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ABSTRACT

Two intermediate test vessels with inside nozzle corner cracks have been
pressurized to failure at ORNL by the HSST Program. Vessel V-5 leaked without

fracturing at 88°C (190°F), and Vessel V-9 failed by fast fracture at 24°C (75°F)
as expected. The nozzle corner failure strains were 6.5 and 8.47%, both con-

siderably greater than pretest plane strain estimates. The inside nozzle corner
tangential strains were negative, implying transverse contraction along the

crack front. Therefore, both vessels were reanalyzed, considering the effects
of partial transverse restraint by means of the Irwin SIc formula. In addition,
it was found possible to accurately estimate the nozzle corner pressure-strain

curve by either of two semiempirical equations, both of which agree with the

elastic and fully plastic behavior of the vessels. Calculations of failure

strain and fracture toughness corresponding to the measured final strain and

flaw size are made for both vessels, and the results agree well with the mea-
sured values.
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INTRODUCTION

The engineering precautions taken to prevent the occurrence of fracture
in steel structures are necessary because flaws, which are the basic cause of
fracture, sometimes occur despite efforts to the contrary. Nevertheless, most

structures that contain flaws do not fail, because the flaws are too small,

‘the loads are not high enough and the material has sufficient fracture tough-

ness to resist unstable crack extension. The ﬂevelopment of fracture mechanics
metﬁods of analysis has made it possible to quantitatively examine a given struc-
tural design and material selection to determine if there are sufficient margins
between the specified flaw sizes, material properties and loading conditioms,

and ‘those that coﬁld cause failure. In the case of a welded steel pressure ves-— K
sel, two types of situations involving flaws need to be considered in a fracture
safet& analysis. The first is a flaw attempting to propagate out of an embrittled
region, wherever one might exist, and the secbnd is the attempted unstable ex-
tension of a flaw growing by fatigue in sound material.. Precautions against the
first type of failure (the nonarrest of a propagating craék) are based on de-
fining the size and shape of a boundary surrounding the embrittled region in

sound material and treating this boundary as the size of a crack that must ar-
rest. This is the concept underlying the use of the reference flaw size and

the reference (crack arrest) fracture toughness in nuclear pressure vessel de-
sign.l Precautions against the second type of failure (static initiation of a
crack formed and growing by fatigue in sound material) can be based on fracture
mechanics analysis metﬁods that use the static initiation fracture toughness.
Méthods for considering, by analysis, the possible stable growth of cracks under
monotonically increasing loads are now being developed,2_4 but the analysis to

be discussed here does not include this phenomenon explicitly. Instead, stable




crack growth will be treated approximately by using a maximum load fracture
toughness determined from a test specimen in which some stable crack growth may
have occurred before failure. Depending on the method of analysis, the amount
of stable crack growth that may occur in the structure before failure may also

be estimated, based on previous test data, and added to the original crack size.

STATEMENT OF THE PROBLEM

The particular fracture prevention problem being considered here is that of
preventing the unstable extension of a crack formed and growing by fatigue at
the inside corner of a nozzle in a pressure vessel. The crack is assumed to lie
in the plane containing the axis of both the nozzle and the vessel (the longi- =
tudinal plane), beéause the inside nozzle corner stress concentration factor for
pressure loading is known to be a maximum in this plane, and also because cyclic
pressure experiments have shown that fatigue cracks form first at this location.5
The problem is relevant to the fracture safety analysis of nuclear pressure ves-
sels because cracks formed by thermal fatigue have occurrgd around the inside
corners of Boiling Water Reactor (BWR) feedwater nozzles.6 Previous example cal-
culations have also shown that inside nozzle corner cracks of sufficient initial
size can grow appreciably by fatigue7 thus increasing the importance of deter-
mining the accuracy of fracture analysis methods for suchlflaws. Since local
yielding is permitted at nozzle cornefs by the ASME Code design rules, provided
that rules regérding low cycle fétigue prevention can also be satisfied,8 it is
clear that satisfactory margins of safety in terms of load for overload condi-
tions cannot be estéblished for nozzle corner regions containing flaws with only
linear elastic fracture mechanics methods of analysis. Therefore there is a need

for elastic-plastic fracture analysis methods, simple enough for code application,

by which safety margins in terms of load for nozzle corner regions containing flaws




can be established. The intent of this paper is to demonstrate, by means of com-

paring calculations with experimental data, certain important features of this

problem for the case of pressure loading.

EXPERIMENTAL RESULTS AND IMPLICATIONS

Two intermediate test vessels containing nozzles with fatigue sharpened in-
side nozzle cérner cracks, designated Vessels V-5 and V-9, héve been tested to
faiiure by the Heavy Section SFeel Technology (HSST) Prograﬁ,'which is managed
for the U.S. Nuclear Regulatory Commission by the dak Ridge National Laboratory
(ORNL). The design of thése vessels is shown in Fig. 1, and a general view of
two intermediate test vessels as delivered, one of which contains a nozzle, is
shown in Fig. 2. The data pertinent to the analysis of Vessels V-5 and V-9,
except for the fracture toughness properties of the nozzle materials, are.listed
in Table 1. The tests were performed by ORNL, and a detailed report on the test-
ing procedures, analyses, and experimental results is available.9 The nozzles
of'both vessels were fabricated from A508 class 2 forging steel. :The cylinder
of Vessel V-5 was fabricated from A508 class 2 forging steel, and the cylinder
of Vessel V-9 waé fabricated from A533, grade B, class 1 steel plate. A calcu-
lated pressure versus outside surface cichmferential strain curve for the vessel
cylinders is shown in Fig. 3, for later reference.

Each vessel contained one fatigue sharpened surface crack, approximately
3.05 cm (1.2 in.) deep, in the inside nozzle corner nearest to the vessel head,
as indicated in Fig. 1. Each flaw‘was prepared by first sawing a 20 mm (0.80
in.) deep slot across‘the nozzle corner; then welding a steel boss over the open-
ing of the slot; next applying cyclic hydraulic pressure to the notch cévity
through a hole drilled in the boss until untrasonic measurements made from the

outside nozzle cornmer, in the notch plane, indicated sufficient fatigue flaw




growth; and finally removing the weld boss By flame cutting and grinding. This
difficult procedure required cutting, wélding and grinding to be done.by a man
inside the vessel, a process requiring special equipment and safety precautions
as described in more detail in Ref. 9. The pretest ultrasonic estimates of crack
front depth and shape for Vgssels V-5 and V-9 were quite similar.9 The pretest
ultrasonically estimated crack front cénfiguration for Vessel V-9 is shown in
Fig. 4. The inflections in the crack front shape are believed to be due to the
effects of the weld boss. Their effects on the tést results, which are believed
to be minor, will be discussed later.

Vessel V-5 was tested first, at 88°C (190°F), and failed by leaking without
fast fracturing. Vessel V-9 was tested later, at 24°C (75°F), and failed by fast™
fracture as expected. Static fracture toughness data for the nozzle material of
Vessel V—vaere obtained before the test using precracked Charpy V—notch9 and a
combination of 0.85T and 2.0T compact specimens.lO Fracture toughness values at
maximum load were calculated for each specimen, from its load-displacement diagram,
by the equivalent energy procedure.11 This calculationﬂprocedure was justified
by the known substantial agreement befween J Integral and equivalent energy toﬁgh—
ness calculations for the same points on the load-displacement diagrams of notched
beams and compact specimens.12 The Vessel V-5 nozzle precracked Charpy specimens
were tested at temperatures between —73°C (—100°F) and 93°C (200°F). The result-

ing toughness value39 indicated that, above —18°C (0°F), the static toughness of

the Vessel V-5 nozzle material lies within or above the range 159—220 MNm_j/2 (145—

200 ksi vin.). All the Vessel V-5 nozzle compact specimens were tested at 93°C
(200°F). The majority of the 0.85T specimens gave toughness values lying in the

upper part of the range of the precracked Charpy values, and the two 2.0T speci-
9,10 3/

- 2
mens tested”’ gave toughness values of 245 MNm 3/

2 (223 ksi 1in.) and 265 MNm

(241 ksi Vin.). Considering both the range of data for each specimen size and
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the generally observed increase in static upper shelf maximum load toughness

3/2 941 ksi

values with increasing specimen size, the latter value of 265 MNm
/in.) was selected as the toughness value to be used for analyzing the flawed
15.2 cm (6 in.) thick Vessel V-5 nozzle forging.9

Static and dynamic fracture toughness data for the nozzle material of Vessel
V-9 werce obtained before the test, using precracked Charpy V-notch and a combina-

tion of 0.85T, 1.5T and 2.0T compact specimens. These data are plotted versus
temperature in Fig. 5. The vessel test temperature of 24°C (75°F) was selected

on the basis of the static precracked Charpy data shown in Fig. 5 and dynamic pre-
cracked Charpy data previously obtainedl3 for Vessel V-7. The remaining data
shown in Fig. 5 were obtained after the vessel test temperature was selected.
The objective of the test temperature selection for Vessel V-9 was to choose a
temperature, below the dynamic upper shelf temperature, at which the dynamic
toughness might be less than the static toughness, in order to produce a fast
running fracture as a test result. Preliminary calculations indicated that crack
arrest following the onset of rapid fracture would be Qﬁlikely, because the in-
crease in crack size would more than offset the decrease in nominal stress near
the crack front. The data shown in Fig. 5 indicated that there was no consistent
effect of specimen size on the static fracture toughness of the Vessel V-9 noz-
zle material at 24°C (75°F). This is because (1) the 1.5T specimens gave values
near the middle of the static toughmness range, (2) both greater and lesser values

were obtained from smaller specimens, and (3) the minimum and maximum values were

obtained from the 2T specimens. Consequently, it was decided to make static ini-

tiation calculations for three toughness values covering the full range of the

-3/2 3/

values measured at 24°C (75°F): 159 MNm (145 ksi vin.), 220 MNm 2 (200 ksi

vin.), and 298 MNm_3/2 (271 ksi vin.). Because the steepest part of the dynamic

fracture toughness transition curve occurs at 24°C (75°F) and the range of dy-

namic values extends from below to above the range of static values, both stable

crack growth and "popins' were considered possible.9




The result of the test of Vessel V-5 at 88;C (190°F) was a leak without a
fracture, which occurred at a pressure of 183 MPa (26,600 psi). The position of
the crack front was measured continuously during the test by an ultrasonic sen-
sor located on the outside surface of the nozzle directly opposite the fatigue
sharpened crack front. Stable crack growth was first detected at a pressure of
124 MPa (18,000 psi), and above that pressure the crack front continued to ad-
vance stably until it penetrated the outer surface near the ultrasonic crystal.9
The point of leakage was barely visible and there was no visible distortion of
the vessel. A closeup view of the point of leakage in Vessel V-5 is shown in
Fig. 6. The result of the test of Vessel V-9 at 24°C (75°F) was a fast fracture
as expected because of the test temperature selected for that purpose. Ultra-
sonic data did indicate that some stable crack growth occurred before failure,

' commencing at 145 MPa (21,000 psi) and totalling about 1.27 cm (0.5 in.) jusé
before failure at 185 MPa (26,900 psi). A closeup view of the fractured nozzle
in Vessel V-9 is shown in Fig. 7.

The circumferential strain values measured on the outside surfaces of the
cylinders of Vessels V-5 and V-9, which are shown plotted in Fig. 8, indicate,
by comparison with Fig. 3, that the cylinders of both vessels were fully yielded,
but not yet‘strain hardened, at failure. The strains measured at the inside noz-
zle corners opposite the flaws, for Vessels V-5 and V-9, are shown plotted in

. Fig. 9. The nozzle corner strains at'failure for Vessels V-5 and V-9 were 6.5%

and 8.4%, respectively. Both of these strains are remarkably large compared to

the maximum previously measured strain tolerance of the same material for a 4.75

cm (1.87 in.) deep flaw in the cylindrical region of an intermediate test vessel,1

which was 2%. |
The flaw region of Vessel V-5 has not yet been sectioned for posttest exami-

nation, but the fracture surfaces containing the original nozzle corner flaw in




Vessel V-9 have been separated, with the results shown in Fig. 10. The original
fatigue sharpened crack in Vessel V-9 was very close to the size and shape esti-
mated by ultrasonics before the test9 (seg Fig. 4), and stable crack growth the
extent of which can be seen in Fig. 10, did increase the average crack depth by
about 1.27 cm (0.5 in.).

Pre- and posttest estimates of the failure strains at the unflawed nozzle
corners opposite the flaws in Vessels V-5 and V-9, and the corresponding pres-—
sures, were made by ORNL and by others, using several different methods of elastic-
plastic fracture analysis, all of a éemiempirical nature.9 All of the direct esti-
ﬁatés of the nozzle corner failure strains were low, most by a wide margin.
Several such calculations were made.by the method of LEFM based on strain, by =
which the estimated strain is calcula;ed directly by LEFM, and the corresponding
pressure is determined from a calculated or a previously measured nonlinear pres-
sure-strain curve. ©Nozzle corner failure strains calculated by fhis method, and
assuming plane strain toughness conditions, ranged from 0.33% to 0.6%. An equiva-
lent energy calculation for Vessel V-5, based on small écale steel model test
data obtained before the test of Vessel V-5, eétimated a failure strain of 1.47%,
and a calculation of the failure pressure for Vessel V~5 by the stress concentra-
tion method15 estimated a failure pressure of 189 MPa (27.4 ksi). 1In addition,
graphical estimates of nozzle corner strain tolerances based on surface flawed
uniaxial interﬁediate tensile specimen test data9 gave estimates of 3.30% for
Vessel V-5 and 1.25% for Vessel V-9. Implicitly, the latter three methods did
not assume plane sfrain.toughness conditions, and they were more accurate than
the methods that did.9 It was apparent from these calculations, and the test
results themselves, that some aspect of.nozzle corner geometry was causing the
strain tolerances for nozzle corner cracks to be substantially greater than would
be expected for the same size cracks in the cylinder of a pressure vessel. 1In

fact, the measured nozzle corner failure strains were closer to the previously
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- measured failure strains for surface flawed uniaxial tensile bars near ;;Elii

the upper shelf temperature range.16 Thus it was clear that the tendency of a
plane strain LEFM analysis based on strain to underpredict nozzle corner failure
strains by a wide margin, for high toughness cénditions, must be dué to either

an error in the LEFM portiop of the calculation or to the assumption of full
transverse restraint around the crack front. The possibility of large errors in
the LEFM portion of the analysis was subsequently dismissed because (1) calcula-
tions based on'several different methods for estimating the LEFM shape factor for
nozzle corner cracks had given similar results;9 (2) the method used by ORNL,
based on Derby's epoxy model test data,17 were confirmed by later photoelastic
experiments;18 and (3) the difference between shape factor values estimated from -
Derby's data17 and those based on the solution for an edge crack extending from

19 a6 being due to the effects of

a hole in a platel were explained by Embly9
pressure in the crack, which are experimentally included in the former solution
but analytically neglected in the latter. For this reason, the experiﬁentally
measured principal strains at the unflawed nozzle cornérs opposite the flaws in
both vessels were examined closely. Both sets of strain readings indicated the
occurrence of considerable transverse contraction in the plane of the crack at
the nozzle corner, thus implying that full transverse restraint does not exist

for nozzle corner cracks at that location, under vessel internal pressure loading.
This phenomenon will be discussed further in the section on analysis.

The pretest estimates of failure pressure for Vessel V-5 were based on an
elastic-plastic nozzlé,corner pressure-strain curve calculated by the finite
elément methbd.9 However, this curve proved to be inaccurate with respect to the
experimental data obtained for Vessel VQS, because it underestimated the elastic

stress concentration factor and overestimated the pressures for given strains in

the elastic-plastic range. Therefore, the calculations for Vessel V-9 were




based on the experimentally measured pressure-strain curve for Vessel V-5 shown
in Fig. 9, and it was recognized that improved methods for estimating elastic-
plastic nozzle corner pressure-strain curves would be required as part of any

practical method of fracture analysis for nozzle corner cracks.

ANALYSIS

The experimental data obtained from Intermediate Test Vessels'V—S and V-9
revealed the need for improved acéqracy in the representation of several factors
invélved in the fracture analysis of nozzle cormer cracks. Although the linear"
elastic fracture mechanics relationship between vgssel internal pressure and the
crack tip stress intensity factor was considered to be satisfactory, the analy-
tical estimate of the nozzle corner pressure-strain curve made before the test of
Vessel V-5 was not considered satisfactory, in éither the elastic or the elastic-
plastic ranges. Furthermore, the reasbnableness of any meﬁhod of extending
linear elastic fracture mechanics into the elastic-plastic range for nozzle cor-
nef cracks was still undemonstrated, and it was suspectgd that such a demonstra-
tion would require the consideration of transverse restraint effects on toughhess
as well as the effects of nominal yielding on- crack tip behavior per se. Thus
the objectives of the analysis developments to be discussed below were ﬁrinci-
pally to develop an improved method for estimating elastic-plastic nozzle corner
pressure~strain curves, and to find one or more reasonable methods for consider-
ing the combined effects of nominal yielding and partial transverse restraint con-

ditions on the criteria governing the extension of nozzle corner cracks.

Pressure-Strain Curve Estimates

In principle, the nozzle corner pressure-strain curve should be bounded by
two tangents, the first representing the initial elastic behavior of the nozzle

at low pressures, and the second being the gross yield pressure of the nozzle
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region. By comparing the’experimentally measured nozzle corner pressure-strain
curves for Vessels V-5 and V-9 shown in Fig. 9 with the calculated pressure-
strain curve for the vesgel cylinders remote from the nozzles shown in Fig. 3,
it can be seen that the gross yield pressures indicated by both figures are es-
sentially the same. This is consistent with the assumption that nozzle design
by the area replacement method specified by the ASME Code8 serves to prevent the
gross yield pressure of a nozzle region from becoming less than that of the cylin-
der into which the nozzle is inserted. Therefore, for estimating purposes, the
gross yield pressure of a nozzle region designed by the area replacement method
will be assumed to be identical to that of the cylinder into which the nozzle is
inserted. ~
Previous comparisons between theqry and‘experiment have shown that the gross
" yield pressure of an Intermediate.Test Vessel cylinder can be closely estimated

by the equation

Poy = 1.04 2n (ro/ri) . . | | (1)

where r, and r, are the outer and the inner vessel cylinder radii, respectively.

In Eq. (1), the factor 1.04 is an empirical factor based on both Intermediate

fest Vessel and small scale steel model test data, and the remainder of the equa-
tion is based on the Tresca (maximum shear stress) yleld criterion. From Table 1,
the room temperature yield stresses of the Vessel V-5 and the Vessel V—9lcylinder
materials were 500 MPa (72.5 ksi) and 475 MPa (68.9 ksi), respectively. There-
fore, assuming test temperature yield stresses of Oy = 476 MPa (69.0 ksi) for

both vessel cylinders, and using ro/ri =1 4/9, Eq. (1) gives Poy = 182 MPa

(26.4 ksi).
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Although pretest estimates of the elastic stress concentration factor of the
nozzle corners in Vessels V-5 and V-9, based on both elastic finite element analy-
siszp and epoxy model strain gagé data17 were approximately 2.9, the experimental
strain data obtained from both vessels indicated a value close to 4. The prin-
cipal stresses calculated from the measured principal strains at low bressures
on the unflawed inside nozzle corner of Vessel V-9 are listed in Table 2. These
stresses were calculated from Hookg's Law before yielding, and with the aid of
the Tresca yield criterion after yielding.9 Not only is the initial elastic
stress concentration factor close to 4, but the intermediate pringipal stress is

initially small and tends to become compressive, eventually equalling the vessel

internal pressure after local yielding occurs. =

The unexpectedly high values of the nozzle corner stress concentration fac-
tor for Vessels V-5 and V-9 were subsequently explained by applying an analysis
derived by Van Dyke21 for calculating the stresses around a circular hole in a
thin shallow cylindrical shell. The-value of the elastic stress concentration
factor of the hole, at the longitudinal plane, is giveﬁ.by Van Dyke's analysis

as

K =2.5+20 g2, (2)

where

_r2 /121 - v?)

8rmt

B2 (3)
In Eq. (3), r is the hole radius, ro is the cylinder miathickness radius, and t
is the cylinder thickness. Applying Egs. (2) and (3) to the nozzle design shown

in Fig. 1, both for the case of an Intermediate Test Vessel cylinder and for a
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cylinder of typical reactor vessel dimensions gives the results shown in Table 3.
The value of K¢ for the nozzle in an Intermediate Test Vessel is 4.16, but the
value of Kt for the same nozzle inserted into a typical reactor vessel is only
2.71, because of the influences of the cylinder mean radius and thickness, both
of which occur as factors in the denominator of Eq. (3).

Having resolved both the estimates of the gross yield pressure and the elas-
tic stress concentration factor, two semiempirical equations weré developed for
estimating the elastic-plastic nozzle corner pressure-strain curves of Vessels
V-5 and V-9. The initial elastic slopes of these curves were both determined by
using the calculated elastic stress concentration factor, and by assuming that
the intermediate principal stress was compressive and equal to the vessél inter- -
nal pressure. Thus the initial slope, M, of the nozzle cornmer pressure-strain

curves were calculated from

M= . (4)
K — 1] + 2v

For E = 2068 MPa-%X (300 ksi-% 1), K_ = 4.16 and v = 0.3, Eq. (4) gives

1 (30.12 kik-27h).

M = 208 MPa*%
The first semiempirical equation was based on the assumption that the slope

of the pressure-strain curve decreases linearly with increasing pressure, and

reaches zero at the gross yield pressure. The resulting equation is

M

p :
P=rpPgy \l —e cY , (5)

- where ) is the nozzle corner strain. For the Intermediate Test Vessel nozzle

corners, substituting the values of Pey and M determined from Eqs. (1) and (4)




~1.141A

p=26.4 (1—e

), (6)
where p is in ksi and A is in percent. Equation (6) is shown plotted in Fig. 11,

which demosntrates that it fits the data from Vessel V-5 with considerable ac-

curacy.

The second semiempirical equation was based on plotting the measured pres-
sure divided by the measured strain versus the measured pressure, for Vessel V-9,

from which it was deduced that the two quantities plotted could be approximately

related by the equation of an -ellipse, namely

2 2
PV + (2} =1. (7)
MA Pey
Rearranging Eq. (7) gives

. P .
b = GY ] _ - . (8)

e

MA

Again, for the Intermediate Test Vessel nozzle corners, substituting the values
of Poy and M obtained from Egs. (1) and (4) gives

26.4
p=— ; €))

2
VG‘; (O.8;65>

where p is in ksi and X is in percent. Equation (9) is shown plotted in Fig.
11, which demonstrates that it fits the data from Vessel V-9 with equal ac-

curacy. Thus it appears that either or both of the simple semiempirical




14

expressions discussed above can be used to obtain good estimates of elastic-
plastic nozzle corner pressure-strain curves for use in elastic-plastic fracture

strengty calculations.

Fracture Analyseés

Taking into account the tendency of existing plane strain analyses to under-
predict nozzle corner flaw strain tolerances, for pressure loading, and the con-
traction strains measured on the unflawed nozzle corners of Vessels V-5 and 0—9,
additional nonplain strain analysés were performed for both vessels with con-
siderably improved results. These calculations were performed by two nominally
| different methods, namely LEFM based on strain and the tangent modulus method.
i However, these two methods actually have several features in common, and can be

used together if desired. Both methods make direct use of the linear elastic

mediate Test Vessels with nozzle corner cracks, the experimental curve obtained
by Derby17 for small, thick-walled epoxy model vessels shown in Fig. 12 was used

to establish the wvalue of C defined as

n?

Ky
c = , | (10)
/ra

fracture mechanics solution for the problem being analyzed. Thus, for the Inter-
|
|
|
|
|
|
\
|

%

| In Eq. (10), o is the nominal cylinder hoop stress, defined by

)
g.=pl—] . (11)
h t

- In Fig. 12, C, is given as a function of a/rz, where r, 1s defined by

T, = Ip; + 1. (L—1/V2) , | (12)
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where T addrfc are ihé inside nozzle radiﬁs and the inside nozzle corner radius
of curvature, respectively. TFor the Intermediate Test Vessel nozzles, from Fig.
1, r, = 11.43 em (4.5 in.) and r, = 3.81 cm (1.5 in.), so that Eq. (12) gives

r, = 12.55 em (4.94 in.). For both methods of analysis, the LEFM shape factor

based on the peak nozzle corner stress is calculated from

C
-

’
Kt

C = (13)

where, for Vessels V-5 and V-9, K¢ = 4.16 as determined previously.

In both methods of analysis, CYa is a factor in the resuiting expression

for the required toughness corresponding to a certain strain and flaw size, and -

the other factor is a function of strain, uncracked geometry and material prop-
erties.. The same analytical approximations for the pressure-strain curve are
uéeable in both methods, although one is not needed for the tangent modulus cal-
culations of toughneés discussed below.

The representation of the effects qf partial trané&erse restraint on frac-
ture toughness is the same in both methods of analysis. The concept underlying
this part of the calculations is fhat the nominal strain in the direction tangent
to the crack front, in the plane of the crack, is the primary agent of transverse
restraint.14 When this strain is zero, plane strain toughness conditions pre-
vail, but when this strain is a contraction, the toughness is elevated above the
plaﬁe strain toughness. If the trénsverse contraction strain is approximately
equal to or greater than that corresponding to uniaxial tension, the toughness

elevation can be estimated from Irwin's empirical formula22

K .
2
T = Y1+ 1487 . (14)

Ic
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22

BI = T i ) (15)

where B is specimen thickness. However, for a part-through surface crack, an

alternate definition,

By, = ———, | (16)

is used here, in order for the denoninator in the expression for BIc to retain

- its.identify as twice the distance from the point of greatest transverse re-

straint on the crack front to the nearest free surface, not including the crack
Surface.14 A curve representing Eq. (14) ‘is shown in Fig. 13, in which the ab-

scissa is the reciprocal of BC, where

Ke\? K.\

w) \&
B = or , 17
¢ B 2a

as appropriate. For large values of Bc’ the curve shown in Fig. 13 can be closely

approximated by

~

= 1.058 33/3 ) (18)

~
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. : . - - _éyﬁ%zzzs___
Although the above method for considering transverse restraint EEEGEES-sometimes

'in§olves applying Eq. (14) at rather large values of B,, a previous analysis of
large surface cracked Intermediate Tensile Specimens has shown, by accurate re-
sults, that such an application is empirically justified.la

One difference between the two methods of analysis, as applied below, is
that stable crack growth is neglected in the first analysis, but considered in
the second. In estimating failure strains by the method of LEFM based on strain;

the original crack sizes are used. Nevertheless, the results are slightly con-

servative. In calculating the toughnesses corresponding to given nozzle corner

| strain levels by the tangent modulus method, actual crack sizes are used, and
again the results are quite reasonable. It follows that stable crack growth ~
| should be considered when estimating failure strains by the latter method, in
order. to avoid unconservative results.
The estimate of nozzle corner failure strains by the method of LEFM based
on strain begins with the éombination of Eqs. (10) and (11), rearranged .and sym-

bolically changed to read

. Kic
pf - - r]'_ . (19)
Cn <——> Yma
t

In Eq; (19), p% is the elastically calculated failure pressure and K

¥ is theA

Ic
plane strain fracture toughness. The failure strain for plane strain condi-

tions is calculated from

A = — . (20)
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The failure strain for nonplane strain conditions is then calculated from

KC )
W L DU .
f <KIC> fo (21)

URE
where.the ratio (KC/KIC) is obtained from Eq. (1l4). The estimated failure 1s

then calcﬁlated from Eq. (9). The results are shown in Table 4. The three
values of failure strain andApressure listed for Vessel V-9 are those correspond-
ing to the three measured fracture ﬁoughness values listed.in the upper part of
the table. For Vessel V-5, the calculated failure strain and failure pressure
are only slightly conservative, and the same is true of the stréin and pressure
corresponding to the maximum fracture toughness value measured for Vessel V-9,
Noting the large differences between the plane strain and the nonplane strain
estimates of failure strain for both vessels, it is clear that considering the
effects of transverse restraint is essential to the accuracy of the analysis.

The calculations of the plane strain fracture toughnesses corresponding to
given measured values of nozzle corner strain and flaw"size by the tangent modu-
lus method were based on the directly measured flaw size at failure for Vessel
V-9 (see Fig. 10), and the last ultrasonically measured flaw size in Vessel V-5
before the pressure began to dedrease.9 Note .that the flaw in Vessel V-5 was
8.4 cm (3.3 in.) deep at a pressure of 183 MPa (26.5 ksi), and therefore under-
went approximately 12.7 cm (5 in.) of stable crack growth during the last 0.7
MPa (100 psi) rise in pressure.

Because of the steep strain gradient in the nozzle corner region, the tan-
gent modulus equations for the case of bendir;g14 were used for these toughﬁess
calculations. The derivation of these equations is given in Appendix H of Ref.

14. Briefly, this method of analysis is based on the Neuber equation for

i
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. Inelastic stress and strain concentration factors,
KK =K%, (22)

written in incremental form and then rearranggd so that the increment in the
notch ductility factor deVS; where € 1s notch root strain and p is notch root
radius, appears on the lefthand side of the equation and only measurable quan-
tities appear on the righthand side. For a trilinearized stress~strain curve
and the case of bending, with the applied strain in the strain hardening range,
the notch ductility factor increments were calculated from the equations given

below.14 For the elastic range,

Aevp = 2CV/aV/ E/E_ Ay - (23)
" For the transition range,
Aevp = 4CY/avE[Eg (YAghy — Ay) . , (24)

For the strain hardening range,

R /)T;+/m

Aevp = 2CVa /xf(x FA) =/ (L +ArA) 4+, n , (25)
Sttt st Tdh o d A+ A+,

- s d

where

o]
Y
= 1 _ L 26
: >‘d Es -As (26)

In Eqs. -(23) through (26), AY is the yield strain, Ag is the strain at the onset
of strain hardening, A¢ is the applied or failure strain, E is the elastic modu-

lus, and Eg is the strain-hardening tangent modulus. For both vessels, the value
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of Eg was taken as 20.7 MIPa'Z_1 (3.0 ksi-%_l), and As was taken as 1.2%. The
total values of Ef/ghwere calculated by adding the values obtained from Eqs.
(23), (24), and (25), and the values of Kc/oY were then obtained from14

KC /1? .
'5§'= 555; ef/_ . ' 27

The values of KIC/OY were then obtained by dividing the results of Eq. (27) by
the values of Kc/KIc’ obtained from either Fig. 13 or Eq. (18). The resulting
toughness values for both vessels are listed in the lower part of Table 4. Both

plane strain toughness values compare well with the measured values for the two

nozzle materials. The nonplane strain toughness ratios, KC/GY, may look high, ~

but the calculated crack tip opéning displacements listed at the bottom of Table

" 4, as calculated from

\ 2
§ = SX ES (28)
c E Oy > )

are both oqu reasonably smaller than the measured crack mouth opening displace-
ments just prior to maximum load,9 which is to be expected for cracks located in
steep nominal strain gradients. Thus the necessity for considering partial trans-
verse restraint effects for nozzle corner cracks under vessel internal pressure

loading is again confirmed.




Table 1. Reference data for analysis of HSST Program
Intermediate Test Vessels V-5 and V-9

Vessel V-5

Vessel V-9

Nozzle material
Nozzle NDT tempefature

Vessel test temperature

Expected fatigue-sharpened
flaw depth at inside nozzle
corner :

Tensile properties of nozzle
material at 24°C (75°F)
Yield stress
Ultimate stress
Strain at maximum load
Total elongation
Gage length
.Reduction in area
Original specimen diam.

Room temperature tensile and
drop-weight NDT properties
of cylinder material

Material

Yield stress
Ultimate stress
Total elongation
Gage length

NDT temperature

Nozzle dimensions
Inside radius
Thickness

Cylinder dimensions
Inside diameter
Thickness ’

Charpy V-notch impact energy
of nozzle material at 24°C
(75°F)

A508, class 2 forging
steel, base metal

—12°C (+10°F) (assumed,

based on V-1 data)
88°C (+190°F) .
3.05 cm (1.2 in.)

425 MPa (61.6 ksi)

553 MPa (80.2 ksi)
8.9%

16.8%

3.175 em (1.250 in.)
68.3%

0.4509 em (0.1775 din.)

A508, class 2
500 MPa (72.5 ksi)
654 MPa (94.8 ksi)
Not reported
Not reported
Not reported

11.43 cm (4.5 in.)
15.24 cm (6.0 din.)

68.58 cm (27.0 in.)
15.24 cm (6.0 in.)

No data

A508, class 2 forging
steel, base metal

—12°C (4+10°F) (assumed,
based on V-1 data)

24°C (+75°F)
3.05 ecm (1.2 in.)

474 MPa (68.8 ksi)
609 MPa (88.3 ksi)

- 9.0%

18.1%

3.175 em (1.250 in.)
70.3% :
0.4509 cm (0.1775 in.)

-A533, grade B, class 1

475 MPa (68.9 ksi)
574 MPa (83.3 ksi)
28%

5.08 c¢m (2.0 in.)
—51°C (—60°F)

11.43 em (4.5 in.)
15.24 em (6.0 in.)

68.58 cm (27.0 in.)
15.24 em (6.0 in.)

90.8 J (67 ft-1b)




Table 2. Principal stress and elastic stress-concentration
factor values at the inside unflawed nozzle corner of
intermediate test vessel V-9, calculated
from experimental strain data

Pressure

Stress (MPa)

[MPa (ksi)] Remarks Kt
01 02 03

6.9 (1.0) 63 0.4 —6.9 Elastic 4.05
13.8 (2.0) 134 3.5 —13.8 Elastic - 4.33
34.5 (5.0) 302 6.2 —-34.5 Elastic 3.89
55.2 (8.0) 419 ~9.9 —55.2 Yield
68.9 (10.0) 405 —47.8 —68.9 Yield
75.8 (11.0) 399 —75.8 —75.8 Yield (corner)

Table 3. Stress-concentration factor estimates for identical
nozzles in an intermediate test vessel and a reference
calculational model of typical PWR vessel design

Term

Intermediate test
vessel with nozzle

Reference
calculational
-model of -PWR . vessel

Nozzle mean radius r
Cylinder mean radius ry
Cylinder thickness

B
K

t

19.05 cm (7.5 in.)
41.91 cm (16.5 in.)
15.24 cm (6.0 in.)
0.484

4.16

19.05 em (7.5 in.)
229.24 cm (90.25 in.)
21.59 cm (8.5 in.)
0.174

S 201




Table 4.

Calculated failure strains and fracture toughness values’

for HSST Program Intermediate Test Vessels V-5 and V-9

with nozzle corner cracks

Vessel V-5

Vessel V-9

Test conditions, material
properties and test results
Test temperature
Nozzle yield stress
Initial crack depth
Measured nozzle corner
failure strain
Measured fracture toughness

Calculated failure strains and
pressures by LEFM based on
strain

Flaw size, a
Flaw depth ratio, a/r,
Shape factor, C,
Toughness ratio, K./Kj.
Calculated failure strains
A fo (plane strain)
Af (nonplane strain)
Calculated failure pressure

Fracture toughness calculations
by the tangent modulus method
Pressure, p
Nozzle corner strain, ¥
Flaw depth, a
Flaw depth ratio, a/r,
Shape factors
Cn
c
Toughness ratios
Kc/oy
KC/KIC
KIC/OY
Fracture toughness, Ky,
Crack opening displacement,

Sec

88°C (190°F)

425 MPa (61.6 ksi)
3.05 em (1.2 in.)
6.5%

265 MN-m~3/2 (241 ksi Vin.)

3.05 em (1.2 in.)
0.243

2.5

7.61

0.73%
5.6%
180 MPa (26.1 ksi)

183 MPa (26.5 ksi)
5.2%

8.4 cm (3.3 in.)
0.668

1.79
0.430

20.51 Vem (12.87 Vin.)
3.10

6.23 Vem (4.16 Vin.)

281 MN.m~3/2 (256 ksi v/in.)
8.6 mm (0.34 in.)

24°C (75°F)
474 MPa (68.8 ksi)
3.05 cm (1.2 in.)

-8.47

159 MN-m=3/2 (145 ksi /in.)
220 MN-m~3/2 (200 ksi v/in.)
298 MN.-m~3/2 (271 ksi vin.)

3.05 ecm (1.2 in.) ~
0.243

2.5

2.41, 4.28, 7.71

0.44%, 0.61%, 0.82%
1.1%, 2.6%, 6.47%
142 MPa (20.6 ksi)
172 MPa (25.0 ksi)
181 MPa (26.2 ksi)

185 MPa (26.9 ksi)
8.4
4,50 cm (1.77 in.)

0.358-

2.18
0.524

22.82 Vem (14.32 /in.)

4.09 :

5.58 vem (3.50 vVin.)

265 MN-m=3/2 (241 ksi /“‘)
11.9 mm (0.47 in.)
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Figure Captions

Fig. 1. Design dimensions for intermediate test vessel with 22.86 cm
(9 in.) ID test nozzle (1 in. = 2.54 cm).

Fig. 2. General view of two HSST program intermediate test vessels,
showing bolted-on closure head used for all vessels and welded-in nozzle
used for vessels V-5 and V-9.

Fig. 3. Calculated pressure vs outside circumfereﬁtial strain for-
cylindrical region of intermediate test vessel (1 kﬂ§-= 6.8948 MPa).

Fig. 4. Pretest estimate of fatigue crack front position in the inside
nozzle corner of intermediate test vessel V-9, based on ultrasonic data.

Fig. 5. Static and dynamic Kjcd values for vessel V-9 nozzle material
[1 in. = 2.54 cm; 1 ksi vin. = 1.0988 MN-m~3/2; °C = 5/9 (°F — 32)].

Fig. 6. Closeup view of leak point adjacent to ultrasonic base block
on nozzle of vessel V-5 (arrow shows flaw penetration to surface).

Fig. 7. Closeup view of fractured nozzle in vessel V-9; test temperature
was 24°C (75°F). ’

Fig. 8. Pressure vs outside circumferential strain in vessel cylinder
for intermediate test vessels V-5 and V-9 (1 psi = 6895 Pa).

Fig. 9. Pressure vs inside uncracked nozzle corner circumferential strain
for intermediate test vessels V-5 and V-9 (1 psi = 6895 Pa).

Fig. 10. Closeup view of flaw in fractured nozzle of intermediate test
vessel V-9.

Fig. 11. Comparison of calculated and measured nozzle cormer pressure-
strain curves for intermediate test vessels V-5 and V-9.

Fig. 12. Summary of experimental results obtained from ORNL nozzle corner
crack epoxy model fracture tests,17 and comparison with hole in flat plate
approximation.




Figure Captions (continued)

Fig. 13. Curve for estimating toughness elevation due to less than full -

transverse restraint, based on the Irwin By, correction.




Ic

Tcd

Nomenclature

Crack depth, cm, (in.)

Plate thickness, cm, (in.)

LEFM shape factor based on local stress, dimensionless
LEFM shape factor based on nominal stress, dimensionless
Médulus of elasticity, MPa, (ksi)

Strain hardening tangent modulus, MPa, (ksi).

Mode I elastic crack tip stress intensity factor, MN'm‘3/2,
(ksi vin.)

Plane strain fracture toughness,‘MN'm‘3/2, (ksi Yin.)

Fracture toughness measured with a specimen of thickness d and
calculated from the test data by the equivalent energy procedure,

MN- m'3/2, (ksi Vin.)

Nonplane strain fracture toughness, MN'm'3/2, (ksi Vin.)
Elastic stress concentration factor, dimensionless
Inelastic strain concentration factor, dimensionless
Inelastic stress concentration factor,.dimensiénless
Initial slope of the pressure-strain curve, MPa, (ksi)
Pressure, MPa, (ksi)

Elastically calculated failure pressure, MPa, (ksi)
Gross yield pressure, MPa, (ksi)

Nozzle corner radius of curvature, cm, (in.)

Inside radius of vessel cylinder, cm, (in.)
Midthickness-radius of vessel cylinder, cm, (in.)
Inside radius of nozzle, cm, (in.)

Outside radius of vessel cylinder, cm, (iﬁ.)

Effective nozzle radius, cm, (in.)




Thickness of vessel cylinder, cm, (in.)

Shell analysis parameter, dimensionless

Plane strain plastic zone size parameter, dimensionless
Nonplane strain plastic zone size parameter, dimensionless
Calculated crack opening displacement, mm, (in.) |
Notch root strain, dimensionless

Applied strain, dimensionless

Stress~strain parameter, dimensionless

Failure 'strain, dimensionless

Calculated failure strain for plane strain conditions, dimensionless

Strain at the onset of strain hardening, dimensionless

Yield strain, dimensionless

Poisson's ratio, dimensionless

Notch root radius, cm, (in.)

Nominal hoop stress in vessél cylinder, MPa, (ksi)

Yield stress, MPa, (ksi)
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