Division 1, Nuclear 
Power Plant Components of the ASME 
Code for the construction of Class 1 
pressure-containing components for 
nuclear applications. 

For these applications there are 
certain requirements that the steels 
must meet in addition to those of the 
SA specification. For the most part 
these additional requirements assure 
that min imum levels of toughness are 
met by the heats of steel that are used. 
These criteria are set in Paragraph 
NB2331 of Section III, Division 1, 
which requires that Charpy V-notch 
(Cv) specimens representative of the 
pressure-vessel steels be able to 
absorb 60 J (50 ft-lb) and 0.890 mm (35 
mils) lateral expansion at a tempera
ture 33 K (60 F) above its nil ducti l i ty 
temperature (NDT) as determined by 
the drop-weight test.19 

The criteria of 60 J and 0.890 mm 
must be met in order to determine the 
NDT reference temperature (RTNDT). 
The RTNDT is required to establish the 
critical stress intensity factor (Km) 
curve that assures that the arrest crite
rion for avoiding frangible fracture can 
be determined for the material being 
evaluated. The K,R curve and its rela
tionship to the integrity of reactor 
pressure vessels is discussed in Appen
dix G of Sect. I l l , Division 1 (ref. 20) 
and in Welding Research Council 
Bulletin No. 175 (ref. 21). 

If the 60 ), 0.890 mm criteria are not 
met at NDT + 33 K, then Cv testing is 
done at increasingly higher tempera
tures until these values are achieved. 
The RTVDT is then adjusted upward to a 
temperature 33 K (60 F) below that at 
which these criteria are met. Further, 
those heats of steel that are used in the 
section of the pressure vessel that 
surrounds the core must exhibit the 
ability to absorb at least 102 ) (75 ft-lb) 
on the upper shelf of the Cv energy vs. 
temperature curve.22 

In summary, a steel that is employed 
in the fabrication of a nuclear pressure 
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Fig. 14—Isothermal transforma
tion diagram for ASTM A 302 
Grade C steel. (The analysis for A 
302 Grade Cis identical to that of 
A 533 Grade B.) The rapid cooling 
rate near the fusion fine in 
combination with the coarse aus
tenite grains will result in a 
microstructure that is predomi
nantly martensitic. (The actual 
cooling data from HSST plate 02 
are superimposed on the dia
gram) 
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vessel must satisfy the requirements of 
the SA specification, which dictates 
the limits on chemical composit ion, 
permissible melting and processing 
practices, and minimum mechanical 
properties as well as other criteria that 
are established by the ASME Code, the 
Federal Register, and Nuclear Regula
tory Commission regulatory guides. 
These criteria provide the assurance 
that the steels possess fracture tough
ness properties that should prevent a 
catastrophic failure when the steels 
are put into service. The chemical 
compositions of the two steels are 
controlled by their specifications. 
Hence, their sensitivity toward reheat 
cracking can be easily evaluated. 

Metallurgical Considerations 

The HAZ of a weldment (Fig. 4) 
consists of a number of different 
microstructures across its short dis
tance. The HAZ in weldments of thick 
sections of high-alloy steels wi l l trans
form upon cooling in accordance wi th 
their hardenability. The metallurgical 
response of a steel is usually described 
through the use of time-temperature-
transformation (TTT) diagrams.23 

A TTT diagram34 representative of SA 
533 Grade B steel is shown in Fig. 14. 
This steel has a strong tendency to 
transform to bainite [see A + F + C 
area, - 5 1 0 C (950 F), of Fig. 14]. The 
rapid quenching that the HAZ under

goes wil l shift the transformation to 
longer times. The TTT diagram in Fig. 
14 depicts equil ibrium conditions. A 
continuous cooling transformation 
(CT) diagram depicts the effects of 
commercial quenching operations. 

When compared to a TTT diagram 
for the same heat of steel, the CT 
diagram is transposed to longer times 
and lower temperatures. Further, a 
coarse austenite grain size tends to 
shift the transformation behavior to 
longer times, thereby enhancing the 
possibility of obtaining a lower trans
formation product during quenching. 
Combinations of these metallurgical 
factors—large austenite grain size, con
tinuous cool ing, and large heat 
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sink—promote the transformation of a 
steel to martensite. Untempered mar
tensite has poor toughness properties, 
but martensite that is correctly tem
pered has superior properties. 

Figure 15 shows an example of the 
influence of the microstructure on the 
Cv toughness of low-al loy high-
strength steel.25 (Figure 15 does not 
represent the microstructure in SA 533 
Grade B or SA 508 Class 2 steel; it is 
used only to illustrate the influence of 
microstructure on toughness.) It is 
evident that the structure wi th the best 
toughness is m'artensite. The marten
site plus bainite structure is less tough 
but still quite acceptable. 

Because of its rapid cooling rate, the 
microstructure of the coarse-grained 
region of the HAZ wil l contain the 
lowest transformation product possi
ble for the SA 508 Class 2 and SA 533 
Grade B Class 1 steels. Therefore, if 
correctly tempered, the coarse-grained 
region of the HAZ can indeed be 
superior to the remainder of the struc
ture. If incorrectly tempered, it w i l l 
have the poorest toughness of the 
entire structure. The correct tempering 
temperature for these steels ranges 
from about 621 to 677 C (about 1150 to 
1250 F). 

Design Considerations 

It has been shown that the SA 508 
Class 2 forging grade of steel is consid
erably more susceptible to reheat 
cracking than the SA 533 Grade B 
analysis (maximum AG, based on 
upper bound limits of chromium, 
molybdenum and vanadium, is +1.07 
and +0.11, respectively, for the two 
steels). The maximum Nakamura num
ber for the 22NiMoCr37 alloy is 
+ 1.55. 

The high sensitivity of the SA 508 
Class 2 steel is offset because longitu
dinal weld seams are not used when 
forgings are used in the fabrication of a 
nuclear pressure vessel. This design 
fact eliminates the possibility of stress
ing the HAZ of SA 508 Class 2 in the 
hoop direction. 

Circumferential-weld seams are the 
only weld joint design used, and they 
are loaded in the axial direction. Fur
ther, the use of forgings removes or 
eliminates the longitudinal weld in the 
core region of the reactor. This, in turn, 
removes the SA 508 Class 2 weld from 
the high-flux region in the nuclear 
pressure vessel. 

Material Properties 

The HAZ of welds generally pos
sesses superior tensile and toughness 
properties when compared to their 
chemically equivalent base metal. This 
is particularly true for low-alloy high-
strength steels that are correctly post-

160 
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Fig. 76—Submerged-arc weldment hardness traverse at quarter-thickness 
location. The region of the heat-affected zone that is most sensitive to reheat 
cracks exhibits the highest hardness 

weld heat treated. 
A hardness traverse across a SA 

weldment made between two 30.5 cm 
thick (12 in.) plates of SA 533 Grade B 
Class 1 steel26 shows that the highest 
hardness is found in the HAZ—Fig. 
16. 

A fracture toughness study27 was 
conducted by Westinghouse Electric 
Corporation on SA weldments similar 
to that shown in Fig. 16. A Cv test of 
the HAZ of a 30 cm (11% in.) A 533 
Grade B Class 1 plate showed the 40 ) 
(30 ft-lb) transition temperature (TT) 
to be - 4 0 C (-40 F) or lower. This 
result can be compared to 40) TT of —9 
C ( + 15 F) and - 1 2 C ( + 10 F), respec
tively, for 20.3 and 30.5 cm thick (8 and 
12 in.) A 533 Grade B Class 1 base 
metals tested in the same study. 

The fracture toughness of the HAZ 
of the 30 cm (11% in.) thick A 533 
Grade B steel was measured using a 
WOL specimen. In accordance wi th 
the criteria of ASTM Specification E-
399, a valid Klc value of 78.2 MPa y/~fn 
(71.2 ksi v/TnT) was obtained wi th a 2T 
specimen at —328 C (—200 F). An inva
lid K^ value of 108 MPa v m (97.9 ksi 
v T a ) was obtained at -101 C (-150 
F). This latter test was also done wi th a 
2TWOL specimen. 

More recently, Grotke et a/.28 have 
simulated the HAZ microstructure of 
SA 508 Class 2 steel weldments using 
thermal cycles representative of com

mercial practice [about 3780 k j /m (96 
k)/ in.) ] . They found that specimens 
heated to 1343 C (2450 F) and not 
tempered (postweld heat treated) had 
room temperature Cv energy values 
less than that of the quenched and 
tempered base metal. However, in all 
tests in which the specimens were 
given a multicycle thermal excursion 
representative of a multipass welding 
procedure, the Cv toughness of the 
HAZ microstructure was superior to 
that of the base metal. 

The specimen blanks obtained from 
the weld thermal-cycle simulations 
were also used for precracked Charpy 
tests. These specimens were used to 
obtain dynamic fracture toughness 
data for the simulated HAZ micro-
structure. The room-temperature dy
namic-fracture toughness of speci
mens heated only to the peak temper
ature, 1343 C (2449 F), was about 30% 
lower than that of the base metal. 
When the specimens were subjected 
to a thermal excursion simulating that 
of a multipass welding procedure, the 
HAZ toughness was superior to that of 
the base metal. 

Westinghouse Electric also con
ducted29 crack growth rate (da/dN) 
studies on A 533 Grade B Class 1 base 
metal and HAZ. They found that at low 
A/C (stress intensity range) levels the 
crack growth rate in the HAZ was 
lower than that of the base metal or 
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weld metal and at high AK levels the 
crack growth rate was higher. At a AK 
value of 88 MPa A m (80 ksi A in.) the 
crack growth rate is 0.002 mm (80 
micro inches) per cycle for the HAZ vs. 
0.00152 mm (60 micro inches) for the 
base metal at the Vi thickness location. 
These subcritical crack-growth data 
suggest that the HAZ may be more 
sensitive to stress-intensity levels than 
the base metal. 

The Kernforschungsanlage Julich 
GmbH prepared an SA weld between 
two pieces of A 533 Grade B Class 1 
steel supplied by the HSST program 
office. They investigated30 the Cv prop
erties of the HAZ and weld metal. 
Their results indicated that the HAZ 
toughness was similar to that of the 
weld metal (and superior to that of the 
base metal). 

Recently, the Electric Power Re
search Institute has sponsored an 
investigation of the fracture toughness 
of ferritic materials for nuclear pres
sure vessels. The study included the 
HAZ of structural weldments. The 
Combustion Engineering, Babcock 
and Wilcox, and Effects Technology 
corporations were involved in the 
study. Combustion Engineering con
ducted fracture toughness tests of the 
HAZ of welds made between thick 
plates of SA 533 Grade B Class 1 steel.31 

They conducted drop-weight, Cv, and 
fracture toughness (KQ) tests. The HAZ 
of both SA and SMA welds had lower 
drop-weight NDT than the base metal. 
The RTNDT for the HAZ was - 4 0 C (-40 
F) vs. a low value of —12 C ( + 10 F) and 
a high value of 16 C (60 F) for the base 
metals. The base metal study was of 
five heats of SA 533 Grade B Class 1. 
The HAZ Cv toughness was also 
superior to that of the base metal. 

In that same study researchers also 
determined a KIR curve for their data 
based on the rules in Appendix G of 
Section III of the ASME Code. The KIR 

curve for the HAZ was to the left 
(lower temperatures) of the base metal 
KIR curve. (The location of the KIR 

curve in a toughness vs. temperature 
plot is dictated by the RTNDT.) The 
fracture toughness data that Combus
t ion Engineering obtained for the SA 
and SMA welds included 1T compact 
tension specimens. These results were 
plotted on the same figures that 
contained the KIR curve for the HAZ 
and in all cases the toughness values 
determined experimentally were su
perior to those predicted. 

The investigation of welds was a 
major task of researchers in the 
Babcock and Wilcox study,32 who 
characterized 5 submerged-arc (SA) 
and 5 shielded-metal arc welds. All of 
the welds were made in thick [330-356 
mm (13-14 in.)] SA 508 Class 2 steel 
forgings. The SA welds were made 
w i th a heat input of from 2835 to 4020 

k j /m (72 to 102 kj/ in.). The SMA welds 
were made using considerably lower 
heat inputs, 551-2205 k) /m (14-56 k j / 
in.). 

In the SA weld study the toughness 
of the HAZ was in all cases superior or 
equal to that of the weld metal. The 68 
] (50 ft-lb) temperature of the HAZ 
ranged from - 3 4 to - 7 9 C (-30 to 
-110 F) and from - 4 to - 6 2 C ( + 25 to 
- 8 0 F) for the weld metal. The SMA 
weldments exhibited similar results. 
Comparative information was ob
tained for four SMA welds, and in 
three of them the HAZ was tougher 
than the weld metal. 

MPA investigators have been in
volved in the testing of simulated HAZ 
from various heats of 22NiMoCr37. 
They have only reported a limited 
amount of work on the HAZ of weld
ments of this class of steel. In a Cv 

study" of an SA weld, the MPA 
reported a large spread in toughness 
values of the HAZ over the entire 
range of temperatures investigated. 
The upper shelf Cv toughness of the 
HAZ ranged from about 80 ) (60 ft-lb) 
to about 200 ) (148 ft- lb). The Cv 

toughness limits of the HAZ were 
lower and higher than those of the 
base metal or weld metal. This study 
covered the entire HAZ, and it was not 
established what region of the HAZ 
was represented by the high or low 
values. 

The lower bound limit of the Cv 

toughness, 80 J (60 ft-lb) can be corre
lated to a Kk value through the rela
tionship proposed33 by Rolfe and 
Novak: 

[£fMS"»] (2) 

where a , = 0.2% offset yield strength 
in ksi; Cv = Charpy V-notch upper 
shelf energy in ft-lb. 

In making the calculation it was 
assumed that the lowest toughness 
was obtained in the region that wou ld 
exhibit the highest yield strength. A 
yield strength of 689.5 MPa (100 ksi) 
was assumed to be representative of 
the strength of the coarse-grained 
regions in which the GBD occur. Based 
on an 80 joule toughness and a 689.5 
MPa (100 ksi) yield strength, the calcu
lated Klc of the HAZ is about 181 MPa 
\J m (165 ksi v7 i°-)-

The problem of placing the crack in 
the desired location in the HAZ has 
perplexed experimenters for some 
time. These difficulties have been 
recognized in Europe"" and in the 
USA.31 A technique employing the 
electron-beam (EB) welding proce
dure fo l lowed by hydrogen charging 
was developed at ORNL for placing a 
crack in precisely the desired loca
tion.18 This procedure was used to 
place cracks in the HAZ adjacent to 

the fusion line in an SA weldment 
between two plates of A 533 Grade B 
Class 1 steel. After the HAZ was 
cracked, Charpy-size specimens w i th 
an axial orientation perpendicular to 
the cracks were machined. These 
precracked Charpy (PC) specimens 
were tested under static load condi
tions, and their fracture toughness was 
calculated in accordance wi th the 
equivalent energy techniques.35 

The results of the tests on EB-
cracked HAZ specimens are identified 
in Fig. 17. The fracture toughness of 
the HAZ in the transition temperature 
region lies between that of the weld 
metal and the base metal. The lower-
bound toughness of the EB-cracked 
specimens is in excess of 220 MPa -y/Tn 
(200 ksi \/'m.). This experimentally 
determined toughness is in good 
agreement wi th the 181 MPa x / m (165 
ksi sj in.) Kic value derived from the 
Rolfe-Novak relationship for the low-
toughness region of the 22NiMoCr37 
steel reported by the MPA. 

Similar testing of the HAZ in the 
ITV-4 longitudinal weld was done. The 
EB technique was used to produce the 
crack in the desired area of the HAZ 
using the PC specimen. Because the 
propagation of the crack in ITV-4 ran 
through the center of the weld, it was 
necessary to weld extensions on the 
specmens using an electron beam. 
Tests were conducted at temperatures 
from -73 C (-100 F) to - 1 8 C (0 F). 
Fracture toughness values of 286 and 
227 MPa v m (260 and 207 ksi V^n~) 
were obtained at - 4 6 C (—50 F) and 
—18 C (0 F), respectively. These high 
toughness values, which are similar to 
those that can be expected for A 508 
Class 2 base metal, were obtained in 
the HAZ of an A 508 Class 2 steel 
weldment that had undergone a strain 
of from 0.1 to 0.5% at 24 C (75 F). 

Weld ing Procedures 

The influence of welding proce
dures on the underclad cracks has 
been discussed in detail. Work on the 
influence of welding procedures on 
the sensitivity to GBD in butt welds 
has been considered but not to the 
same extent. The MPA correlated the 
incidence of reheat cracking to the 
coarseness of the HAZ. The coarser 
structure was attributed to higher heat 
inputs during welding.16 However, the 
MPA did point out that the grain size 
in the region of the HAZ from the 
ITV-4 prolongation (which, as the MPA 
reported, contained the largest micro
cracks that they had observed16) was 
not the largest that they had found in 
their metallographic examinations. 

Westinghouse Electric has exam
ined the effect of heat input.36 They 
contracted with Combustion Engi
neering to prepare two SA welds, one 
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with low heat [2560 k j /m (65 kj / in.) ] 
input procedure, the second wi th a 
high heat input [5120 k j /m (130 k|/ 
in.)] between SA 508 Class 2 base 
metals. The SA 508 Class 2 heat of steel 
used by Mager and Thomas was 
known to exhibit underclad cracks.* 
They metallographically examined the 
HAZ of these weldments using the 
procedures developed by the MPA. 
They found no cracks in the HAZ of 
the low heat-input weld. 

In the high-heat input weld, Mager 
and Thomas examined about 40 differ
ent areas and found GBD in about 4 or 
5 areas. They removed samples from 
the weldment and prepared push-pull 
fatigue specimens that contained weld 
metal HAZ and base metal in the gage 
section. They determined a fatigue 
endurance limit of about 296 MPa (43 
ksi) for these specimens. They found 
that, although the high heat-input 
weld had resulted in GBD, there was 
no association between the presence 
of reheat cracks and degradation in 
fatigue performance. Further, they 
were not able to detect any increase in 
the size of the reheat cracks. 

Nondestructive Examination 

The reheat cracks (GBD) of the type 
discussed in this paper are not detect
able by the usual nondestructive 
examination procedures employed in 

*The weld overlaying (i.e., surfacing) was 
done with a 6-wire submerged-arc welding 
process. 

(ksi v ^ l IMN'm' 1 " ! 
i— 300 

the United States or abroad. Crack size 
and distr ibution are beyond the limits 
of current commercial practices.n-'3 

Kellerman et al. specifically state that 
" the microcracks (grain boundary sep
arations) in the butt welds cannot be 
discovered wi th nondestructive tech
niques, even if a refined ultrasonic 
method is being used."12 The MPA 
does note, however, that " 'ghost indi
cations' may occur during the ultra
sonic test, if the coarse-grain zone and 
the adjacent dendrite of the deposit 
material are extremely distinct or the 
precrack state is existing."11 The MPA 
expressed the fear"1 6 that the small 
GBD may in fact mask a large reheat 
crack. 

The detection of discontinuities in 
large, thick-walled components by 
ultrasonic techniques (UT) is at best 
difficult, and the analysis of indica
tions is even more of a problem. A 
number of factors must be considered 
when assessing the detectability of 
flaws; in addit ion to the vessel material 
being examined, these factors include 
the various electronic and mechanical 
parameters of the testing procedure. 

The influence of probe size, fre
quency, and gain on the sensitivity of 
ultrasonic testing has been discussed 
by Klindt and Canonico.37 They 
showed that the detectability of " ide
ally" sited discontinuities in commer
cial steel plate was strongly influenced 
by testing procedures. The location 
and geometric shape of the GBD also 
tend to minimize discontinuity detec
t ion. Further, the "cracks" are extreme
ly tight and in many instances wi l l not 
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interfere wi th the ultrasonic wave. 
The location and geometry of the 

GBD in the weldment wi l l also 
influence detectability of discontinui
ties. Those GBD that extend to the 
surface are often readily detected by 
good magnetic-particle or dye-pene
trant procedures. However, due to the 
factors responsible for the presence of 
the GBD, it is not likely that they wi l l 
extend through the surface. The lack 
of restraint at this location wi l l tend to 
minimize the probability of surface 
GBD. 

The size and orientation of these 
GBD prohibit assurance of their detec
t ion by normal radiographic proce
dures. The normal detection limits 
suggested by the ASME Code for 
thickness changes in heavy-walled 
vessels is about 1%. In a 30.5 cm thick 
(12 in.) plate, this would represent a 3 
mm (0.12 in.) distance between the 
free surfaces of the GBD. The extreme 
tightness of the GBD is illustrated in 
the photomicrographs in Fig. 8. 

In summary, the probability of 
detecting GBD by NDE procedures is 
extremely small. Indeed, these proce
dures may interfere wi th the detection 
of larger flaws. 

Radiation Sensitivity 

One of the major considerations in 
assessing the integrity of a nuclear 
pressure vessel is its sensitivity to irra
diation. This is particularly true of any 
region of a vessel, such as the HAZ, 
that is already suspect because of its 
atypical microstructure and its propen
sity to GBD. 

The information that is directly 
applicable to the sensitivity of the 
HAZ of SA 533 Grade B Class 1 steel 
and SA 508 Class 2 steel is sparse. There 
is, however, information from which 
predictions of the toughness of the 
HAZ can be made. Serpan38 has 
reported the shift of the HAZ tough
ness of 4 in. thick A 302 Grade B steel 
weldments. This steel, which has no 
requirement for nickel, is the prede
cessor of the A 533 Grade B Class 1 
steel. This study showed that the HAZ 
underwent a smaller shift in transition 
temperature (TT) than either the base 
metal or weld metal after being irra
diated to a fluence of 2.1 X 10 l 9n/cm2 

(E > 1 MeV) at 288 C (550 F). 
A similar response (low sensitivity of 

the HAZ to irradiation damage) was 
shown for the HAZ of an SA weld 
between two 150 mm thick (6 in.) 
plates of A 543 Class 1 steel.3" [A 543 is 
a NiCrMo steel which has specified 
minimum yield and ultimate tensile 
strengths of 586 and 724 MPa (85 and 
105 ksi), respectively.] The A 543 steel 
is a more hardenable steel than the SA 
533 Grade B or SA 508 Class 2 steels 
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tha t are cu r ren t l y used in t he fab r i ca 
t i o n o f nuc lear pressure vessels. U p o n 
heat t r ea t i ng , th is steel w i l l t r ans fo rm 
t o a l o w - t e m p e r a t u r e t r a n s f o r m a t i o n 
p r o d u c t s imi lar in m i c r o s t r u c t u r e to 
that of t he H A Z of t he t w o reactor 
pressure vessel steels b e i n g c o n s i d e r e d 
in th is repor t . 

In a s tudy by Potapovs a n d H a w 
tho rne 1 " i n v o l v i n g the i r rad ia t i on sen
s i t i v i ty of a more ha rdenab le 200 m m 
th i ck (8 in.) pressure vessel s tee l , t he 
steel u n d e r w e n t a lesser shi f t [40 C 
(105 F)] in its 40 J (30 f t - l b ) C v TT t h a n a 
150 m m th i ck (6 in.) p la te o f A 302 
Grade B steel [68 C (155 F)]. The A 543 
steel was i r rad ia ted to a f l uence o f 
3.5 X 101" n / c m 2 (E > 1 M e V ) . 

W i l l i a m s a n d lames 4 1 i nves t iga ted 
t h e ef fect o f i r rad ia t i on o n the f rac tu re 
toughness of A 533 Grade B Class 1 
w e l d m e n t s . They e m p l o y e d 1T c o m 
pac t - t ens i on spec imens in the i r s tudy. 
Thei r results i n d i c a t e d tha t t h e coarse
gra ined reg ion o f t he H A Z had a radia
t i o n sens i t iv i ty s imi lar t o t ha t o f t h e 
w e l d meta l and base me ta l . They espe
c ia l ly c o m m e n t e d on the h igh K,td ( t he 
e q u i v a l e n t energy m e t h o d was used 
for ca l cu la t i ng toughness) of t he 
coarse-gra ined reg ion o f t h e H A Z . 

A n examp le of t he i n f l uence o f 
m i c r o s t r u c t u r e o n the i r rad ia t i on sen 
s i t i v i ty of A 533 Grade B steel is s h o w n 
in Fig. 18. These data1 2 are f r o m t h e 
same heat o f s tee l , a 305 m m th i ck (12 
in.) p la te o f A 533 Grade B Class 1. The 
surface mater ia l w h i c h c o o l e d d u r i n g 
q u e n c h i n g f r o m the a u s t e n i t i z i n g t e m 
pera ture at a rate ten t imes faster t han 
tha t of t h e qua r te r - and m i d - t h i c k n e s s 
loca t ions s h o w s m u c h less sh i f t in t h e 
40 J (30 ft lb) C v t e m p e r a t u r e . The 40 J 
C v t e m p e r a t u r e of t he t o p surface 
sh i f ted u p w a r d 27 C (80 F) af ter e x p o 
sure to a f l u e n c e o f 5 X 101" n / c m 2 

(E > 1 M e V ) , whereas the quar te r 
th ickness l o c a t i o n u n d e r w e n t a 57 C 
(135 F) sh i f t w h e n exposed to a l o w e r 
[4 x 10 ' " n / c m 3 (E > M e V ) ] f l uence . 
These d i f f e rences are d u e o n l y t o t h e 
var ia t ion in m i c ros t r uc tu re . Because o f 
its faster c o o l i n g rate af ter aus ten i z i ng , 
t he t o p sur face con ta ins a l o w e r t rans
f o r m a t i o n p r o d u c t ( l o w e r ba in i te 
s t ruc ture) t han that obse rved at t h e 
qua r te r - t h i ckness l o c a t i o n . 

H a w t h o r n e a n d Steele43 in a s tudy o f 
the me ta l l u rg i ca l var iab les tha t af fect 
i r rad ia t i on sens i t iv i ty c o n c l u d e d that 
" m i c r o s t r u c t u r e plays a d o m i n a n t , if 
no t t h e mos t i n f l uen t i a l ro le in rad ia
t i o n sens i t i v i ty d e v e l o p m e n t , " a n d "a 
t e m p e r e d mar tens i te s t ruc tu re is g e n 
eral ly less rad ia t i on sensi t ive t h a n 
t e m p e r e d uppe r ba in i t e or fe r r i te 
s t ruc tu res . " 

These da ta i nd i ca te tha t t h e l o w e r 
t r a n s f o r m a t i o n p r o d u c t undergoes a 
lesser loss of toughness as a conse 
q u e n c e of i r rad ia t i on to f l uence levels 
that are t yp ica l o f those to w h i c h a 
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pressure vessel fo r a p ressu r i zed -wa te r 
reactor w i l l be exposed d u r i n g its 
des ign l i f e t i m e . 

This i n f o r m a t i o n tends to suggest 
tha t t h e m i c r o s t r u c t u r e o f t h e coarse
gra ined reg ion of the H A Z is repre
senta t ive o f a l o w - t r a n s f o r m a t i o n 
p r o d u c t (mar tens i te or l o w e r ba in i te ) 
and w i l l be less sensi t ive to i r rad ia t i on 
than the base me ta l . This c o n c l u s i o n is 
s u p p o r t e d by the toughness data 
( a d m i t t e d l y scant) tha t are ava i lab le 
for t he H A Z af ter i r rad ia t i on to f l uence 
levels of a b o u t 2-3 X 101" n /cm' 3 

(E > 1 M e V ) . 

C o n c l u s i o n 

It is h igh l y p r o b a b l e tha t the re are 
nuc lear pressure vessels in serv ice 
today that c o n t a i n G B D in t he H A Z of 
the i r s t ruc tu ra l w e l d s . Fur ther , it is 
m o r e l ike ly tha t G B D exist in vessels 
fab r i ca ted f r o m SA 508 Class 2 t h a n in 
those fab r i ca ted f r o m SA 533 Grade B 
Class 1 steel . This fact is d u e to t he 
h igher p ropens i t y o f t he SA 508 Class 2 
analysis t o stress-rel ief c rack ing . 

If these G B D exist i n nuc lea r pres
sure vessels, t hey w o u l d no t be 
de tec ted by t he n o n d e s t r u c t i v e exam i 
n a t i o n p rocedures cu r ren t l y e m p l o y e d 
c o m m e r c i a l l y t h r o u g h o u t the w o r l d 

d u r i n g vessel f ab r i ca t i on and surve i l 
lance. The G B D reside in an ex t reme ly 
loca l i zed reg ion o f t he H A Z . The area 
o f in terest is o n l y a b o u t t w o t o f o u r 
grains w i d e [ abou t 0.381 m m (0.015 
in . ) ] , and it is d i f f i cu l t to d e t e r m i n e 
toughness va lues tha t represent t h e 
p roper t ies in th is reg ion . 

There has been a cons ide rab le 
a m o u n t of w o r k d o n e t r y i n g to de te r 
m i n e the C v and K(J t oughness o f th is 
reg ion . M o s t resul ts i nd i ca te tha t th is 
reg ion is super io r or at least equa l t o 
that o f t h e base me ta l . These observa
t ions are s u p p o r t e d by s tud ies tha t 
i nd ica te tha t w h e n co r rec t l y t e m 
pe red , t h e f rac tu re toughness o f t h e 
l o w e r t r a n s f o r m a t i o n p r o d u c t (mar
tens i te) is super io r t o tha t o f t e m p e r e d 
ba in i te . The m i c r o s t r u c t u r e in t he 
reg ion of t he H A Z that con ta ins t h e 
G B D is t e m p e r e d mar tens i te o r t e m 
pered l o w e r ba in i te . 

The re la t i onsh ip b e t w e e n aus ten i te 
grain size and toughness is c o m p l e x . 
There is a co r re l a t i on tha t s h o w s that a 
m i c r o s t r u c t u r e c o n t a i n i n g coarse aus
ten i t i c gra in size has poo re r t oughness 
than o n e tha t c o n t a i n s f i ne aus ten i te 
grains. In th is case, the coarser aus ten 
i te grains can i n d e e d be bene f i c ia l 
because they p r o m o t e t he t r ans fo rma 
t i on o f t h e steel to mar tens i te , and 
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tempered martensite has better tough
ness properties than tempered bainite. 
Further, the tempered martensite 
(lower transformation product) is 
more radiation resistant than tem
pered bainite. This observation tends 
to nullify the concern that the coarse
grained region of the HAZ may be 
more sensitive to irradiation. 

Obtaining definit ive Cv toughness 
data in the coarse-grained region of 
the HAZ is difficult. The placement of 
a 0.254 mm radius (0.010 in.) notch in 
the correct location is at best hit and 
miss. The notch-tip radius is approxi
mately the same size as the area of 
interest. Further, the fusion line is not 
straight, which also contributes to the 
difficulty of notch placement. 

The fracture-mechanics specimens 
and compact-tension specimens de
pend on fatigue cracks for their correct 
toughness values. Growing a fatigue 
crack in the area of interest is extreme
ly difficult. First, there is the problem 
of placing the machined notch in the 
desired location. Second, during fa
tiguing the propagating crack wi l l seek 
the least strong microstructure, which 
is not the coarse-grained region of the 
HAZ. 

There has been an opportunity 
during the past two years to investi
gate the HAZ of ITV-4, a vessel which 
was tested to destruction at 24 C (75 F). 
This study was prompted by a report 
from the MPA that they had examined 
the HAZ from a sample of the prolon
gation from that vessel and found that 
it contained the largest microcracks 
that they had observed to date. The 
vessel during testing underwent strains 
up to 0.5% in the vicinity of the longi
tudinal weld. This vessel was pressur
ized to nearly three times the ASME 
Code (Section III) allowable design 
pressure prior to failure. 

During testing, acoustic emission 
nondestructive examination tech
niques were employed, and no evi
dence of crack extension in the HAZ 
was indicated. The HAZ from the 
longitudinal weld was metallographi
cally examined. Grain boundary deco
hesions were found, but there was no 
evidence of crack extension in spite of 
the large strains imposed on the vessel 
during testing. 

It must be emphasized that this 
review has been concerned wi th the 
steels that are currently found in 
nuclear pressure vessels, namely SA 
508 Class 2 and SA 533 Grade B Class 1 
and their sjmilar predecessors. 

As a consequence of this review, the 
fol lowing conclusions are offered: 

1. The probabil ity that grain bound
ary decohesions (GBD) do exist in the 
heat-affected zone (HAZ) of nuclear 
pressure vessels is quite high. 

2. There is evidence, supported by 
both experimental data and metallur

gical interpretation that the fracture 
toughness of the HAZ containing the 
GBD is equal to or superior to that of 
the base metal. The experimental data 
referenced were obtained from tests 
conducted on the HAZ of actual 
welds, not determined from micro-
structures generated by simulating 
welding procedures. 

3. The radiation resistance of the 
region of the HAZ that contains GBD 
is probably superior to that of the base 
metal. 

4. A region in the HAZ of ITV-4 that 
was extremely sensitive to the forma
tion of microcracks, and one which 
did indeed contain them, did not ex
hibit a propensity to crack extension 
even after being strained to levels as 
high as 0.5%. 

5. The subcritical crack growth 
rates, da /dN, in the HAZ do not 
appear to be significantly different 
from those of the base metal. Howev
er, this is a subject about which very 
little is known. 

6. A crack which initiated in the 
weld metal of ITV-4 did not extend 
into the HAZ but instead continued to 
propagate through the centerline of 
the weld. 

7. There is a lack of definit ive infor
mation, particularly on the fracture 
toughness of the HAZ of SA 508 Class 2 
weldments. Most studies to date have 
been conducted on SA 533 Grade B 
Class 1 steel, a steel that is less sensi
tive to reheat cracking than the forging 
grade. The information gathered dur
ing this review, and the experimental 
data obtained at ORNL, indicate that 
the pressure vessel integrity is not 
jeopardized as a consequence of the 
presence of GBD in the coarse-grained 
region of the HAZ. This conclusion 
should be supported by fracture 
toughness tests designed specifically 
to measure the properties of the 
coarse-grained region of the HAZ both 
in the unirradiated and irradiated 
conditions. 
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