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ABSTRACT

A specimen that reveals impontant fracture-rclated propertics
of cladding in the presence of a subclad flaw is under development:
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. at the Gak Ridge National Laboratory (ORNL). Information devel-

oped from testing these specimens, referred to as Jo-Blocks, is
being uscd by the Hcavy-Scetion Stecl Technology (HSST)
Program in cvaluating the behavior of subclad laws in Pressurized
Watcr Reactors (PWR) pressure vesscls during pressurized-thermal-
shock (PTS) loading conditions.

The cladding can be idcalized as a force that holds an other-
wisc surfacc flaw "closed” at the surface, reducing the stress inlen-
sity factor along the portion of the crack front in the basc matcrial.
This closing force is approximatcly cqual to the average stress in the
cladding, which for postulated scvere PTS (ransicents is at yicld,
multiplicd by the cladding thickness. There is a critical amount of
stretching of the cladding that results in through-ciad flaw propaga-
tion, i.c., cladding failurc, thus converting the subclad flaw to a sur-
face flaw.

The Jo-Block specimen consists of two stcel (basc mctal)
blocks with ends butted together to form a “crack” and with oppositc
cdges clad so that the crack terminates at the (two fusion zoncs.
Testing of Jo-Block specitncns reveals as a miaimum the “cffective
yicld point" of the cladding, in the presence of a subclad crack, and
the critical value of clad stretching (crack opening displacement),

- INTRODUCTION

The radiation-induced rcduction in inncr-wall fracture tough-
ness of Light Water Reactor (LWRY) pressure vesscls has long been
considered as potentially establishing a limit to the uscful operating
lifc of commercial nuclear plants. Although rormal operating con-
ditions do not result in sufficiently high wall stresses and suffi-

. cicntly low fracturc toughness to causc concern about vessel fail-
" urcs, recognition hat accident conditions cxisted for which there

was a high probability of vessel failurc prompted extensive investi-
gations for quantilying thosc factors that migh: affect vessel lifc cx-

" pectancy. The radiation-induced loss of fracturc toughness of the

vessel material, the presence and size of flaws at the vessel inner
wall, the type of flaw, i.c., surface, subclad, shape, ctc., and the
imposcd loading conditions were all identificd as being important to
the cvaluation of vesscl integrity [1]. A particuiar loading condition

- of concern, and onc that has reccived considerable attention, is the

pressurized-thenmal-shiock (PTS) cvent. This accident transicat
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'¢auscs a combination of pressurc and thcrmal stresses and a reduc-
tion in fracture toughncss in the inncr portion of the wall of the ves-
scl that havc the potential to lead to initiation and propagation of cx-
isting flaws [2].
, In evaluating flaw behavior under PTS conditions, the po-
.tential beneficial cffects of cladding have only recently reccived at-
“tention [3]. In general, consideration of cladding has been limited to
“the inclusion of its relatively high thermal resistance and cocfficient
of thermal cxpansion which result in a reduction of the “thcrmal
shock” and an incrcasc in thermal stresscs at the surface (as com-
parcd to an unclad vesscl) {4,5]. It has been shown that reduction
of the scverity of thic thermal shock tends to decreasc the potential
for propagation of subclad flaws but the introduction of high thcnnal
stresses acar the surface tends to increasc the potential for propaga-
tion of surfacc flaws [3].
' A complcic cvaluation of vesscl response 1o the PTS cvent
requircs a valid description of both the base material and the
.cladding. If the cladding is sufficicntly tough, the probability of
‘propagation and the cxtent of propagation Jor subclad flaws and the
iextent of propagation {or surface flaws will be Icss than that for a
:surface flaw without cladding. The potcniial benefit of the cladding
«in the evaluation of the behavior of a subclad flaw, however, de-
‘pends on (1) the extent of stretching of the cladding abave the crack
and (2) the crack-mouth opcning displacement (CMOD) for failurc
‘of the cladding [3]. The greater the amount of sirciching of the
cladding, the less the benefit. Also, the lower the critical failurc load
-of the cladding, the Iess the benefit. If the critical failure load of the
cladding is lcss than that of the base material, there will be no benefit
at all other than the thenmial benefit.

The potential structural benefit of the cladding may be illus-
trated by considering the stress intensity factor, Ki. for a flaw in a
ivessel wall. "Bencefit" is mcasurcd by the decrease in K when
‘comparing thy subclad to a similar through-clad flaw. Aualyscs of
;thermal-shock cxperiments indicate that, at (he times of maximum
Kj, the K for the decpest point of thic subclad flaw was =34% lcss
than that for a surface flaw (same gcometry and maaterials propertics)
{3]. It was also obscrved that the benefit of the cladding was in
‘dircct praportion to the yicld strength of the clad material. For
cxample, a 20% reduction in clad yicld strength resulted in a
cladding bencefit of 28% (as comparcd to 34% above). As an upper
bound, i.c., for the casc of perfectly elastic cladding, Simonen cal-
culated a 50% bencefit for the subclad flaw [6]. These gencral results
‘were furthey substantiated by Iskander |7,8] who obscrved that, for
tests of plates with surface flaws, the presence of cladding reduced
‘the potential for crack propagation as compared to unclad platcs.



A characteristic feature of flaw behavior for the tests reported
by Iskander [7,8] was tunncling of the flaw under the cladding, as is
'shown in Fig. 1. This typc behavior was obscrved 1o an cven
greater exient in the thermal shock tests discussed above [3]. A sur-
facc flaw may then become a subclad flaw by propagation undcr the
surrounding cladding. Thus, it appcars that incorporation of
cladding as a structural clemcnt and the consideration of subclad
flaw behavior, as compared to considcration of surface flaws alonc,
can have a significant impact when evaluating the probability of fail-
ure of reactor vesscls.

_FFig. 1. Broken halves of clad plate test specimen showing
. tunncling of flaw undcr cladding.
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ders [3]. Also, a rclatively smalf and simplic specimen has been de-
vcloped, initially under the HSST Program at the Oak Ridgc
National Laboratory, that provides a relativcly incxpensive vehicle to
study the fracture related propertics of cladding over a subclad flaw.,
The specimen is fabricated by butting two machined blocks together
and cladding over the surface. By carcful fixturing and machining
of the parent blocks, the interface or "flaw” will have esscatially
zcro width which is representative of a subclad flaw in its initial
configuration. Thc concept of this specimen, some details of its
fabrication and utilization, and some preliminary results are the sub-
jeets of this paper.

SIMPLE MODEL FOR SUBCLAD FLAW

As discusscd above, austenitic cladding has two primary
clfccts: (1) reduction of the severity of the thermal transicnt duc to
the relatively low thenmal conductivity of the cladding as compared
to the basc matcrial and (2) introduction of high thermal stresscs

_ Efforts loﬂquanlify the éffc::T of claddi;lg on surface-flaw be- !
havior have included studies of beams [91, plates [6,7,9], and cylin-

ncar the surface due to the greater coelficient of thermal expansion -

* of the cladding. A simplc model for inclusion of cladding was pro-

posed by Cheverton and Iskander [11] and Smith [12,13}. This'

~model, which is shown schematically in Fig. 2, replaces the
cladding with a crack-mouth closing force thai is essentially cqual to
the stress in the cladding multiplied by the cladding thickness. Notc
that sincc the cocfficient of expansion of the cladding is greater than
that of the basc matcrial, the average stress in the cladding during the
PTS cvent is tensile. For the casc of a scvere PTS transicnt, and
neglecting strain hardening, which is an additional conscrvalism, thc
tensile stress is the "yicld strength” for the cladding. The resulting
closing force causcs a reduction in crack-1ip opening displaccment
(CTOD) for the tip of the flaw in ihc basc matcrial, i.c., the contri-
bution of the cladding can be dircctly calculated as a reduction in the
stress intensity factor for the tip of the flaw in the base metal.

If the cladding is breeched, the [law becomes a surface flaw,
and Kj incrcascs accordingly. Cladding failurc will occur when the
strain over the flaw cxcceds the cladding ultimate steain. This ulti-

_matc strain can only be properly defined by consideration of the
* geomctric constraint, i.c., strain concentration, and the stress and/or
strain statc of the cladding. The strain statc will reflect prior histor,’
of the cladding, i.c., initial shrinkage duc to solidification and cool-
; ing following dcposition, postweld heat trcatment (PWHT), hydro-
static testing, ctc. It is thus apparcnt that measuremcnts of clad
propertics using machined specimens of cladding alone will not
providc all the descriptive information required to cvaluate subclad-
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“flaw behavior during the PTS cvent. The Jo-Block specimen de-
i scribed below addresscs these technical issucs.
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o Fig. 2 Crach-mouth closing force assocsted with tensife
stress in Cliadding aver subclad faw,

,DESCRIPTION OF JO-BLOCK SPECIMEN
+
! The Jo-Block specimen was first conccived in the carly

1980s undcr the HSST Program for the purpose of cvaluating the -
fracturc propertics of cladding over a subclad flaw. The specimen
consists of two machincd stcel blocks with the cnds butted together
to form a "crack”. The name Jo-Block was dcrived from Johansson
blocks, which arc precision machined gage blocks used for calibrat-
ing instruments, cic. A weldment is preparcd where opposite cdges
of these blocks are clad such that subclad flaw tips are gencrated
where the cladding is laid across the interface between the two
blocks. The quality of the butted machined surfaces, the carc uscd
in fit-up, and the restraint against distostion during cladding dcter-
minc the final width of the crack. In practice, essentially zcro-width
cracks have been obtaincd. The faw tip is normally rclatively

"sharp" having, with carcful fit-up, tip radii in the range of 0.02-
. 0.08 mm. Howcver, the shrinkage usually causcs additional sub-

surfacc crack cxicnsion (microcracking) such that the flaw tip is a
"truc" crack. IT further sharpening or additional crack cxiension is
" desired, the specimen can be fatiguc pre-cracked as would be donc
with a compact tension specimen. Thus, the final crack configura-
tion resenmblcs a cross-scction of the clad/basc mctal intcrface region
of a two-dimcnsional subclad flaw in a vesscl wall. Since the
cladding is applicd in the samc manncr that vesscl cladding is
applicd, the cladding retains many of the characteristics that cladding
on a vessel wall would have.

The general pracedure usced to fabricate the Jo-Block speci-
mcn was as follows: Machined pressurce vesscl steel (ASTM A533)
blocks were arranged as shown in Fig. 2. The assembly was ini-
tially held together using clamping blocks (one picce) that werc
wclded to the parent blocks. These clamping blocks maintaincd
alignment, provided restraint against distortion, and scrved as nn-
off tabs during cladding. The asscmbly was alicrnaicly clad on
opposite sidcs with the speceified cladding material and procedure
and then subjected to a postweld heat wreatment (PWHT). Blanks
were next cut [rom the width direction of the asscmbly as is shown
in Fig. 3. Final machining of thesc blanks yicldcd a Jo-Block
spccimen, the configuration of which iz shown in Fig. 4. The
closcness of [it of the parcnt blocks can be scen in Fig. 5 which re-
veals details of the block interfaec and clad overlay for a machined
Jo-Block spccimen.

The Jo-Block specimen, as shown in Fig. 4, is basically a
tensile bar that simulates the basic geometry, deformation, and fail-
urc Lehavior lcaturcs of cladding over a subclad flaw in a vessel
wall. From this spceimen, the clicctive yicld stress and the rupuire

* strain of the cladding and the CT'OD bencath the cladding can be de-

termined. A simple tensile-type test (load vs axial displacement), in
conjunction with posticst cross-scction mcasurcinents, provides the
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. Fig. 3. Wecldment of type uscd to fabricatc Jo-block
specimens,

nccessary information to calculate the cffcctive yicld strength of the
cladding. Thc amount of clad surface stretching dircctly over the
flaw tip can be mcasurcd using conventional foil-type strain gages or
surface cxtensometers. Conventional clip gages arc used to mcasure
CTOD and CMOD at the specimen midplanc as is done in a compact
tension test. These basic materials and fracture measurcments pro-
vidc the information to cvaluate the incremental change in Kj for a
subclad flaw.
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' Fig. 4. Jo-Block specimen developed to measure [racture ¢
propertics of cladding over a subclad flaw.

- An additional picce of information that may be obtained from:
this specimen is the initial, average through-clad residual thermal,
stress (stress in cladding at test (cmperature and with no cxternal;
loading applicd). As discusscd above, the residual stress in the!
cladding will be (cnsile duc to the larger coclficient of thermal cx-
pansion of the clad material vs the basc meial if the test temperature,
is not cxcessive. The mating surfaces of the two blocks will not
begin to separate until the external load just balances the residual
thcrmal tensile stress in the cladding. This point in loading is cvi-
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Fig. 5. Jo-Block specimen showing “crack” betwceen parent
blocks and clad overlay.

denced by a detectable change in slope of the load-displaccment
curve.

It is worthwhilc to notc that the reliability of the residual
stress information is somewhat dependent upon the fit-up of the
blocks during spccimicn fabrication. 1f care is not taken to assurc
that the "crack" is tight, then free contraction of the cladding will
occur, and the residual stress incasurcd will be less than would
occur in a vesscl. It is also interesting to note that the thickncess of
the basc matcrial is not overly imponiant in determining the final
residual stress state.  Thus, when ihe thicrmal historics arc consid-
cred, the cladding on a Jo-Block specimcen or a vessel wall will have
ncarly the same residual stress. This is important when testing at
different temperatures since the relevant residual stress state will be
automatically carricd with the specimen.

There is onc final featurc of the Jo-Block specimen that
assumcs importance for PTS cvaluaticns. The spceimen is small
cnough that it can be irradiated. Thus, material conditions proto-
typic of PTS conditions can be simulated for tcsting.

FINITE-ELEMENT-ANALYSIS MODEL OF JO-BLOCK
SPECIMEN

The ORMGEN/ADINA/ORVIRT [racturc analysis system
. was uscd to perform some preliminary investigations of Jo-Block
bchavior. ORMGEN [14] is an automatic mesh gencrator that will
gencrate two-dimcensional (2-D) or three-dimensional (3-D) finite-
clement modcls of cracked structures and creates (iles that arc for-
matted properly for input to ADINA [15], the struciural analysis
codc. ORVIRT [16] is a post-processor for the ADINA stress anal-

tip clemcents as shown in Fig. 6 and to model the remiinder of the

2-D modcls or 20-nedc isoparametric brick clements for 3-D
models. The special crack-tip clemicnts modcl the appropriate singu-
larity in the stress ficld. The nodces that initially sharc the sane loca-
tion at the tip (Fig. 6@) will scparate with increasing load 1o allow lor
"blunting” of the crack (Fig. Gb). Crack-tip blunting applics
! basically to ductilc deformation behavior whercas other techaiqucs
! are required for a description of ductile tearing. Somc preliminary
; effort to model ductile tearing was performed whereby successive
! nodes were releasced at appropriate stress levels o idealize the crack
' growth process into the cladding. The disadvantage of this proce-
. durc was that the crack quickly grew out of the region of refined
. mcsh with associated decreasc in sensitivity when calculating frac-

structurc with conventional 8-nodc isoparametric brick clements for !

ysis results and calculates the {racture paramcters. The stralegy is to
surround the crack front with a corc of special wedge-shaped crack- |



‘ture paramcters. However, this method did provide a beticr de-
I scription of the Jo-Block defonmalion responsc as compared (o usc
. of crack tip blunting alonc.

e

{#) ORIGINAL CONFIGURATION

() OEFORMED CONFIGURATION

! Fig. 6. Collapsed prism clements appropriate for analysis of :
] subclad flaw crack tip.

!

For preliminary analyscs, a deformation-plasticity-material,

. model utilizing a multilincar, icmperature-independent, stress-strain

curve was cmployed [or the cladding. Since the stresses in the base

material arc below yicld, only a lincar clastic model was required for
the basc material.

JO-BLOCK EXPERIMENTAL RESULTS

Preliminary testing of the Jo-Blocks was performed as part

. of the test-procedures development effort, and the results presented

in this paper pertain to this effort only. An cxtensive testing pro-

gram has been conducted, but the results are not available for
publication. .

A typical instrumentation layout for a Jo-Block test is shown
in Fig. 7. Brackcts for conyentional clip gages allow measurement
of CTOD, and strain gages measurc cladding surface deformation.
For the sct of test specimens discussed in this paper, the straia gages
and the ecnterline clip-gages were not used, but two additional clip
gages were mounted on the back surface of the specimen. The four
clip-pages were mounted in line with the clad/basc meial interface 1o

mcasurc COD at the initial crack tip. The specimens were tested at -

both room temperature and at —129°C (-200°F). The scrvohydraulic
test machine joading ratc was in the range typically uscd for tensile
testing,

C.0.D. GAGE KNIFE
EDGES AT CENTERLINE
AND AT CRACKTIP LINE
(FRONT AND BACK)

Fig. 7. Typical location of COD and strain gages on
Jo-Block specimens,
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. A typical plot of front-surfice clip-gage rcadings versus load
{ is shown in Fig. 8. Figurc 9 is an cndaryed view of the initial part of
. this loading curve, which shows three distinct rcgions of behavior.
» The first of these, which cxtends up 10 a load of approximatcly

25 kN (=6 kips) is the lincar elastic response of the entire specimen
. (basc metal and cladding) and is duc to the pre-load causcd by the
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Fig. 8. Mcasured crack-tip COD for developmcntal Jo-block
specimcn A (ested at roor temperaturc,

" cladding residual thermal siress. This is indicated as the "Elastic

+ Bar" linc in Fig. 9. Thc sccond region is the near linear clastic be-

- havior of the cladding acting alonc. Nonlincar response of the
cladding initiates at approximately 80 kN (=18 kips). The last
region is the fully non-lincar plastic behavior of the cladding. For
the cladding, taking the deviation from non-lincar behavior as the
"yicld" point, and bascd on a clad cross sectional arca of 245 mm?Z,
an cffective clad yicid stress for this configuration of 327 MPa
(47 ksi) would be obtained. The maximum load for this test was
141 kN (31.7 kips) for an engincering ultimalc strength of 576 MPa
(83.5 ksi). A crack-tip opening displaccmcent of greater than
0.8 mm (0.032 in.) was achicved at failure of the cladding.
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Fig. 9. Low load COD behavior for developmental
Jo-block specimen A,
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Specinen failurc'was characteristically as shown in Fig. 10,
i.c., only onc ligament of cladding failed. When yiclding occurs in
onc clad surface as shown in Fig. 8, there is little further increase in
load. The yielded surface becomes the "weak link” and continucs to
stretch up 1o failurc of the cladding. Since there is little additional
load incrcase, axial deformation and CTOD of the opposite surface
cssentially stop. The amount of CTOD shown in Fig. 10 is not that
mcasurcd at failurc of the cladding. Duc to compliance of the
specimen and load train, additional CTOD occurs after cladding fail-
ure resulting in the "bent” configuration shown in Fig. 10.

Fig. 10. Characicristic failurc of Jo-Block specimens uscd i

; to study fracturc properties of cladding. ]
!

i

! Prcliminary [iniitc-clcment analyscs of these specimens using 4

. the procedures described previously tended to underpredict the
amount of axial displacement. This is consistent with the results ob-
seived in analyzing the thermal shock tests reported in Ref 2. Two
arcas which may account for this arc residual stress and duclile
tcaring. The analyses performed did not include cither of these
mcchanisms. Inclusion of residual thermal stress would provide a
prior history including prior plasticity in the cladding. This poten-
tially could altcr the responsc of the cladding under cxlernal load.
Ductile tearing would result in reduction in load carrying arca ata
much greater rate than for plastic instability alonc. Both of these
mechanisins, which are being investigated further, may provide in-
sight into the lack of agreeinent between the analyses and the cx-
perimentally observed behavior.

Using this particular casc as an cxamplc of subclad flaw be-
havior during a PTS cveat, the "yicld point” in the cladding would
provide a crack-mouth forcc of approximately 80-kN per unit sur-
face length of the flaw. For a 13-mm-dcep surface flaw, this is

cquivalent to a AK| valuc of 41 MPavm 37 ksivin. ). Since such a
surfacc flaw would normally develop a K in the range of 110

MPavm (100 ksivin.) during a PTS transicnt, it is apparznt that
the cladding would provide a significant reduction in the Kj at the
deepest point of the crack tip, and a substantial cladding "benefit”

would result.

, SUMMARY AND CONCLUSIONS
: It has been shown [3] that subclad flaws have a smaller po-
| tential for propagation than through-clad (surfacc) flaws, but the
i extent of potential benefit of cladding depends on two [actors: (1)
; the fracture resistance of the cladding and (2) thc amount of stretch-
" ing of the cladding over the subclad flaw. If the cladding fails at
some load less than the critical load for propagation of an otherwisc
. similar through-clad flaw, no structural benefit of the cladding
! exists. Also, as the cladding continues to stretch, the potential ben-
cfit, as mcasurcd by a reduction in K at the tip of the flaw in the
i basc metal, dccrcases. It is thus important to be able to measurc
fraciarc paramelers of cladding over a subclad flaw, particularly the
effective "yicld" strength and the cffective "uniform” clongation,

provorr nrnner
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Qak Ridge National Laboratory has developed a faboratory
specimen, the Jo-Block specimen. that has the capability to provide
these two picees of data. In addition, it was obscrved that, with
carcful fabrication, the Jo-Block would yicld a measure of the mem-
brane component of residual thermal stress in the cladding,

The preliminary tests indicate a high potential for this type of
specimen (o develop an understanding of cladding behavior over a
subclad Qaw. The primary advantages for development of a data
basc usiag this specimen include (1) small laboratory scale specimen
size rathier than Jarge scale, complex componcents and (2) dircet mca-
surcicnt of clad behavier as comparcd to deducing cladding cffccets
from morc comp'ex cxperiments. ORNL is continuing to develop
and usc the data gathering and analytical potential inherent in the Jo-
Block specimen,
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