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AN APPROXTMATE METHOD OF ELASTIC-PLASTIC FRACTURE
ANALYSTIS FOR NOZZLE CORNER CRACKS*
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ABSTRACT

'Two'intermediaté test vessels with inside nozzle corner cracks have been
pressurized to failure at ORNL by the HSST Program. Vessél 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 8.4%, 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 BIc formula. 1In addition,

it was found possible to accurately estimate the nozzle corner pressure~strain

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

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

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 suffigient fracture tough-
ness to resist unstable crack extension. The development of fracture mechanics
methods of analysis has made it possible to quantitatively examine a given struc-
tural design and material selection to determine if there are sufficient margiﬁs
between the specified flaw sizes, material properties and loading conditions,
and those that could cause failure. In the case of a welded steel pressure ves-
~ sel, two types of situations involving flaws need to be considéred in a fracture
safety analysis. The first is a flaw attempting to propagate out of an embrittled
region, wherevef cne might exist, and the second is the attempted unstable ex-
tension of a flaw growing by fatigue in sound material. Precautions against the
. first type of failurg (the nonarrest of a propagating cracki are based on de-
fining the size and shape of a boundary surrounding the embrittled region in
spund 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.1 qPrecautions against the second type of’failure (static initiation of a
crack formed and‘gfbwing by fatigue in sound material) can be based on fracture
mechaﬁics analysis methods that'use the static initiation fracture toughﬁess.
Methods for considering, by analysis, the possible'stablé growth of cracks un&ér‘

ﬁonotonically increasing loads are now being d’eveloped,z-4 but the analysis to

R

be discussed here does not -include this phenomenon explicitly. Instead, stable -
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crack growth will be treated apprﬁximately 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 sfable'crack gfowth that may occur in the structure before failufe 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
preveqting 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 contaiﬁing the axis of both the nozzle and the vessel (the longi- R

tudinal plane), because the inside nozzle corner stress concentration factorlfor
pressure loading is known to be z maximum in this plane, and also because cyeclic
pressure experiments have shown that fatigueAcracks form first at this location.5
The problem is relevant;to the fracture safety analysis of nuclear pressure ves-
sels because cracks formed by thérmal fatigue have occurred around the inside
corners of Bdiling 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 tﬁus increasing the importance of deter—
mining the accuracy of fracture analysis methods for such flaws. Since local
yielding is permitted at nozzle corners by the ASME Code design rules, provided
that: ru;es regarding low cycle fatigue prevention can.also be satisfied,8 iﬁ is
clear that satisfactory margins of safety in terms of load for overload condi-
htionslcannot be established for noz%le cérner.regions containiné flaws with only
:ﬂv linear elastic fracture mechanics methods of analysis. Therefore there is a need
‘ for elastic-plastic fracture anglysis methodgz,simplelenough for gode:applicé;ion,

by_which'éafety margins in terms of load for nozzle corner regions containing flaws




3
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 corner cracks, designated Vessels V-5 and V-9, have begn tested to
~ failure by the Heavy Section S;eel Technnlogy (HSST) Program, which ié managed
for the U.S. Nuclear Regulatory Commission by the Oak Ridge National»Laboéatory
(ORNL). The design of these 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-
Aing procédures, analyses, and experimental results is‘availablé.9 The nozzles
of.both vessels were fabricated from A508 class 2 forging s;eel. ‘The cylinder
of Vessel V-5 was fabricated from A508 class 2 forging steel, and the cylinder
of Vessel V-9 was fabricated from A533, grade B, class 1 steel élate. A calcu—':
lated pressure versus outside surface circumferential strain curveTfor the vessel
cylinders isvéhown-in Fié. 3, for later reference.

Each vessel contained 6ne fatigue sharpened surface crack,.épproximately'
3.05 cm (1.2 in.) deep, in the inside nozzle qd}ner nearest to the ves~el head,
as indicated in Fig. 1. E;ch fiaw was prepéred by first sawing a 20 mm (0.80
in.) deep slbt_acrbss theinozzie corner; then welding a steel boss over the ogen4 ]
ing of the_siof; nextﬁapplying cyclic hydraulic ﬁressufe.to tbe no;ch‘cavity:
through a hole drilled iﬁ the boss until untrasonic measurements madé'from‘thé

outside ;ozzle corner, in the notch plane, indicated suffiéient fatigue flaw



, growth; and finally removing the weld boss by flame cutting and grinding. . This
difficuit procedure required cutting, welding and grinding to be done by a man
. inside the vessel, a process requiring speeial equipment and safety precautions
as described in more detail in Ref. 9. The pretest ultrasonic estimates of crack
front depth and shape for Vessels V-5 and V-9 were quite similar.9 The -pretest
ulttasonically estimated crack front configuration for Vessel V-9 is shown in
Fig. 4. The inflectiens-in the crack front shape are believed to be due to the
effects of the weld boss. Their effects on the test results, vhich are believed
,tgﬁbe minor, will be discussed later.
’ Vessel V-5 was tested first, at 88°C (190°F), and failed by leeking without
fast fracturing. Vessel 7-9 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-5 wereloptained before the test using precracked Charpy V—notch9 and a
combination of 0.85T and 2.0T compact specimens.lo. Fracture toughness velues at
maximum load were calculated for each specimen, from its load-displacement diagram,
by the equivalent energy procedure.11 This calculation procedure was justified
By the known substantial agreement between J Integral end equivelent energy tough-
ness calculations for the same points on the load-displacement diagrams of notched
teams and compact speqimens.lz' The Vessel V;S nozzie'precracked Cherpy specimens
- _were tested at tempefetures between —73°C (—100°F) and 93°C (200°F). The result-
,ing tpugﬁness values9 indicated that, aﬂove-—leC (0°F), the static toughness of
the Vessel‘V—S nozsle material 1ies‘w1thin or aﬁove the range 159—220 MNm-3/2 (145—
Av2Q0’ksi./~__) 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-~
3/2 ~3/2

'{”f mens testedg’10 gave toughness valpes of 245 MNm (223 ksi in.) and 265 MNm

(241 ksiuVin.). Considering both;the range of data for each specimen size and



the generally observed increase in static upper shelf maximum load toughness
values with increasing specimen size, the latter value of 265 HNm-3"2 {241 ksi
/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 were obtained before the test, using precracked Charpy V-notch and a combina-

9,10 Theée_@ggg_arg,plotted»versus

tion of 0.85T, 1.5T and 2.0T compact specimens.
temperature in Fig. 5. The vessel test témperature of 24°C (75°F) was selected §};

y
on the basis of the static precracked Charpy data shown in Fig. 5 and dynamic pﬁé;/

3 for Vessel V-7, The remaining data A;/r%’f

/-
shown in Fig. 5 were obtained after the vessel test temperature was selected. g‘

+ cracked Charpy data previously obtained1

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“v;
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 unlikely, because?the in-
crease in crack size would more than offggt the decrease in nominal stféss near
the crack front. The data shown in Fig. 5 indicated that there was no éonsistent
effect of épecimen size on ;he static fracture toughness of the Vesse1f§-9 noz-
zle material at 24°C (75°f). This is becausg 1) the 1.5T sﬁ;cimens,gave values
near the middle of the static toughness range, (2) both greater and_iesser values
were thained’%fom émaller specimens, and (3) the ﬁinimum and maximum values were
obtained from the:2T specimens. Conseqdently, it was decided to make statié-ini~
tiatioﬁ*calculationé for tﬁfee toughness values covering thé full range of the
values measured at 24°C (75°F): 150 M¥m >/% (145 ksi vImD), 220 MNm >/ 2 (200 ksi
/in.), an& 298 MNm-slz'(27lnkSi #TET}.'fBecaﬁse the steepest pﬁii df,thé:qynzgipj'i
fracture toﬁgﬁnesé.transition curve occuré at 24°C (75°F) and:thg;rangevqf d§:l.A>
namic values-e#téﬂds from bglqw to éboye«thg'raﬁgevbf static_vaiﬁés,;both';tab;g‘. T

“crack growtﬁ and "popins" were ccpsidered,pqssiﬁie.g
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_The result of the test of Vessel V-5 at 88°C (190°F) was a leak without a
v, fracture, which occurred at a gfessure of 183 MPa (26,600 psi). The position of
. the crack front was'measu;ed continuéusly during the test by an ultrasonic sen-
sor locate& on the outside surface of the nozzle directly opposite the fatigue
shafpened 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.
The point of leakage was.bareiy visible and there was no visible distortion of
the vessel. A clbseup 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 temperatufe selected for that purpose. Ultra- -~
soniﬁ data did indicate that some stable crack growth occurred before failure,
commencing at 145 MPa (21,000 psi) and totalling afout 1.27 cm (0.5 in.) just
before failure at 185 MPa (26,900 psi). A closeup view of the fractured nozzle
in Vessel V79 is shown in Figf 7.
The citcumféren;ial strain values measured on the outside surfaces of the
cylinders of Vessels V-5 and V-9, which are shown plotted in Fig. 8, ind;cate,
by comparison with Fig. 3, that the cylindérs of both vessels were fully yielded,
‘but not yet,straiq hardeped, at ?ailure. The strains measured at tﬁe inside noz-
:éle corners oppésite the fiﬁws, #Qr Vessels V-5 gnd Vb9,bare shown plotted in
Fig. 9. The nozzle corner strains.at.failure for-Vessels V-5 and V—9~yé£é 6.5%
’égd 8.42, respecfively. Both of these strains are remarkably large‘compared to
,the,maxiﬁum previously measureg‘strain tO%etance of the same material for a 4.7.
‘ ' 14

“em (1.87 in.) déeptflaw in the cylindrical fegi&Q;of‘an intermediate test vessel,

. vhich vas 2%, |

wfjﬂ{'Ihé‘flab region of Vessel V-5 has not yet been sectioned for posttest exami-

afibn,[buﬁithe fracture'surfaces con;aining the. original nozzlé corner flaw in
v : ‘ ~ R o




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 (see Fig. 4), and stable crack growth the
extent of which can be seen in Fi:. 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-
mates 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 calculated 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 this meﬁhod, and
assuming plane strain toughness conditiqns, ranged from 0.33% to 0.67%. An equiva-
lent energy calculatic for Vessel V-5, based on small scale steel model test
data obtained before the test of Vessel V-5, estimated a failure strain of 1.4%,
and a calculation of the failure pressure for Vessel V-5 by the stress concentra-
tion method15 estimgted a failure pressure. of 189 MPa (27.4 ksi). In addition,
graphical estimates of nozzle corner sfrain tolerances based on surface flawed
unia#ial intermediatg tensile specimen test datég gave estiﬁates‘of 3.30% for
Vessel V-5 and 1.257% for Ves§el V~-9. Implicitly, the latter three méthods did
not assume plane strain toughness conditions, and they were more accurate than
the methods that did.9 It was apparent from these calculations,‘énd the teéf

results themselves, that some aspect of nozzle corner geometry was causing the

strain tolerances for nozzle cormer cracks ;o'be substantially greater than would - .

belekpected for the samé‘size cracks in' the cylinder of a pressure vessél;ﬁ In.

facﬁ, the measured nozzle corner failure strains,ﬁére'closer to the préﬁipugiy o

L3
-
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measured failure strains for surface flawed uniaxial tensile bars near and in

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

- an error in the LEFM portion of th. calculation or to the assumption of full
transverse restraint around the crack front. The possibility of large errors in
the LEFM portion of the analyéis was subsequently dismisSgd 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,

17 were confirmed by later photoelastic

based on Derby's epoxy model test data,
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

a hole in a plate1 were explained by Emblyg’19 as being due to the effects of
pressure in the crack, which are experimentally included in the former solution
but analytically neglected in the latter. For this reason, the experimentally
meaéuredﬁprincipal strains at the unfiawed nozzle corners 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 fallure pressure for Vessel V-5 were based on an
glastic-plastic’nozzle corner pressure-strain curve calculated by the finite
elément method.9 However, this curve proved to be inaccuiate with respect to the
A_experimental data obtained for Vessel V-5, becéuse 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 :lastic-
plastic nozzle corner pressure-strain curves would be required as part of any

practical method of fracture analysis for nozzle cormer cracks.

ANALYSIS

The experimental data obtained from Intern..diate Test Vessels V-5 and V-9
revealed the need for improved accuracy in the representation of several factors y

involved in the fracture analysis of nozzle corner cracks. Although the linear g

elastic fracture mechanics relationship between vqssel intg;nai pressure and‘;he.

'

crack tip stress intensity factor was considered to be satisfactory,fthe:analy-
tical estimate of the nozzle corner preSsuré-strain ¢urve made before the test of
Vessel V-5 was not‘honsideréd}satisfactory, in éither the elastic'or the eléstic- b

2

plastic ranges. Furfhérmore, the reasonableness of any method of ‘extending
linear elastic fractu;e mechanics into the elastic-plastic range for.nozzie‘cor- h
ner cracks was still undemonstrated, and it was suspected that.su?h a démonst?a-
tion would reduire the consideration of transverse restraint effect; on toughness
as well as the effects of nominal yielding onm crack tip bzhavior per se. Thus

the objectives of the analysis developments to be discussed below were princi-
pally to develop an improved method for estimating elastic-plastic nozzle corner
pressure-strain curves, and to find one or more reasonable methods for consiqef—

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 repfesenting the initial elastic behaviof‘qf the nozzle

at low pressures, and the second being the gross yield pressure of the nozzle

4.
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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 vessel cy%inders remote from the nozzles shown in Fig. 3,

it can be seen that the gross yield pressures indicated ﬂy both fig;res are es-
. ; ,

sentially the same- This is consistent with the assumption that nozzle design
] K ) .
by the afea_replénement;method'specified by the ASME Code8 serves to prevent the

.

gross yield préssure ot & nogzie“fegion from becoming less than that of the cylin-
F i . H :

der into which ghe nozzle is inserted. Therefore, for estimating purposes, the
gross yield preéﬁhre af 4 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 theory and exberiment have shown that the gross

yield pressure of an Intermediate Test Vessel cylinder can be closely estimated

by the equation

Pgy = 1.04 £n (rolri; s (1)

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

Ih Eq. (1), the factor 1.04 is an empirical factor based on both Interma2diate

Test Vessel and sﬁall scale steel model test data, and the remainder of the equa-
tion is based on the Tresca (maximum shear stress) yileld critefion. From Table 1,
the room_temperature yield stresses of the Vessel V-5 and the Vessel V-9 cylinder
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 rolri =1 4/9, Eq. (1) gives Poy = 182 MPa

(26.4 ksi).
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Although pretesﬁxestimates of the el:stic stress concentration factor of the
nozzle corners iﬁ'Vessels V;S énd V-9, based on both elastic finite element analy-
sis20 and epoxy‘model strain gage datal7 vere apprbximately 2.9, the experimental
strain dafa obtained- from both vessels indicated a value close to 4. The prin-
cipal stresses calculated from the measured principél strains at low pressures
on the unflawed‘inside nozzle cérner of Vessel V-9 are listed in Table 2. These
stresses were calculated from Hooke's Law before yielding, and with the aid of
Fhe Tresca yield criteridn aftér yielding.9 Not‘only is the initial elastic
stress concentration factor.close to 4, but the intermediate principal 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 nozz;e corner stress concentration fac-
, for 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 given by Van Dyke's analysis

as
K =2.5+2T352, (2)
t 4
where
_ 2 901 — o2y
g2 = I v12(1 — v?) . (3)
) 8r t . ’

In Eq. (3), r is the hole radius, . is the cylinder midthickness radius, and t
is the cylinder thicﬁﬁess. Applying Eqs.v(2) and (3) to the nozzle design shown

in Fig. 1, both for the case of an Intermediéfe Test Vessel cylinder and for a
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ﬂ:c§linder of typical reactor vessel dimensions gives the resuits shown in Table 3.

‘;The value of Kt for the hoZzle in an Intermediate Test Vessel is 4.16, but the

T value of K for the szme nozzle inserted into a typical reactor vessel is only

”’2 71 because of the 1nf1uenres 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 were deveioped for
iestimating 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'caiculatec elastic stress concentraélon factor, and by assuning that
the internediate principal stress has conpressive and.eoual to the vessel inter- -
.nal'pressure.i Thus the initial slope, M;'of the ndzzle.cornerfpressure-strain

a

curves ‘were calculated from -

M. o (4)
K (=) .
t .
For E = 2068 MPa"f (3oo ksi- S ), R, = 4.16 and v = 0.3, Eq. (4) gives

= 208 Mp‘a (30 12 ©is-5 L.

The first semiempirical equation was based on the assumption that the slope

fof the pressure-strain curve decreases 11near1y with increasing pressure,. and
‘ .

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

- P=pgy \L—e  ".Js L o

'iwhere A‘is the nozzle corner strain. For the Intermediate est Vessel nozzle
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glves

p=26.6 - T8N (6)

where p is in ksi and X is in percent. Equation (6) is shown plotte& in Fig. 11,
which demosntrates that it fits.tHe data frqﬁ Vessel V%5.with considerable ac-
curacy.

Thé 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
(’ifx> + (-2_),= 1. )
1S Pey -
Rearranging Eq. (7) gives
Poy v'
pPs——————. (8)

< . P 2
1 +| =
: MA

Again, for the Intermediate Test Vessel nozzle corners, substituting the values

of Poy and M ébtained from Eqs. (1) and (4) gives

26.4
, p= 2' s
) ‘/1 + (o.s;es)

where p is in ksi and A is in percent. Equation (9) is shown plotted in Fig.

(9)

11, which demoggtrétes that it fits the data from Vessel V-9 with equal sc-

curacy. Thus it appears that either or both of the simple semiempirical
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expressions discussed above can be used to obtain good estimates of elastic-
‘plastic nozzle cornmer pressure-strain curves for use in elastic-plastic fracture

strengty calculatious. *

Fracture Analyses

Taking into account the tendgncy of existing plane strain analyses to under-
pfediét nozzle corner flaw strain tolerances, for pressure loading, and the con-
1traction straina measured on tﬁe ﬁnflawéd nozzle éorﬁers of Vessels V-5 and v-9,
‘additional nonplain strain analyses were performed for both vessels with con-
| siderably imﬁroved results;A.These calculations were performed Ey two nominally
different methods, namely LEFM based on strain and the tangent modulus method.
However, these two'methods actually have sevéral,features in common, and can be )
used together if desired. Both methodé make direct use of the linear elastic
fraéture mechanics solution for the problem being analyzed. Thus, for the Inter-
medlate Test Vessels with nozzle corper cracks,»the‘éxperimental curve obtained
by Derby17 for small, thick-walled epoxy model Qessels shown in Fig. 12 was uséd
. to establish the value of Cj, defined as . ‘

'KI

Cp = ——. (10)

Uh JE e

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

o = P -:—) - : (11)

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

5

(12)

>

rz' =Irn1 + rc (1 _1//2_) s
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whe;e T and r, a;e tha inside nozzle radius and the inside ngzzle corner radigs
of curvature, respectively. For the Intermediate Test Vessel nozzles, from Fig.
1, ry= 11.43 em (4.5 in.) and r, = 3.81 cm (1.5 in.), so that Eq. (12) gives

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

based on the peak nozzle corner stress is calculated from

-~

(13)

where, for Vessels V-5 and V-9, th= 4.16 as_ggtermined previously.

In both methods of analysis, c/a is a'faqtor in the resulting expressioﬁ
for the required toughness corresponding fo a certain strain and flaw size, and -
the other factor is a function of strain, uncracked geometry and material prop- .

' érties. The same analytical approximations for the pressure-strain curvé are #
useable in both methods, although one is not needed for the tangent modulus cal-
culations of toughness discussed below.

The representation of the effects of partial.pransﬁerse restraint on frac-
ture toughness is the same in both methods of analysis. The concept underlying
this part of the caléﬁlgtions is that the nominal strain‘injthe direction tangent
to the crack front, in the plane of the crack, is the primary agent oé transverse
restraint.14 When this strain is zero, plane straiﬁ toughness condip;ons'pre—

_ vail, but when this strain is a contraction, thé toﬁghness is élevatéé'abové the
plané strain ;qﬁghness. If the_trahsvérse céﬁtiégtion str;in is approximately
équal-go_or greater than that corre;pondiﬁg'to phiéxia1>t¢nsion, ghé toughness . .

elevation can be éstimated from Irwin's empirical formula®’

, % = yr+1a 8l . )

o
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For a through crack, BI” is defined byzz

. (KIC 2 RN
5?“)
Bre = = (15)

]
¢ B

where B 1s specimen thickness. ‘However, for a part-through surface crack, an

alternate definition,

I

. . , 2
Lo KIc
o - : ay ' - :
BIc = ? i . (16)
2a

)

fis ﬁsedyhere, in order for the denpninafor in the expression for BIc>to retain

" 1ts identify as twice the distance from the point of greatest tranéverse re-
sfrainf.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

K. \2 K.\

&) &)

BC= or » an
B 2a

as appropriate, For largé values of Bc, the curvé shbwn in Fig. 13 can be closely

approximated by

e a /3
— = 1.058 gl/3 , . (18)
Kfe . ¢ ‘ :
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EFFECTS .
Although the above method for considering transverse resiraint ¢EfeFEe-sometimes

involves applying Eq. (14) at rather large values of Bc, a previOUSganalysis of
large supface cracked Interﬁediate Tensile Specimens has shown, by aécurate Te—-
sults, that such an application is empirically justified.l4

One difference between the two methods of analysis, as applied below, is
that stable crack growth.is neglected in the first amalysis, but considered in
the second., In estimating failure strains by the methad'oflLEFM-based onAst;ain,
the original crack sizes are used. Nevertheless, the results are slightly con-
servative. 1In calculatiﬁg the toughnesses corresponding to givén nozzle corner
strain levels by the tangent modulus method, actuai crack sizes are used, and
again the results are quite reasonable. I. [ollows that stable crack growth
should be considered when estimating failuré strainsvby the latter method, in .
order to”avoid unconservative.results. | | |

The estimate of nozzle cornmer failure strains by the method of LEFM based

on strain begins with the combination of Egs. {10) and (11), rearranged and sym~

bolically changed to read

Kic .

A
—) /=
Cn(t/ 'na‘

(19

In Eq.—(19), p% is the elastically calculdted failure pressure and KIc is the

. y - e ; S ‘
plane strain fracture tdhghness,v The failure strain for plame strain condi-

tioné is calculated from
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The fallure strain for nonplane strain conditions is then calculated from

"‘, R o X | ‘
L L A = <. Al .
-{. : | s B - . 7 KIc fo . (21)

-

. ‘ g ) , aSURE
“where the .ratio (Kc/KIc) is obtained from.Eq.'(lé). The estimated failure is

then calculated from Eq. (9). The fEsuitslare shown in Table 4. The three

7 values’of failure strain and;pressure listed for Veesel'V-Q afe those correspond-
ing to the three measured fraceureitoughness velues listed:in the upper part of
the table. For Vessel‘V—S, the celculated failure etrein and failure pressure
are only slighfly conservative, and the same is true of the strain and pressure
eerresponding to the maximum fracture toughness value neasured for Vessel V-9.
Noting ﬁhe large differences between the plane strain end the nonplane strain
estimates of failﬁre strain for both vessels, it is clear that considering the
effects of transverse restraint is essential to the accuracy of the analysis.‘

K , The calculations of the plane strain fracture toughnesses corrésponding to

given measured values of nozzle cornmer strain and flaw size by the tangent modu-~
;us method'were based on ehe directly measured flaw size at failure'for‘Vessel
'V-9 ksee Fig. 10),: and the last ultrasonically measured flaw siée in Vessel V-5
before the pressune.negan to deerease.9 Note that the flaw in Véssel V-5 was
8.4 cm {3.3 in;j“deep at:a pressure ef 183 MPex(26 5 ksi), and therefore under-

went approxlmatnly 12 7 cm (5 in.) of stable crack growth during the last 0.7

4

MPa (100 psi) rise in pressure.r;

. Because of tlhe steep strain gradient in the nozzle cormer region, the tan-
- . gent modults equations for the case of bending 14 were used for these toughness
.f calculations. The deriéation of these equations‘is given in Appendix H of Ref.

’fiél.‘Bfiefly;,this method of analysis is based on ‘the Neuber eQuation for
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_ 1Inelastic stress and strain concentration factors.

= K2 ’
KqKe = KZ , | (22)

o

written in incremental form and then rearranged so that the increment in the
notch ductilify_factor de/s; where & 1s notch root strain aﬁd p is notch root

radius, éppears on the lefthand side of the equation and only measurafle quan-

tities appeax 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

Abeiow.lé For the elastic range,

pevp = 2¢/aVEfE] Ay . " ' (23) .
" For the transition range,
Aevp = 4CVaVEfEg (VAghy — Ay) .- (24)

For the strain hardening range,

o ,fo+ A ¥ Ay :
devp = 26Va <VA_(A. + A ) — VA (A_+ A) + A, Ln - s (25)
/ freah s sts A I A |\
" s s
_where

o .

SRS S : o,
A =E T 4'~25)

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

lus, and Eg is the strain-hardening tangent modulus. For both vessgls,'tha value

&
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of Eg .was taken as 20. 7'MPafZ-1 (3.0 ksi-z-l), and A was taken as 1.2%. The

total values of ec Vr-were calculated by adding the values obtained from Egs.

' _(23) (24), and (25) and the values of K /crY were then obtained from14

Ed

A AN o

The values of K /G were then obtained by dividing the results of Eq. (27) by
the values of K /KI , obtained from either Fig. 13 or Eq. (18). The resulting
-»toughness values for both vessels are listed in the . lower part of Table 4 Buth
plane strain toughness valueS'compare well with the measured values for the two
noazie materials. The nonplane strain toughness ratios,.KglcY, nay look high,v -

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

O'Y K.z ‘ ',
6c ¥ °Y ’ _ (28)

are both only reasonably smaller than the measured crack mouth opening displace- -

‘ 4, as calculated from-

ments just priSi 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 temperature

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 terniperature 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 cm (1.250 in.)
68.3%

0.4509 cm (0.1775 in.)

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 em (6.0 in.)

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

xNo data

15.24 cm

ASOB; class 2 forging
steel, base metal

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

24°C (+75°F)
3.05 em (1.2 in.)

474 MPa (68.8 ksi)

609 MPa (88.3 ksi)
9.0%

18.1%

3.175 cm (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 em (2.0 in.)
—51°C (—60°F)

11.43 em (4.5 in.)
(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 strzin data

Stress (MPa)

Pressure

Remarks K
[MPa (ksi)] o1 . oy o3 t
6.9 (1.0). 63 . ~6.9  Elastic.- 4.05
13.8 (2.0) 134 . -13.8 Elastic - 4.33
34.5 (5.0) 302 . —34.5 Elastic 3.89

—55.2 Yield
-68.9 Yield
~75.8 Yield (corner)

~ 68.9 (10.0) 405
75.8 (11.0) 399

W OWw NI

0

3

6

55.2 (8.0) 419 -9.
~47

15

.

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

Intermediate test ca§i£§:i222a1
Tern . vessel with nozzle model of PWR vessel
Nozzle mean radius r . 19.05 em (7.5 in.) 19.05 em (7.5 in.) _
Cylinder mean radius rp 41.91 om (16.5 in.) 229.24 cm (90.25 in.)
Cylinder thickness 0 15.24 em (6.0 in.) 21.59 cm (8.5 in.)
B , 0.484 0.174

Ky 4.16 2.71




Table 4.

Calculated failure strains and fracture toughness values

for HSST Program Intermediate Iest 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

88°C (190°F)

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

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

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

8.4%

159 MN-m—3/2 (145 ksi vim.)
220 MN-m~3/2 (200 ksi /in.)
298 MN-m~3/2 (271 ksi V/in.)

Calculated failure strains and
pressures by LEFM based on
strain

Flaw size, a 3.05 cm (1.2 in.) 3.05 em (1.2 in.) ~
Flaw depth ratio, a/r, 0.243 0.243
Shape factor, C, 2.5 2.5
Toughness ratio, K./Kj. 7.61 2.41, 4.28, 7.71
Calculated failure strains ,
Afo (plane strain) 0.73% 0.44%, 0.617%, 0.82%
(nonplane strain) 5.6% 1.1%, 2.6%, 6.4%

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/O’Y

KC/KIC

Kic/oy
Fracture toughness, Kie
Crack opening displacement,

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 4

6.23 vem (4.16 Vin.)

281 MN.m—3 2 (256 ksi /in )

8.6 mm (0.34 in )

142 MPa
172 MPa
181 MPa

(20.6 ksi)
(25.0 ksi)
(26.2 ksi)

185 MPa (26.9 ksi)
8.4%
4.50 em

0.358

(1.77 in.)

2.18
0.524

2282/_(1432/ D)
4.09

5.58 Jem (3.50 /"‘) :
265 MN- m'3/2 (241 ksi /—m.)
11.9 mm (0.47 in.)

6(: i
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o : Fig. 1. Design dimensions for intermediate test vessel with 22.86 cm
(9, in.) ID" test: nozzle (1 in. = 2.54 cmo.- 4 .

Fig."; General vieWVOf two HSST proéram intermediate test vessels,
showing bolted-on .closure head used .for a11 ‘vessels: and welded—in nozzle
~used for vessels V>5 7 d v=9. S .

. Fig. 3. Calculated pressure vs outside circumferential strain for -’
cylindrical region of intermediate test vessel (1 kﬂg, 6.8948 MPa).

< i

. . - ' . ’ . _' i . '/
Fig. 4. Pretest estimate of fdtigue crack frqnt position in the inside
nozzle corner of intermediate test vessel V-9, based on ultrasonic data.

f

!

Fig. 5. Static and}_znamic Kicd values for v@ssel V-9 nozzle material
[1 1n. = 2.54 cm; 1 ksi /in. = 1.0988 MN- -w=3/2; °g-= 5/9 (°F = 32)].

[

vaig. 6. Clogeup view of leak point,adjacent;touultrasonic base block
on nozzle of vessel V-5 (arrow shows flaw'ﬁenetr#tion to surface).

: Fig. 7.  Closeup view of -fractured nozzle in vessel V-9 test temperature
was 24°C (75°F) o ‘ ,-,/ :

Fig. 8. PressureAvs.outSide circumferenti 1 strain in vessel cylinder
for intermediate test vessels V-5 and V-9 (1 psi = 6895 Pa).

' Fig. 9. Pressure vs inside uncracked noz le corner circumferential strain
" for intermediate test vessels V-5 and V-9 (1 p is= 6895 Pa).

[

Fig. 10. Closeup;vienvofwflaﬁ'in fractuﬁLd nozzle of intermediate test
'~ vessel V-9. o PR I IS ) :

Fig. 11,: Comparison of calculated and. asured nozzle corner pressure—
strain curves for intermediate test. vessels 5 and v-9.

. i
[
o

Fig. 12._ Summary of experimental results obtained from ORNL nozzle corner
_,crack epoxy model: fracturﬂ tests,l? and comparison with hole in flat plate
-eapproximation.l‘ S et SRS . -
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~Figure Captions (continued)

Fig. 13.. Curve for estimating toughness elewation due to less than full
transverse restraint, based on the Irwin By, correction.
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Nomenclature

Crack depth; cm; (in.)

Piate thickness, cm, (in.)

LEFM shape.facgéf b;sed on local stress, dimensionless
LEFM shape factor based on nominal stress, dimensionless
ﬁodulus of elasticity, MPa, (ksi) |

Strain hardening tangent modulus, MPa, (ksi)

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

Plane strain fracture toughness, MN'm?slz, (ksi vin.)

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

MNem~3/2, (ksi vin.)

Nonplane strain fracture toughhess, MN'm‘3/2, (ksi Jin.)

Elastic stress concentratiqp factor, dimensionleés

Inelastic strain concentration factor, dimensionless

Inelastic stress concentration factor, dimensionless

Initial slope of the pressure~strain curve, MPa, (ksi)

‘Pressure, MPa, (ksi)

Elastically calculated failure pressure, MPa, (ksi)
Gross yield pres;ure, 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 mnozzle, cm, (in.)

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

.Effgctive 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-straiﬁ parameter, dimensionless

Failure strain, diﬁensionless

Calculated failure strain fof plare str2in conditions, dimensionless
Strain at the onset of strain hardening, dimensionless
Yield strain, dimensionless

Poissonlﬁ ratio, dimensionless

Notch root radius, cm, (in.)

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

Yield stress, MPa, (ksi)
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-}_-Figéﬁ._ll‘_ “Closeup view of 1
Tpenctration to sutface

eak point adjacent to ultrasonic base block on'nozzle of vessel V-5 (arrow shows flaw
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