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'fI:AVT-8EC*fIOli STEEL TECHN0l/NT PROGRAM.

Oak Ridge National Laboratory
Oak Ridge Tennessee 37830

G. D. Whitmau

OBJECTIVE

The Heavy-Section Steel Technology Program is providing data which are
used in the prediction of thick-section vessel fracture characteristics to

include a realia!!c evaluation of the fractura potential and the development
of fracture prevention criteria. Flaw growth mechanisms, crack propagation ,

and arrest including the effects of irradiation in both iesign and accident

loading cenditions are being considered. The significance of cracks residing
in veld repa"ir regions and in low shelf toughness material are being quanti- '

fled. The program includes tests on pressure vessels and specimens up to
152 ta (6 in.) thick. Results from these efforts contribute to the needs of
regulatory and safety bodies, code writing bodies, and the nuclear power in-
dustry.

_FY 77 SCOPE

1hree-dimensional photoelanic studies were perforned on nozzle corner
flaws to obtain data from models which represented BWR fee twater nozzle geome-
try, A report was issued summarizing the results of the tto intermediate ves-

sels tested with nozzle corner flaws. Data were generated on fatigue crack
growth of pressure vessel steels in water reactor environment to study rise
time and hold time effects to provide input for establishing ASE Section XI
code rules. Irradiations were completed in a second 4T-CT project to irradi-
ate veld metal having a low upper shelf Charpy energy fracture toughness.

|
Methodg for obtaining ductile fracture toughness of these irradiated specimens i

?continued to be developed and evalua _.a. A third 4T-CT irradiation series
again incorporsting specimens made from low upper shelf weld metal was encap-
sulated for insertion in the Bulk Shielding Reactor at ORN',. The evaluation

of the half-bead innervice veld repair method was expanded to include two

i

815 007
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additional simulated repairs in intermediat : vesseis V-7B and V-8. Extensive
studies were made on residual stress and ma arial properties of half-bead weld
repair veldments and intermediate vessel 7- 3 was tested. Three crack arrest

models were fabricated and tested over a ra te of fracture modes to evaluate
the feasibility of performing thick-sectin structural tests. A fourth thermal
sthock experiment eas performed to successf=11y demoastrate the applicability of
LEFM in cracked sections of reactor vessel paserry under thermal shock 1 cads.
A report was issued on the si;;nificauce of releat cracks on pressure vessel
integrity. An analysis-before-test dow? uns issued on the potential cor-
rosion problems in PCRV terMons. Forei n r w e ch reports and programs wereE

identified to determine their applicability en 32C interests and needs.

1. FRACTURF MEGANICS AND ANAI.YSIS

The determination cf stress intensity furcrs (SIF) for flaws located at
pressure vessel nozzle corners has been a gelen for many years due to the
co.uplex and widely varying geometries involved. As a result of the degree of
r.alytical intr &ctabilr y of the problen a:d the need for additional experi-
mental correlation of approximate analytical methods, three-dimensional photo-
elastic analysis of flawed models was initiated apreoximately two years ago.*

hrving serified the Derbyl residual static strength technique, the photo-
elastic rachnique entered a second phase ta s tain data on the feedwater nczzle
geometry of a typical boil.mg water reacter U:a) vessel. Models were con-
structed with two nozzles located at diazerrically opposite positicns in each
model. Starter cracks were introduced into the inner surface of the juncture
of the vessel wall and nea:1<. The vessels were heated to a critical tempera-
ture then pressurized to canr* the flaws to grow to desired dimensions. She
models were cooled, freezing in the deformarim fields, and then sliced for !
optical analysis.

The results shown in Fig.1.1 have the same trends as the earlier resdts
and indicate that for Gavs enveloping the 1:x:er nozzle fillet, the maximum
SIF occurs nea- the center of the flaw border for moderate to deep flaws. For

*
!

Work sponsored by HSST Progian tmder CC3D Subcontract 7015 between Union
Carbide Corporation and Virginia Polytechnic hstitute and State University. '

j . . a. % i
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small flaws for which the flaw border is contained within the inner fillet
radius, the flaw shapc 1s different from the deep flaws aal the SIF distribu-
tion peaks near the vessel surfaces. De results imply that very staall flaws
are quite dif ferent from those large etuagh to have grown away from the inner
fillet and the variation in SIF around the flaw tip may be significant. These

results also indicate that the data obtained on HSST vessel tests are conserva-
tive (larger shape factors) relative to actual light water reactor pressure

vessels.

2A report was issued summarizing the results of internediate test vessels
V-5 and V-9 with inside nozzle corner cracks. Numerous pretest end posttest

fracture analyses were made for both vessels. All the estimated nozzle corner
strains at failure were low (most by a wide margin), especially those based on
LEDI and the assumption of full transverse restraint. The two ec.it securate

ectinates avoided assuming :. plane strain constraint cocdition along the lead-
ing edge of the flaw, a condition that experimental strais data imply does not
exist for a crack at the inside nozzle corner. Subsequent calculations made

by both the method of LEP' *,4 sed co strain and the tangent :nodulus method,

using the Irwin B correction to estimate the increase in the ef fective frac-
y

ture toughness due to less than full transverse restraint, provided estimates
of fracture toughness that agreed well with the pretest measured values. Two
simple empirical equations were found to fit the measured insida nozzle corner
pressure-strain curves q12ite accurately. Both equations were based on the
estimated value of the clastic stress concentration factor and the cylinder

gross yield pressure. The report contains detailed tabulations and plots of
naterial property, srall model and test vessel strain data, and discussions of
acoustic emissic,n results.

2. FATICUE CRACK CROWTH STUDIES

Data are being generated to characterize the f atigue crack growth rates
of ferritic vessel steels exposed to light water reactor ec.olant environments.*

Five environmental chambers continue tu be used to obtain these data.

*
Work sponsored by the HSST Program under UCCND Subcontract 3250 between

Union Carbide' Corporation and Westinghouse Electric Corporation.

.
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Testing has continued to study ramp and hold time effects using trapc-
zoidal loading forms as sumarized in Table 2.1. A principal objective of ,
the tests in this matrix which are being performed cooperatively with the
Naval Research Laboratory is to determine whether or not hold time has a
significant effect on crack growth rates, an important question since re-
actor vessel operational loadings of tec involve such hold times. It is also
of interest to determine if crack growth rotes obtained with trapezoidal
loading forms are equinient to those from sinusoidal loading forms which
have been used to generate ta>at c,f th- previously availabl'e data. Series
"a" tests have t.ecn comple:ed and seri s * b" tests are nearing completion.e

Table 2.1. Frojected ramp and hold time tests
of 2T-WOL specimens in PWR environment,

A508 class 2 forging material

Ramp time Hold time Crack growth
Test

(min) (min) (mm)

2al Rapid 1 10

2a2 lapid 3 10

2a3 Rapid 6 10

2a4 Rapid 12 10

2b1 1 1 10

2o2 1 3 10

2b3 1 4 10

2b4 1 12 10

2c1 5 1 10

2c2 5 3 10

2c3 5 6 10

2c4 5 12 10

The results of the "a" series as previously reported sh ved that hold time

had no significant effecc on crack growth rate. Also, data r oerated in a low

:
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pressure, 0.14 MPa (20 psi), low temperature, 93*C (200*F) chambet agreed
very closely with the data f( a PWR water environment of 14 MPa (2000 psi)
and 288'c (550*F) . Unfortunately the results of these tests need further
evaluation pending concerns over che potential effect of ac. ting AK on crack
growth behavior. All of the tests were performed with initial AX values
greater than 30 MPa E (27 kai E) which was equivalent to the initial load-
ing of a 4T-CT specimen test designed to study crack growth rates at higher
AK values. Results of this first large specimea test revealed a surprising
benavior as shown in Fig. 2.1. The crack growth rate was found to be sig-
nifics "- lower than the data produced on smaller specimens at similar k
ratio Tlic frequency. This behavior sppears to be caused by the high
value of u.2 initially applied LK. Further testing is now being performed
with another 4T-CT specimen under identical conditions except for a lowu
starting AK to see if the earlier small spaci a data which were d <eiopen
wi*h lower etartinZ AKs can be reproduced.

The most likely locations for cracks to be produced during the manufcc-
ture of a reacter pressure vessel are in the seld region. It is thus very
important to characterize the fatigue crack growth rate properties of we.d-
mec.ts which typify .essel construction. Tests have been performed on 2T 'J01
specimens made from producsion submerged are veldments of A533B class 1 plate

material. Data that have been developed for R ratios of 0.2 and frequencies
between 1 and 5 cpm on four speciuena show similar behavior. There are a nu:n-
ber of small reversals in crack growth rate while the general upward trend
continues as AK increases. However, the gr wth rates are equal to or gener-
ally less than those (,btained in plate raterial tested under similar conditions.
A fifth veld specimen is still under test to obt.in data at an R ratio of 0.7.

For constant amplitude sinusoidallf applied loading it is well known that
crack growth rates increase as the test frequency is decreased. Tests have
been conducted at frequencies of 5, 1, 0.5 and 0.1 epm, and indicate that the
maximum growth rate appears to occur in the 0.5 to 1 cpn range with specimens
tested at an R ratio of 0.2. Similar behavior occurs for higher R ratios, as
evidenced by a series of tests :onducted at an k ratio of 0.7. Furthat evi-

dence of this saturation ef fect in crack growth rate is provided by results

-
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from static load stress -sion tests which indicatr that these materials do
not cra:1 rnder constantly amplied loadirig in a P'n'R envirorJtent.

4 .
,

3. INVE7ICATICN OF IK1C'.A*ED MATERIALS

The irradiation of t. tree capsules containing submerged-arc weldments in
,

a second 4T-CT series was c=srpleted in March 1977. These veldments contain

high levels of copper which increase their er..sitivity to radiation damage to
the extect that the ductile shelf toughness. will fall below minine.un spacified
values M ore the end of design life. The primary purpose of this program is
to obtais ductile fracture properties which can be used to predict flawed ves-
sel behavior and La evaluate the capability of small specimens to measure frac-
ture preperties that cza '.= used in such an assessment.

Fr% capsule contal=s two 4T-CT = uns, smaller compact specimens rang-
a

ing in size frcm 1.6T to 0.57. precrae :e. epy specimens, standard Charpy
specime =, and tensile specimens.

Ccr_sadering the limitei number of s. ..a which may be available for

surveillamce in cpera ti=g reactors, emphn rs been F' aced on developing
single specimen techniques for determining ctile fracture properties.* The

unloadi .g coupliance metied as a single-specimen Jk'JR "" " "* ** #*"* *

major attention. Comparisecs are being made between crack lengths determined
,

by multi-specimen heat tizti.ig and those estimated on the basis of unloading
complia ee, using A533, gnde B, class 1 and A533 quench only materials with
compact r,hns up to 133 zur (4 in.) thick. The data produced to date by
unloading compliance agrees favorably with measured values.- The results of

4

one such comparisco with C:,2.rpy thickness compact specimens is shown in Table
1

3.1. '

h thernal history and dosimetry for the second 4T-CT series has been

completed and the sestir.g cf standard Charpy unirradiated ref.rence and irradi-
a

ated specimens was initiated. The fast neutron fluences at the fatigue crack
tip of the 4T compact te=sicia specimens is shown in Table 3.2.

1

*
'Ve:k sponsored by ESS* Program under Purchase Order 11f-50917V becween

Union Carbide Corporaticci a=4 Hanford Engineering Developaint Laboratory. j

|
J

i
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%

'

i
* -- -- --
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Tabla 3.1. Comparison of measured ar.d calculated crack
lengths f rom unloading compliance J-R curve test

Ms;e.ial: ASTM A533. grade B. clasa 1
Test tes:perature: 121*C C50*F),

Specimen size: 0.394T CT

Specimen 51-1 Specimen 51-2

Crack length [mm (in.)]
Calculated

Initial 11.51 (0.453) 11.63 (0.458)
Final 11.68 (0.460) 12.34 (0.486)
aanse 0.18 (0.007) 0.71 (0.028)

Measured
Initial 11.91 (0.469) 11.99 (0.472) i

Final 12.06 (0.475) 12.75 (0.504) |

Oange 0.15 (0.006) 0.76 (0.030)
Percent error

lattial -3.4 -3.0

Final -3.2 -3.2
Change +17 -4.7

Crack lengt.. change
'[ses (in.)]

After Clarke et 41.# 0.22 (0.0086) 0.78 (0.031) '
Atter Tada et al.b o,19 (0.0074) 0.68 (0.027)

<
'#

C. A. Clarke et al., " Single Specimen Tests for J
IDetermination." Hechanice of Crcck Crutth, ASTM STP 590

American Soetery for Testing and Materials. 1976, pp. 27- |
4?. |

'H. Tt .a et al. , The Stress hulysis H:n.2cc<, Del
Research Corp.. Hellerton. pa.,1973.

i

Table 3.2. Estimated f ast-neutre, fluence at f atigue
8crack tip of 4T compact tension. specimens
4

$
Fluence (neutrons /cm , E > 1 MeV) ;2

a

Center of crack 1 in, from surfaces g

$

Weld 61W
Top specimen 9.4 = 1018 1.03 = 10 '1

]Eottom specimen 1.30 = 10 ' 1.53 = 10191

hWeld 62W I
Top specimen 1. 33 = 10 ' 1.43 = 10 '3 1

Bottes specimen 1.86 = 10 ' 2.00 = 10 ' !1 1

Weld 63W /18 1.05 = 108-Top specimen 9.7 = 10
8 19 h

Bottom specimen 1.35 = 10 ' 1.49 = 10
Y

1
J

?

w

Y

y' . ~- .

- ;
-# 1 1

, ,-~.- ~~ m - -.. . . . . . . , ._ _
_ t s. s.a

815 015



l
_ _ _ _ - _ _ _

9' Dl D ;! Il
t (u JJ Il'

- h/Q G' fi % ] ]t
b b {b b b Lib'IIC

I'qi < I: ;

I ~310

4. PRESSURE VESSEI. INVESTICATIONS

The 2. service weld repair of a nuclear rear. tor pressure vessel presents
potentially difficult problems considering the coc:plexity of the operations
involved to effect a satisfactory procedure. A thermal stress relief would

normally be required to reduca stresses induced by welding and to temper the
veld heat-affected zone which might have reduced toughness properties. A
thermal stress relief performed at temperatures significantly above the normal
operating temperature of the system would be difficult to accomplish and could
lead to warpage of the vcasel. Section II of the American Society of Mechani-
cal Engineers Boiler and Pressure Vessel Code contains guidelines for making
major repairs without thermal stress relief by the temper-bead technique.

Interrediate test vessel V-7 in the HSST program series was weld repaired
using these recozz:endations so that another test designated as V-7A could be
performed using the same vessel and flaw configuration under pneu:natic loading."
After the successful completion of this vessti test additional work was planned
to more completely evaluate the welding method.

Two additional repairs were perforred on intermediate vessels this fiscal
year. One of these was a second repair of 11aermediate vessel V-7 designated
as V-7B and the other was a sinalated repair of the vessel fabrication veld in
intermediate vessel V-8. The objectiws of this phase of the project were to
obtain information on the repair veld naterial properties, on residual stress
states, and on the structural integrity of flawed intermediate vessels in the
transition and ductile temperature regimes. The tests on vessel V-7 were per-
forred on the ductile upper shelf and the V-8 test is planned to be in the
transition tenperature regime to more completely evaluate residual stress ef-
fects.

Each of the vessel welds was extensively characterized by perforuing geo-
metrically similar welds on cylindrical prolongations of the vessels. These
prolongations provided infortution on surface residual stresses af ter the veld-
ing, and th y were destructively exanined to obtain data on residual stresses ;

Iand material preperties throughout the volume of the weld region. It was de-
termined that residual tensile stresses approaching the yield strength of the

'
i

;.m N

g-s
! }

,

_m a. i-.

815 016



,

. .._ - - . . -

11
!

material were present; however, the maximum stress occurred in the parent

metal outside the repair veld. Circumferential stress in the region of a

weld repair volume in ITV-7B is shown in Fig. 4.1. The tensile properties

of the deposited weld metal were closely matched with the A533, grade B,

class 1 plate from which the vessels were fabricated. The fracture tough-

nesses of the veld metal and heat-affected zone were determined using pre-

cracked Charpy specimens. These regions were equivalent or superior in

toughness to the plate and vessel fabrication welds. The fracture toughness

of the veld metal is shown in Fig. 4.2.

Pressure testing of the veld repair vessels in the V-! series has been

completed. The last test, V-7B, was performed with a very Aa ge flaw in the

heat-affected zone of the repair veld.5 This vessel sustained an overload
by a factor of two over design pressure, as predicted. Destructive examina-

tion of the flaw region is under way to verify posttest ultrasonic examina-

tions whf.ch f ndicated that more txtensive stable cracking occurred than was

observed in the previous tests.

Planning for intermediate vessel test V-8 is continuing witn the determi-

nation of material toughness properties and residual stresses throughout the
'

weld repair volume. At this tire it appears that a flaw placed in the original

vessel fabrication veld near the repair weld will produce the optimum combina-

tion of high residual stress and low toughness for a transition temperature

test.

The work performed to date indicates that the material properties of the ,

weld repair performed by the tenper-bead technique are quite adequate. The

extent and magnitude of the residual stress is significant; however, for the
a

geometries examined peak stresses lie outside the repair weld. Additional

analyses and another vessel test are planned to obtain more information on the

ef fect of residual stress on flawed vessel behavior. .

5. CRACK ARREST STUDIES

Three small pressure vessel models were tested this fiscal year to investi-

gate the feasibility of performing a crack-arrest test with an intermediate size

pressure vessel. All of the models had the configuration showt in Fig. 5.1.
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The wall thickness and diaaeter of the central section were chosen to provide j

an approximately 1/4-scale representation af a typical intermediate teet ves-
sel. The wall thickness of the models was 38.1 as (1.5 in.) and the outside I

diameter was 254 mm (10 in.). Ihe models consisted of live cylindricsl sec-

tions (including the two flat-head caps) that were joined by EB welding.
This modular approach to fabrication facilitated the inclusion of a well-

defined brittle starter section (i.e., the centermost cylinder). with tougher

or arrest material attached to both ends as shown in Fig. * Arial slots

were machined near the center of the models and an electroe team was passed
along the periphery of the slot to r.reate a sharp flaw. In effect, a through

crick was present and crack advance could be arrested in the tough material.
A stainless steel liner was installed to maintain pressure loading during the

cracking event.

The first model test was conducted at 91*C (196*F) and slow stable crack
extension occurred in the brittle section with arrest at the brittle-to-tough

arterial interface. The second model was tested at 4*C (40'F) and exhibited
substa- '.ly the same response as the first model with the exception of two
fast crack extension events, each followed by arrest. The third model was
fabricated with a brittle material having inferior fracture toughness relative
to the first two models. This model was initially tested at -22*C (-B'F) and
crack extension was indicated at 91 MPa (13,000 psi) comparable to the other
ocdels except that pressurization up to 103 MPa (15,000 psi; produced no fur-
ther crack growth. The model was retested at -47'C (-53*F) and produced un-
stable crack extension and no arrest in the tougher material as predicted.

Although fast fracture and arrest did occur the results of these tests

indicate that side grooves will probably be required with through-cracks to
achieve the plane strain needed to reliably obtain fast fracture. The presence
of side grooves would complicate to some deg: c the application and extension
of an test results relative to actual thick vessel sections. Further, the
pressure needed to achieve crack propagation and arrest is determined by the
conditions at initiation and therefore subject to the same scatter or inherent
uncertainty that applies to the toughness at initiation. In order to achieve

a meaningful test, i.e., propagation and arrest, the test pressure would have

! r
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to fall within a narrow band and therefore, in that sense, this test configura-

tion involves some initerent risk.

Considering the limitations discussed above two additional concepte for
studying crack arrest in thick sections are being evaluated. One is a pop-in

type experiment where a part through defect is caused to propagate by hydrogen
charging an electron beam weld under load, and the other imolves loading
flawed cylindrical sections by means of themal shock. In each of these cases

the initiating load can be more accurately controlled and/or the arrest condi-
tion be achieved with greater certainty. It is however more iifficult er. ob-

tain crack tip velocity measurements but in principle the veli aity could be
inferred from crack opening displacement measurements. j

Each of these methods is being given additional study an' review so that

a large scale concept can have a greater certainty of meeting the project ob-
jectives.

6. VlERMAL SHOCK

The HSST Themal Shock Program at ORNL was established for the purpose of
iinvestigating the behavior of flaws in pressure vessel valls subjected to ther-

mai shock. This type of loading in a PVR vessel introduces some unique fea-

tures (equal biaxial stresses and steep gradients in stress intensity f:tetor and ;

fracture toughness) with regard to the applicatica of linear elastic fracture i

mechanics, and thus an experimental verification of the proposed methods of anal-

ysis was in order.

For the purpose of scoping the experimental program, a specf fic thermal

shock situation was defined (LOCA-ECC) and corresponding calculations were made

for typical FWRs. The results of these calculations indicated that a FWR ves-

sel f abricated with low-copper-impurity steel would not experience crack propa-

gation under LOCA-ECC conditions. On the other hand, near the end of its other-

vise normal life (40 years) a high-copper vessel could experience propagation

of preexisting flaws beneath the cladding. However, it appears at this time

that warm prestressing effects would prevent hypothetical long axial and con-

tinuous ciretaferential cracks deeper than $20% from initiating and thus would

be instrumental in limiting the maximum penetration to %35%.

.

.
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Assuming that warm prestressing would indeed be this effective, the ex-
perimental program was limited to the stufy of shallow flaws. Four eh.Llow-
ct ack experiments have been completed, using 533-c:m-OD = 152-sn-vall (21-in.
x 6-in.) cylindrical steel test specimens. To simulate PW fracture mechanics
Parameters as closely as possible, the test specimens were fabricated frca FWR i

Pressure vessel material (A508), were given a quench-only beat treatment to
i

reduce the toughness, and were subjected to thermal shocks more severe than '

those imposed on PWR vessels in order to further reduce the toughncss (Kg) ,

and to enhance the stress intensity factor (K ). These latter two measures7

were necessary because the test specimen naterial, even in the quench-only
!

condition, was tougher than the irradiated material. ',

The fourth experiment in the series wns conducted this fiscal year with
.

'

a test specinea that contained a long axial flaw, and a specified maximum K
;

ratio of 1.3 was achieved. The test conditions are su:mmarized in Table 6.1.
Initiation occurred in essentially a single event, as expected, at a time of
130 sec. The arrest depth was 23 c:m (0.9 in.), correspondit.g to an arrest i

toughness (Kg) of 127 MNm-3/2 (116 ksi .E) at 126*C (258'F) , The calcu-

lated 3r ratia at 150 see was 1.10 ( based en a nominal value of KIc), which I

is in good agreement with the experimental results. The interior of the test
spec h-:n af ter the test is shown in Fig. 6.1.

Bas.3 upon the results from TSE-4 and to a lesser extent from TSE-1 in
;

which the flav did not propagate, and upon the fact that no significant anorsa-
lies were encountered in any of the four experiments, it appears t'ut linear
elastic fracture mechanics is valid for thermal shock loadings. Fu.thermore,
the results of TSE-2 indicate that under thermal shock ceniitions, short cracks
will not grow to become extremely long and then grow radially.

The possibility of demonstrating wars prestressing with a cylindrical test
specimen under thermal shock conditions is being considered. It appears that
such an experiment can be conducted at a reisonable cost using liquid nitrogen
under pool boiling conditions. To prevent excessive film blanketing, a thin
insulating layer of rubber cement type material is applied to the surf ace to be
quenched. Recent heat transfer experiments at ORNL and corresponding fracture
mechanics analyses indicate that appropriate conditions can be achieved in this

.
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Tahls 6.1. Test.ccenditions 4or TSE-4

Experiment
TSE-4

Test specimen TSV-2
Test specimen dimersions, m (in.)

OD
0.33 (21)1D 0.24 (9.5)Length
0.91 (36)

Test specimen material A508 class 2
Heat treatment Quench only from 871*C

(1000*F)
Flaw -

Long axial cra-k,
= 11 nun (0.42 in.)

Temperature. *C (*F)

Wall (initial) 291 (555)Sink (initial) -25 (-13)Sink (final) ~19 (-2)
Coolant 40 st I cethyl alcohol,

60 wt I water
Coolant f1rv rate m /hr (ppm) 114 (500)

8

Coolant pressure in test section, 1020 (148)kPa (psi)

Back pressure orifice diameter, 43.18 (1.700)m:n (in.)

Heat transfer coef ficient, W'm-2.g-1 %5700 (s10 )3

(Btu hr-I ft-2 .p-1)
(K Ag Ic max *

'

Time of occurrence of (K /Kg) , min $5g

Duration of experiment, min 30

f

i

I
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-
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manner fut demanntrating warm prestressing in a 991-nn-0D x 152-mm-wall (39-
in. x 6 in.) A508 cylinder in the normal tempered condition.

7.
PIAN OF RFSEARCH /OR WTURE YEARS

The behavior of nozzle corner flaws will be evaluated with additional
photoelastic stu les and analyses culminating with the test of intermediate
vessel V-10 to verify fracture prediction methods. Fatigue crack growth
studies will be continued to develop realistically conservative bounds for
inclusion in ASME codes that are applicable to assessments of pressure ves-
sei integrity. Low upper shelf weld metal will continue to be irradiated
and tested to obtain ductile fracture toughness properties, J te-J . to beg
used in assessments of operating pressure vessel integrity when flavs are
present.

Recommendations for minimum specimen size in surveillance pr> grams
will be made.

Inservice weld repair methods will be evaluated through the
analysis and testing of veld repaired intermediate pressure vessels. Recom-
merdations will be.made on the velding procedures and practices to obtain

acceptable properties, mininize residual stresses and increase welding effi-
ciency. A crack arrest experi.nent using thick sectiots geometry will be planned
and a test conducted to validate pradictive methods. The feasibility of per-
forming additional thermal shock experiments to demonstrate warm pres,tressing
will be established. Safety analyses will be performed using a reference cal-

culational rodel to determine the effects of various breaks in main coolant
lines and steam lines on the behavior of a flawed pressure vessel to establish
the significance of this class of accidents on nuclear power plant safety.
Cognizarce will be maintained of foreign research applicable to the safety of
light-water reactor primary systems.
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CONTRACT TITLE: Structural Integrity of Water Reactor
Pressure Boundary Components i

CONTRACTOR AND LOCATION: Naval Research Laboratory
Washington, DC 20375

PT.INCIPAL INT ESTICATOR: F. J. Loss

OBJECTIVE:

Assess materials behavior in relation to structural safety and reliability
fo; pressure boundary components of light water reactors..

Develop an understand-
ing of f racture and f atigue crack propagation pheramena in terum of continuum
mechanics, metallurgical f actors, and neutron irradiation. Identify cetallurgical
factors and evolve guidelines for radiation resi; tant steels. Investigate proce-
dures for postirradiation prcperties recovery. Evolve engineering criteria for4

reliable structural performance and long-term operation.

FY-77 SCOPE

Task A - Fracture Toughness

Develop a single specimen J-R curve methodology for the purpose of characte-
rizing the tought.2ss of irradiated pressure vessel steels. Compare the heat tint
and unloading compliance techniques to defir.c the J-integral toughness of a low
upper shelf A302-B steel.

Task B - Fatigue Crack Propagation

Characterize the cyclic crack growth data in LWR materials in a reactor water
environment at elevated teeperature. In /estiga t e the factors of loading rate,
waveform and temperature in the frauevork of the NRC preliminary matrix. Install
new autoclave chanbers and perform an irradiation of 2TCT crack propagationspecimena.

Task C - Irradiation Sensitivity and postirradiation Recoverv,

Investigate the degradation in notch ductility and fracture toughness with
irradiation, define propetties recovery with postirradiatica heat treatment , and
characterize the potential benefits to long-term service of cyclic irradiation-
anneal-reirradiation pracedures for reactor steels and welds with emphasis on
upper shelf toughness. Determine metallurgical variables, including residual element

and radiation variables governing property trends. Develop guidelines for ,

content,
iprojecting property changss as functions of metallurgical and reactor service

variables and for improving radiation characteristics. Conduct special radie' ion
;investigations in support of other NRC research programs.
!

Task D- ihermal Shock-Related Investications
|

Experimentally characterize the warm prestress phencaenon that can occur
in a flawed reactor vess 1 following a LOCA and operation of the ECCS. Assess
the added margin against fracture provided by warm prestress. Report on
initial program; initiate and complete second-phase progras involving a small
AT and issue a topical report.

;

:2

i
'?
I

g , 2
'

.,

, _ t, , .m __ , . . ._ _ _ ' - - - -
. - Ab

[3 1 !i () i! El



_ __
)

y

i

1 ih k['&)9| Y,
E

Qi

:

. SUMMARY OF RESEARG

Task A - f,rg ture Toughness j

I. J-Integral Characterization of Low Upper Shelf 1. eel

F. J. Loss, B. H. tienke, and R. A. Gray, Jr.
,

A program is being conducted to characterize the f racture toughness of i
+

pressure vessel steels that exhibit a low upper shelf energy. This investi- j

gation har, been motivated by the projected drop i= the Charpy-V (C ) energy, <y

to levels less than 68J (50 f t-lb), caused by irraitation of steels used in
t

the cot.struction of certain older LVR pressure vessels. It is necessary to

characterize the toughness in terms of fracture rechasics to permit an

assessment to be made of the margin of safety agai st fracture associated

with a given C upper shelf energy. It is not pessible to measure the tough-y

ness of these irradiated steels with linear elastic fracture mechanics (LEFM)
techniques because of the large sizes of_ irradiated specimens that would be ;

f
' quired. In thin sections,e.g., 25 mm. these steels are expected to exhibit j

in elastic-plastic behavior. For tests of this tne, the J integral-R curve f
approach is being applied ta characterize the Icw sbcif alloys and also to 't

4

pernit an assessment to be made of full-section beh.avior, J
e

The current ASTM-recocuended method for J neasurement requires several ik
Ispecimens to be tested in which the crack extensten ('a) nay be determined by

" heat tinting" and measuring the f racture surface. 5ccause of the dif ficulties
a

in obtaining and testing irradiated specimens, it is necessary to develop a ,j

single specimen technique for the assessment of beth J and the R curve. Th eg
caphasis in FY-77 has been to assess the unloading compliance method (UCM) as y

a viable single specimen J technique for applicarico to irradiated CT f
specimens. T

- i

Investigations have centered on an A302-B steel having an upper shelf $

energy of approximately 68J (50 f t-lb). The primarv ebjective is to develop

the UOi to a point where it could be used to predict the J-R curve obtained E

'yifrom the multispecimen, heat-tint technique. Additiccal objectives are (a)

to assess the ef fect of specimen size, and (b) to characterize the ef fect of f
f ace grooves on the J-R curve. In addition, a cceperative program was initi- j

ated between CISE (Italy) and NRL. The objec : ires ei that profram are .

U
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t(a) to obtain a comparisc n of the J-R curves for this steel using the heat tint
technique, and (b) to investigate size effects with CT specimens of 12.5, 25
and 50-mm thickness.

ne success of the UCM rests in the elimination of frictional eff ects in
the mechanical spparatus so as to minimize the hysteresis obtained in the

record of load vs load-line deflection. D e high signal amplification employed
also requires minicization of the electronic noise. In I'Y-77 the UCM was de-
veloped to produce signals capable of detecting a 0.12 run (5 mil) change in
ef fective crack length with a 25 mm CT specimen. Figure 1 illustrates the J-R
curve obtained from the subject A302-B steel using the UCM. Also shwn is the
value of crack extension determined optically from the heat tinted fracture face.
n e " error" is unacceptable and was thought to be the result of crack front
curvature or tunneling (Fig. 2). h e same phenomenon has been observed by other
laboratories.

It was found that face grooving of the specimen can effectively eliminate
the crack front curvature (Fig. 3). n e J-R curve for this specimen is illus-

trated in Fig. 4 Note that the UCM still uoderestinates the value of crack
extension measured from the heat tinted surface. Consequently, the difference i

between measured and predicted values of crack extension cannot be attributed to
crack front curvature. Another possible explanation for the difference in the
two methods for determining crack extension rests in the crack front irregulari-
ties. This fact may introduce optical reasurement errors that could lead to
dif ferences in predicted vs measured values of crack extension. Nevertheless,
until this discrepancy is satisfactotily resolved, further research is required
before the UCM can be applied, excitisively, for the assessment of irradiated
naterials-

The J values shown in Figs. I and 4 are approxinately 61 kJ/m (348 in.lb/in. )gc
at 200 C. n is corresponds to a K value of approximately 112 MPa/in. (102 ksi/in.)
shere K is a K Value C Sputed from J However, the preceding values may not jIc gc.
be typical since other tests at 200 C have indicated a large scatter in J jwithk
values in excess cf 87 kJ/m (500 in.lb/in.2). nis scatter is believed due to
metallurgical inhomogeneities in this steel plate.

]Over the near term it is believed that plant safety requirements can be met
provided the vessel material exhibits a toughness level of approximately 165 MPa/in.

[
(150 kal/in.). Results from subject heat of A302-B steel suggest a 68J (50 ft-lb)

!
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A302-B STEEL'

(200 C ; 3/4T ; IT-CT ;V50-15)
- 1250

200 -

J
- 1000

15 0 _ t 2r wf-

,

- s
N - 750 .o

E Io

ka x 100 - dlC=59 ERROR= >
~

- 500
f

50 1o e UCM PREDICTED
- 250

fo
o HEAT TINTo

MEASURE 0
8 | | |.

'

O.5 1.0 1.5 2.0 (mm)
i l i i l i l i I

L 30 50 70 90(mils)
CRACK EXTENSION Aa

O Fig. 1. Illuatration of the J-R curve obtained by the UOt. The test was conducted in the upper shelf region
" and the crack extension occurred in a ductile manner. The " measured" value of Aa was determined optically
W from the heat tinted fracture surface.
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A302-8 STEEL * FACE GROOVED
(200 C ; 3/4T; IT-CT;V50-20)

1250-
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g CRACK EXTENSION Aa
LT1 .- Fig. 4. J-R curve obtained from a face-grooved specimen. Note that the measured value of crack extension
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from the heat tinted surface does not agree with the value predicted by the UOf.'-
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upper shelf eSergy will project a K le el less than that required. Conse-
3

quently, assessment methods other than J may be needed to define tne marging
of safety associated with steels of low upper shelf toughness. For example,

,

the tearing instability model deve16 ped by Paris and ott.ers (1) projects an
alternate means of assessing structural reliability for steels of low shelf

' toughness.

Task B - Fatigue Crack Propagation

H. E. Watson, F. J. Loss, B. H. Menke, and R. A. Gray, Jr.

An experimental program is underway to enaracterize the cyclic f atigue
crack propagation (FCP) rates for steels used in LWR pressure vessel construc-
tion. A primary objective is to develop a conservative data base to permit
ascessment of the structural reliability of vessels containing flaws dis-

covered during in-service inspection, e.g., to augment Section XI, ASME Boiler
and Pressure Vessel ude. Tests are being conducted in accord with a prelimi-
nary test matrix designed to define the primary variables. Detailed investiga-
tion of these variables will be undertaken in the main program, he preliminary
matrix was developed to simulate (a) the hydro and leak transient, (b) the
heat-up and cool-down transient, and (c) the steady state of operation of a
nucicar pressure vessel.

During FY-77, tests were conducted to evaluate the effect of rise time,
hold time, temperature, reactor water, and starting IJC on FCP. These tests
were conducted with A503-2 forging material using 25-mm (1-in.) CT specimens.
The crack growth rates (da/dN) were investigated in terms of the stress intensit;-
factor, K . The FCP tests were conducted using both autoclave (288 C, 14 MPa)

g

and water pot (93 C, 0.14 MPa) fatigue test equipment. In all cases, water i

chemistry was carefully controlled to simulate PWR conditions. Crack length
measurzments were obtained from specimen compliance c'.anges referenced to the j

!crack mouth opening and FCP rates were determined by computer analysis using
the incremertal polynominal technique recommended by the ASTM.

All test data reported this year have been generated using a single
autoclave and water pot. De autoclave is adapted for irradiated tests which

wil'1 begin when the preliminary matrix is completed. A new autoclave, capable
!
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of testing a ICG-m (0-in.) thick VOL specimen, has been designed for hot
ce! .peratico and is in the process of being activated f or this program.
In addition, three autoclaves, designed to simultaneously test two 100-czn
WOL specimens each, are undergoing final acceptance tests.

De d.ata shown in Fig. 5 suzusar.ze the results from the preliminary
.as t rix. De figure illustrates the effect of (a) varying the hold time from
1 to 3 min, (t,) varyira the rise time from I see to 1 min, (c) combining test
variables (1 nin rise, 3 nin hold), and (d) testing at tesperatures of 93 and
288 C. An ansIysis of the data presented in Fig. 5 indicare. inat the highest
fatigue crack growth rate was obtained with a loading waveform consisting of
a 1-min rise time combined with a 3-min hold time. Nevertheless, a comparison
of these results with the crack growth rate for a water environment given in
ASME Section II (illustrated in Fig. 5) shows that the Section XI water line

'

is conservative with respect to the NRL data. However, further investigation
of the significant variables is required before a definitive conclusion can be
drawn concerni:g a conservative upper bound to the FCP trends.

Another phenomenoa, associated with the starting level of AK, was
identified by Westingho=se during the past year (2) . Results from FCP experi-
c.ents fron the same steel appear to exhibit a trend in growth rates that is

proportional to the level of II at which the test was initiated. To verify

this phenomence two tests on the sane material used by Westinghouse were con-

ducted with starting E levels of 23 and 45 MPa/m (25 and 41 ksi/in.), respec-
tively, ne resulte, sScun in Fig. 6, do not conclusively show an ef fect of
starting AK. Ecvever, it has been speculated that a lower threshold may exist
and additional tests are being conducted with a lower starting AK tc a sess
this possibility.

During IT-78 t2 sting will continue, as defined by the preliminary matrix,
using newly activated environmental chambers. When the matrix is completed,
the main program tests will be initiated.
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Task C - Radiation Sensitivity and Postirradiation Properties Recovery'

The NRL radiation ef fects studies on the notch toughness of reactor vessel
materials presently focus on the degradation of upper shelf toughness with 208 C
(550 F) irradiation and on notch toughness recovery with 343 to 427 C (650 to
800 F) postirradiation heat treatment (annealing). Within these two areas,
several subtasks are underway with the aim of developing key information for

prrjecting radiation behavior and cyclic radiation and annealing behavior as a
function of wtallurgical and service variables. The investigations are pro-

E

ceed'ing with plates, weld deposits, weld heat affected zones (HAZ) and forgings
'

produced ccxxaercially and in the laboratory. A summary of five specific subr
tacks investigated in FY-77 is given below.

1. IAR Program

J. R. Hawthorne, H E. Watson, and F. J. Loss

The objective of the IAR program is to explore the cyclic irradiation and
annealing behavior of older production (high impurities) reactor vessel welds ,

t
'

and plares to assess the potential of periodic in-service heat treatments for ,

I

reducing radiation embrittlement in vessels. At present, reactor versel steels !
I

must exhibit a minimum Charpy-V (C ) upper shelf energy of 68J (50 f t-lb) toy

satisfy the ASME Code (Section III) and the Code of Federal Regulatir as (10CFR50).
In the case of certain older vessels, it has been projected that this minimum
energy level will not be retained over the full life of the vessel because of

i

a combination of high radiation sensitivity and a low initial upper shelf.

The IAR program is exploring material behavior under two full cycles of
annealing and reirradiation. Additional features of the experimental plan are:
(a) the development of material perfomance data at the end of 2ach phase of the
irradiation-annealing sequence; (b) an irradiation temperature of 288 C (550 F);
and (c) investigation of two postirradiation heat treatment optiens: 343 C (650 F)
annealing and 399 C (750 F) annealing. The first heat treatment option of 343 C
annealing represents the use of nuclear or pump heating to attair the requisite
temperature on the vessel. The second option of 399 C annealing represents the
use of auxiliary heaters to bring tha vessel (or selected components thereof) to

temperature. While the latter option has the capability for achieving greater
embrittlement relief by virtue of a higher temperature, the removal of core inter-
nals (as well as the coclant) would be necessary.

33
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Two A533-B s".bmerged are welds and an A302-B modified steel plate produced
commercially were obtained for the investigation. Copper cuntents of the materials
are 0.35, 0.35, and 0.22% Cu, respectively. The welds were additionally selected
for their differences in C upper shelf energy levels (145 vs 98J or 107 vs 72

y

ft-lb). The dif ference stems largely from the use of different velding fluxes.
The pregram plan is to establish notch ductility and fracture toughness properties .

(K ) using standard C specimens and 2.5-cm (1-in.) thick com act tension (CT)
;J

specimens, respectively. Primary attention will be directed to upper shelf be-
,

havior under IAR conditions; transition temperature trende ;iill be explored as '

specimen numbers permit.
,

'Ibe radiation experiment test matrix for the program is shown in Table I |

TABLE I

RADIATION EXPERIMENT MATRIX f

288 C (550 F) IRRADL*. TION ;
j

Expe riment Specimen Designation Objective !Number Types
;

1 C IA Explore recov2ry by 343 and 399 C* (650 and 750 F) annealing.

2A, B, C C IAR Explore reirradiatica response of*
all three materials.

3A CT, I Determine IARAR performance of
through C, through Weld 1. I

3E IARAR
|

4A CT, I Determine IARAR performance of
through C through Weld 2.

"4E IAAAR *

_

*:he matrix will provide full information on both A533-B welds; information for

the A302-B modified plate will be developed only through Experiment No. 2. For

the first phase radiation exposure, the target fluence has been set at 1x10

n/cm >l MeV and was chosen for its approximate correspondence to the knee of the
radiation trend curve of transition temperature 'ncrease versus fluence at 288 C (3). I

Fluences chosen for re-irradiation exposures were not 4.s hi.h as the initial value,

since full recovery was not expected for efther the 343 C or 399 C postirradiation

heat treatments.

Program progress includes the completion of all irradiation, annealing, and

re-irradiation operations for Erperiments 1 and 2; examples of experimental results

are presented and discussed in Figa. 7-9. Reported fluences are
34
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preliminary values. Additional progress includes the recent completion of

radiation exposures on Expariments 3A through 3C and Experiz:aents 4A through 4C.

nree prismary observations evolved f rom the experimental results to date:
1. De effectiveness of a 343 C (650 F) postirradiation heat treatment appeats

to be limited for conte al of radiation embrittlement in that a high frequenc.y of

annealing would be regstred for T-ent.s, i.e., et alternate refueling outages.

2. A 399*C (750 F) postirradiation heat thatment does appear to be an
effective method for control of radiation embrittlement in the context of the
present irradiation and heat treatnent conditions. Because of the high overall

Escovery achieved, only infrequent annealing ruld appear necessary for embrittle-
ment control. j

3. Full upper shelf recovery but not full transition temperature recovery ,

was developed by 399 C (750 F) postirradiation heat treatment for both welds }
following first cycle and second cycle radiation exposure. |

i
11. Lru Fluence Radiation Effects Studies i

t

J. R. Umwthorne ;
,

Studies on the ef fects of low fluence irradiation on notch toughness were [
continued in IT-77 in recognition of the limited data available for judging j

changes in this property early in the life of reactor vessels. Data acquisitions
_

!
vere carefully planned to help establish the degree of conservatism in NRC

Regulatory Guide 1.99 projections of embrittlement at low fluence,and alternately, !
i

to reveal areas of possible Guide refinement. ;

4

Several commercial production materials (plates, welds) were evaluated. I
t

Impurity copper contents ranged frcxn 0.10 to 0.35 percent copper and were chosen j
#to provide a range of radiation sensitivities. Experiments focused on two
$18 18

fluence levels: %1x10 and %x10 n/cm2 >l MeV. An example of notch ductility f
d

changes noted for one veld at successively higher fluence levels is given in %

Fig.10 Experimental observations are compared to Guide projections in Figs. h
5

11 and 12. p

ne investigations have determined that (a) the adjustment to the reference
r

temperature (i.e., transitien tenperature elevation) increases very sharply with i

18 18 2 E
fluence in the interval of lx10 to 6x10 n/cm ; (b) the transition temperature j

1
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is more readily af fected by low fluence exposure compared to the change in the
upper shelf; (c) measured upper shelf reductions are in good agreement with

8 18 2Cuide projections at %x10 but not at %1x10 bp e % &.

upper shelf reductions observed for test reactor irradiations (small) appear
inconsistent with those by power reactor irradiations (4) (large) at six10 8

n/cm . De inconsistency of test vs power reactor radiation effects revealed.

by the studies is considered to be an important area for future investigation.

III. NRC-CE-NRL Cooperative Program,

J. R. llawthorne

The NRC-CE-NRI. Cooperative Program was established to complete the transfer

to commercial practice of laboratory and demonstration test findings on the
effects of steel impurities on radiation resistance. A specific objective was

I

to establiah trends in radiation resistance for A533-B materials representing
prcgressive reductions in allowable copper content. Three serica of materials '

Jwere used: Series 1 (normal copper content, _0.15% Cu); Series 2 (low copper>

content. 0.10% Cu max); and Series 3 (ex'tra low copper conteut, 0.06% Cu max).

Series 3 vs Series 2 investigations on relative notch ductility degradation
have now been completed. The objective was to establish whether or not a

greater degree of radiation resistance is obtained with a very low copper content
(optic:um steelmaking practice) compared to a low copper content (improved practice
only). Figure 13 compares the results for the Series 3 naterials to the trend '

observed for Series 2 materials. The trend for Series 1 materials is also shown.
From these results, it is nrv established that a further reductulon in maximum

$

allowable copper content from 0.10% Cu (new ASTM specifications) to 0.06% Cu l
(best steelmaking practice) will not substantially i= prove 288 C (550 F) radia-
tion resistance for this i.ype steel. It can also be concluded that, for most

)projected applications and fluence levels, the new ASTM (and AWS) specifications j
will serve the needs of industry well for radiation resistant vessel materials.

(

j$
IV. 4TCT Progrca Support Studies

J. R. Hawthorne
j
i

Rad'.ation assessments of NRC 4TCT program materials are being conducted to j
develop advance information on material upper shelf reduction vs fluence trends.

f
Tb- assessments, accouplished with Charpy-V specimens, were required to help I

establish proper exposure levels for the main (large 4TCT specimen) experiments.
4
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Wree radiation experiments were *:onducted in support of the 4TCT program this
year. Rese experiments involved five welds f rom operating reactor plants
that are expected to er_hibit a high sensitivity to irradiation embrittlement.
An example of the results from the NRL experiments is shown in Fig.14 in
which the upper shelf toughness has dropped to 49J (36 f t-lb) af ter irradiation
to a relatively low fluence of 6.4x10 n/cm >l Hev. ne significance of this

low upper shelf e.aergy is being assessed in terms of f racture mechanics by the
4TCT specia-.. as part of the HSST program.

V. Influence of Pieta 11urgical Variables on Upper Shelf Radiation-Anneal Behavior
J. R. Hawthorne

Systematic stisfies of metallurgical facters gaverning or contributing to the
degree of upper-shelf degradation by irradiation and the extent of upper-shelf
recovery by postirradiation heat treatment have been undertaken. As part of this
effort, two exploratory investigations were initiated in FY-77. One focuses on
the significance of initial (pre-irradiation) upper-shelf level to postirradiation
upper shelf trends; the second was designed to explore the ind*.vidual and joint
contributions of sulfur, copper, and phospnorus impurities to steel behavior and
involved specially prepared laboratory melts (Table II).

TABLE II

LABORATURY MELIS PREPARED FOR INVESTIGATION OF SULFUR,
COPPER, AND PEC3PHORUS CONTENT EFFECTS ON POSTIRRADIATION UPPER SHELF

Composition (Wt%)
Helt* Modification S P Cu

1 A .015 .003 .15
B .015 .015 .15
C .015 .025 .15
D .015 .025 .30 }

!

2 A .025 .015 .03 -

B .025 .015 .15
C .025 .015 .30 '

D .025 .025 .30
* *

ASTM A302-B base composition.
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Preliminary findings include the observation of comparable radiation resist-
ance in strong versus weak test orientations for the case of low copper content
(radiation resis(ant) steel plate. (A companion test of high copper centent
plate with highly directional properties is planned.) In a companion test, a

j
simulated weld heat affected zone showed a higher apparent radiation sensitivity j
than the base plate in the weak test orientation. Preliminary results from the
second investigation suggest an effect of sulfur content on upper-shelf behavior
(Fig.15); however, alternate explanations for the experimental observations are
under study.

Task D - 1hermal Shock-Related Investie,ations

1. Investigation of Warm Prestress for the Case of Small AT During a LOCA
F. J. Loss, R. A. Cray, Jr., and J. R. Hawthorne

During a loss of coolant accident (LOCA) and operation of the emergency
core cooling system, the inside wall of a nuclear pressure vessel is subjected
to high thermal stresses (i.e., thermal shock) that may cause extension of a
preexisting flaw. During this event, the applied K can achieve a maximumg

early in the tranelent as illustrated in Fig.16. However, the maximum K may
g

not exceed the critical (Kg) level for crack initiation until a later time at
which the loading has decreased from its peak. The fact that the material was
loaded, at elevated temperature, to a value that exceeds K at some lowerge

temperature is terned warm prestress (WPS). It _s believed that this phenomenon
a

can precluc'e crick extension when K g equals be during a thermal shock accident.

The potential benefit of WPS during a LOCA is that this phenomenon can

result in a predicted crack extension that is much less than the value computed
from an elastic analysis that does not consider WPS. In order to establich a
technical basis for the use of WPS, an experimental program was undertaken in
which notched three-point bend specimens were mechanically loaded to simulate

the load vs temperature path in the region of a longitudinal flaw during a LOCA
as in Fig. 16 (5).

This study serified the hypothesis that failure does not occur during the
period when K decreases wM th foHoving M even dough th K level exceedsg

y
the K of the virgin material. Furthermore, it was demonstrated that WPS producesgr
an effective elevation fr. KIc whose magnitude depends on (a) the level of WPS,
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(b) the magnitude of the AT between the temperature of WPS (Typ3) and the
failure temperature (T ) (Fig.16), and (c) the a:x>unt of unisading of the

F
crack-tip region f rom the warm prestress level. These obs< rvations were used

to project the degree of crack extension dLeing a lhCA in a reference calcula-

tional model (RCM) (6) of a cornercial, pressurized water reacter vessel. The

RCH was used to construct a " worse-case" condition in terms of a steel that is
highly sensitive to irradiation ecupled with a high fluence level such as

encountered near the end of vessel life.

The preceding program inytstigated a wide range of parameters that, in

some cases, imposed conditions that were more severe than those projected for

the LOCA-ECCS, Also, because of limited material availability, it was not

possible to address the case of a small AT. Since the latter is characteristic

of the projected behavior during a 1DCA, a follow-on study was undertaken to

demonscrate the phenomenon of WPS in terms of a small AT and to develop a corres-

pondence with the results of the preceding program.

Investigation of a small AT presents certain dif ficulties in data inter-

pretation. Because of the finite width of the K scatterband, coupled with a

K level that must be imposed at a temperature above the K 1 wer boundary,gp3 k
the failure levels also must lie within the K scatterband. Consequently, ank
uncertainty exist; as to whether the specimen fracture level is in fact a

consequence of the WPS or whether it is simply the result of K s atter. Tok
address this question the progran included the testing of many specimens at a

single te=perature to permit a statistical analysis.

Th* results of th( current study (Fig. 17) are consistent with the trends

evolved previously and therefore peruit in optimistic assessment concerning

vessel integrity during r LOCA. Tne major observations concerning the specimen

behavi r are (a) f ailure did not cecur during the simultaneous unloading ands

cooling f ollowing WPS even though the critical K of the virgin material was

attained, and (b) without exceptico, the failure level exceeded the level of

WPS.

A stetistical analysis of the specimen fractures within the X scatterband

has demonstrated that WPS produces ar increased resistance to crack initiation.

For the case of a scall AT it is therefore concluded that while WPS may not
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t{
eierate the tougeness of a material wMse K would be greater than g g, it &

. will produce an effective ( elevatico in material of lower toughness so that .@

a value less than K will not be cbserved. D
yp3

Vith respect to crack extensico dr. ring a 1DCA it was concluded that this <
L

' event is precluied during the period ci decreasing stress intensity with time
following the VPS since this behavior razoves a necessary condition for fracture b

?,
initiation. However, minor temperature fluctuations in the ECCS vater also w

,

will occur. This variation could result in a momentary resersal in the monotonic

decrease in at the crack tip. Fortsnately, the preset.t studies have demonstrated
that minor perturbations in an overall decreasing K trend are not significantg

in that fracture is prevented unless the WPS level is exceeded.

Collectively, the two studies haw provided a means for projecting vessel
integrity during a LOCA-ECCS based upco the WPS phenomenon. While certain areas
may r7 quire additional study to fully characterize vessel performance for all h
material con'ltions, it is concluded that WPS can provide a positive mechanism
to limit crack extension during thernal shock. In terms of a reference calcula-
ti.r.al model of the vessel, under assaned worst case conditions, it v.is concluded j

t

that while WPS cannot prevent the initiation of shallow flaws, this phenomenoa g

hwill limit crack penetration to a depth of one-third of the vessel wall. Thus

k?S may form a key element upon which to base assurance of vessel integrity
during a LOCA. a

N
W M RESEARQ1 PLANS hg

Tasl A - Fracture Toughness y
D

In FY-78 we vill continue to develep .the unloading compliance technique and
R[.

dem:ostrate its capability for testing in a hot cell. The method will be applied to Q
h,characterize the upper shelf toughness of ITCT specimens that have been irradiated -

as part of the IAR program. Site effects studies will also centinue.
,

Task B - Faticue Crack Propagatico
,H

Continue investigations of f atigue crack propagation as a function of environ- (:q

nest (temperature, water chemistry, irradiation), loading variab? ' cyclic rate, t.y
.

1y

waveforu) and specimen size. Place new autoclave systems into operas Develop $
cc

a caiservative data base to verify an$ improve ASME Code (Section XI) procedures bn
relating to fatigue crack propagatico y

w
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1Task C - Radiation Sensitivity and Postirradiation Recovery '

l
Complete exploratory investigation of steel irradiation - anneal -

reirradiation properties behavior, including establishment of fracture toughness i

N
trends. Commence study of benefit of periodic annealing treatments to properties 4,

iretention for other radiation exposure (fluence) conditions. Continue investiga- ,
tions of metallurgical factors influencing postirradiation upper shelf level and }

'

anu.aling response. Complete postirradiation studies on laboratory melt series
having statistical variations in S. Cu, and P impurities. Commence radiation
assessments on A508-2 steel forgings. Explore possible causes of inconsistency 9

found between pruperty changes produced by test reactor vs power reactor radiation
lexposures. Conduct investigations in support of NRC 4TCT program as required, g
*

Task D - Thermal Sheck Related Investigations

No further work is currently planned. f
Y

?
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l
1

CRITICAL EXPERIETS, MEASUREMENTS AND ANALYTT.S ID j
ESTABLISH A CRACK ARREST HETHODOIDCY IVR NIEllAR j

PRESSL'AE VESSEL STEELS w
i

J
Contractor and location j

4i BATTELLE jCol mhus Laboratories r
505 Fing Avenue

)2Colmbus, Ohio C3201 U
g.

C

Principal Investinater j
.%
%G. T. Hahn
4

$
3

.The objective of this program is to provide a complete
1

characterization of crack arrest as related to the primary system of LWR's
$and especially to the RPV's. This includes critical experiments to
$

validate arrest theory and to verify dynamic analyses; develesment of a f
s
"standard testing procedure, including specimen design; acquisition of an
h

arrest toughness data base on RFV steels; and analyses usicg these data 5
.;

to assure safe operation of LW's. fy

1

1,.e

1Y77 SCOPE
E
t

fin 1977 the program was divided into a management task and
.y

the following 6 technical tasks. jt,

'

DJ Dynamic Fracture Hechanics Analysis. A two Minensional, I
U
fdynamic analysis of aa axial crack propagating radially in a cylinder

U
aubjected to thermal stress was assembled. A preliminary analysis of [

1;

the ORNL Thermal Shock Erreriment TSE-4 was compared with the res ilts 9
Y
n

of the experiment. In addition, two-dimensional dyna:nic analyses of O
O

SEN and compact tension-type crack arrest test specimens were carried {j
fi
<3

out, n,
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4

.

.

(ii) Standard Test Practice. A test practice for measuring

the crack arrest toughness, K , of unirradiated and irradiated nuclear )7
2

steels and weldsents was developed and proposed to ASTM. '

.

1
(iii) Deve l opmen t of a Crack Arrest Toughness Data. Systematic

.

measurements of the crack arrest toughness of pressure vessel steel and

submerged are weldsent including several heats of both A533B and A508 were
1

.

*

begun. Preparations for irradiating test specimens of a high copper
,

weldment and the testing of samples in the irradiated conditions were also

initiated.

(iv) Cooperative Test Program for Crack Arrest Touchness. A

cooperative test program was organized to familiarize industrial
,

laboratories with two test practices for measuring crack arrest toughness.
,
,

l
(v) Cocoerative Proeram wi th the Universi ty of Illinoi s. k

g

bTheoretical studies of a rapidly running crack in a DCB, CT and ring 1
%geometry were carried out under the direction of Professor H. Corten at Y

kthe University of Illinois.
E

4

h
PROGR AM SDMARY T

.d

The Battelle crack arrest program involves analysis and J
s

experimental work. Part of the research is being devoted to the develop-
,

5ment of two-dimensional, dynamic fracture mechanics analyses of crack 5
y
Jarrest, initially of the events studied in the laboratory and those of 4
s'
#structural interest. The analytical work is being carried out by &
L

P. C. Cehlen, C. Popelar, and M. R. Kanninen. Additional analysis is
bbeing carried out at the University of Illinois under the supervision [
t'of H. T. Corten. The experimental work is aimed at the validation of
E^
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4

i

I

i

:

I

ithe analyses, the development of a crack arrest testing practice, and

the establishment of a crack arrest data base for nuclear grades of
I

steels. This phase of the work is being led by R. G. Hoagland, together !
. ;

with A. R. Rosenfield, C. W. Marschall, and G. T. Hahn. Overall responsi- 3
3
J

bility for the program rests with G. T. Hahn. ,

i

The najor accomplishments of FY 77 were the development of test D

.

lprocedures and the associated numerical analysis to the point that a y

reliable K , data base can be generated and the methodology validated by7

a cooperative test program. Initial inputs into the data bank were made. h
9

Substantial progress was made toward extending dynamic analysis to cracks f
h

propagating in cylinders under thermal stress. e

i
S

fDynamic Fracture Mechanics Analysis

1

E
Two-dimensional, dynamic LEFM analyses of run arrest events in K

the compact tension specimen have been carried out using a finite differ-

ence procedure. The calculations treat stif f wedge loading and both .

E
ordinary and duplex specimens. The results obtained show that run -a r re s t [

)b
events in the compact tension specim.en (see Figure 1) have the same features fii

. N

as in the DCB (double cantilever beam) test piece. Cracks propagate at b
y

-1 -1 G4
essentially constant velocity in the range 300 ms to 800 ms Sinosoidal +.

W
A

variations in the crack speed, shown in Figures la and Ib, appear to be an y
pa

artifact of the model arising from the way crack blunting is simulated. h
#

Figure Ic illustrates that kinetic energy is returned to the crack tip and
r

invalidates the static entlyses of crack arrest for crack jumps La/w > 0.25. f
i
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For small7 jtays the statically calculated value of stress intensity at

arrest, K , provides a good approximation of K the crack arrest toughnessg g

of the material *. For larger jumps, K increasingly underestimates theg ;

arrest toughness (see Figure 2).

i
The calculations provide a set of reference curves defining.

f
|the relations among the crack jump, La, the stress intensity ratio J

) and the crack velocity, v. Reference curves for the compact#
K K
ID Im

|tension of specimen are reproduced in Figures 3 and 4. The reference curves
i

are similar to those previously obtained for DCB specimens and make it
dpossible to infer

# bm an crac vel e ty r m wasurements of KD
Q

and 6a. l

The finite difference procedure has also been translated into i
y

polar coordinates to treat the problem of a long axial crack in a cylinder

that propagates radially under the action of thermal stress. The aim of
{j

this work is to provide dynamic analyses of the ORNL TSE's (Thermal Shock p$
I.Experiments) and of hypothetical thermal shock events in full scale I

vessels. Results have been obtained for the model of TSE-4 shown in
GFip,ure 5. The static stress intensity calculated at the onset of crack
iextension is very close to the value derived by ORNL from a finite element
3,

0
analysis. A preliminary dynamic a.talysis of this experiment, La/w = 0.1, [
indicates that the crack propagates w;th essentially constant velocity $l

a
W(Figure 6) and that no kinetic energy is returned in this case (Figure 7). Y
hl
p

(
The quantity K is the material toughness encountered by the propagating

QID
.a

crack which can be a function of crack velocity. The quantity KIm is the -)minimum value of KID with respect to crack velocity. The quantity Kim is 9is regarded as the crack arrest toughness of the material because stress Y
intensity values smaller than this minimum cannot sustain continued propa-

{gation. The quantity K a, also called the crack arrest toughness is an hl

estimate of K , obtained from a static analysis of a run arrest event. 2g
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O Ccte i , normal CT specimen
O Case 2, duplex CT spe:imen

''O %,N. Oo a Case 3, duplex CT specimen
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Standard Test P-a c t ic e t.
r.
I

A relatively simple test method for measuring KID '"d Im" b
e,.

'

d[
Ivalues with ordinary and duplex DCB and compact tension specimens has

beer developed. The method employs the reference curves obtained with *)
t
'

the dynamic analyses which are valid provided the loading system is stiff g
and relatively little energy is excaanged between the loading system and .

fthe test piece while the crack is t ropagating. In this case K ~ '"ID Im" h
hvalues can be inferred from 2 simple static measurements: (i) the load
u

point displacetrent at the c:: ret of propagation (which defines K ) and (ii) hg
fj
hthe crack jump length t.a (obtained by heat tinting after the jump). A

.h
practical procedure that embodies these features with a measuring capacity n

x]
fer "la 200 MPam /21

*

r < : " Proposed Tentative Method of Test for Fast Iy
Fracture Toughness and Crack Arrest Toughness" has been submitted to fh

(h;
Am E21.03.04. C

2
Fully instrumented crack arrest experiments were carried out on f;

b
cocpact tension specimens to verify the proposed test procedure. Initial y;

h
st*2 dies ceployed the pin-loaded, longitudinal wedge-loading arrangement $f

U;
n

previously developed for DCB specimens (see Figure 8). The experiments ai*
b,y

revealed surprisingly large arm movements during the run arrest event as Q
ty.

p(jillustrated by the results for Specimen DA-59 in Figure 9. In addition,

crack ju:sps were substantially larger than those predicted for the measured kg.;
crack velocitics as shown in Figure 10. These effects were traced to C

fr
inadequate load system stiffness, which result in tb- transfer of addi- fQ

v3

k[tienal strain energy (the excess energy in Figure 10) to the test piece d
UTe

while the crack is running. 9-
) 1

64 "Q,
?

y-
,

9

W
' |hN

n
,g,m,;.w ww

._
_

_____ y u /_; &{..EWM}?rsmqviswwa,..Auku my ._ . ,

1

815 070



n
'

UJ

. ..._-g.
s;-c

I i

-
g- A_ 2awm ?>

. J
- #"-%*M.L yur, +," y~&. , - .v% ,. .W, , . ~ , I, . .i -

.

*<_ ~ - ,W ?:y1 p,f % *|J C; +
WhD&* m,L$w;:

pyh h;7w .*~;,p C A -

T!$$a , $, 5%x.; , & ,. W.m.s -
%.sh ; AW A m,p . .. M ;y<m<.p m w.,ne,e w =q<w ~. z . ;t~n -
.s m

*e .p|'.iy;.g g\ W:
w

,W; q .R @5''& > %m h'R & a,,, ? ' D" Q?y n %* ' 1
..

v

p r.a *;J @e..w. %,
k

- rWis.P A 7

.>m.. m.4WQs,9.- 9w - 3.m;i4 E d. '.h.:m%pA
27, h

r w.:o ;W .A . ywas %. w.
r

m m. y<
<.w i.fG -

.ww , en
www'45 44e;L; &Q9 9:

.

.
.a g y . pp j/ f' ' * y'~; ; d. :

,

%;? s, ;h .tg,y%m. ,4 . g .x J F;g%. + Oy e,
w$

:~.;p*w w ,.y w n, y9. c .

.

a*.a m m
n y t s.c r .,s. * s w;c.

.

w Myw;;gy q? ,7, gym , u-, . -:w w y.s . -.m. M d. 4
,m

(w y''<% ,s .s , ww&,. ,y .W|u@g"*6 .Q- , M ? y|,
,

*.

|.v-.

, $9 uQQ \.
U WN8' "

%. . o.e 2 ..%,. s u eN'& ', 'k & Y' jfW &DWh&h'W|&
,

*

'4
a v .m.w;~.w w .; v, ,,. Zie (W%' 7 %y'vh us %oq- ~.v4J, a v g g .m 4 .s w x > p,7v..

.p L

$$p&y m.x v rd. M M M W l W 1 M+,
.. w m

$ $ 5 %nA,R : y( @. 9 m k $.f m g t;e.s3 0:%s p Ef-W Q Ry g $ $g f ,*N M |% M A. N

Nt g>.-.n

% d O

MMM g$7
d - het - W N r:% s - 14

y1 , .%). W W O,- w . g.WQ-M Q-dg ;f, g .p. q. ~4,. %v u -_ _ -. .n~ m, . pr n.m.* w ., o( e,* c~ . a. .w,,.g.4 m m . %e ,
<, a,. u - -

&.v.e ~

.,4 % m:.?c y y ., > > < y, m,g ,p1n s,g]q wy%, g;t;pt &,s. A % .c,.A eg'&w. %qhy ,1z f pf, f
a cr s w; nsw n 4

y p. 4. 3.
3 syx A%p.g, a i. rf . 4 Wh. 9,'. . N, .,.- i q.Q e.&m,n %s gy *wD hhswA Q s L.yy*~ M 3pMu me 1y-mm.w s

y n. 4.W,4 +. 3 . g-t u
a . 6 .a< 4@a .e py.vj/; W p W ]a y. G. w -:nn. n.. Af W.No

.m;w m e~., ww :

g~4 g ,W * M #+.
.p , . . c

.

,e T~sm s wg..Q, ts - . aa
a ,, gy ;;g' a.

.u. n ;ay QQ9, ~_w, .4gs...+q
,. m *h ' &. t v % W ,, g_.v m

.
, ma m.m. ,.

q.C WM,' ; * *WiF r% 'N ,M:/:w ';.W.M u %%n;5 *V. ,4
.

y%g.9 % ;r -e*s -

d,f 4 QQW j U4 ,%

h_: p% ~R%,$ff3 Q ,M Q j; %.$%,Mj,Jr,i $,p?d plt :.
_ y m ew-_q ;

. .g ..

@f@ ' ' , bWOYjQ M. .- ,,, ,w ow n+. v #, n 3c
w w. w; * . _ . w, y_. w

- - ' Afh,a . '

j f@*. fW.Y' W.
" #o a.

%>%.;/jY , J& 1& 9
_nf

h,.
n ' ,x %,. : ~ w

:. .~m x e:

. ,, n.4. N'% W s %n .W. 7 ,, f. , ,'N
K+yn ;;n._. y

-
. w. m

r,
.

<<s. . sm m ' n. =ww . .

a J/ 4&p*y. 2_y c

' , w.GQ
-

. a.7;q A
u w w . ~.e 4 %v.h ya.

. .p 3 * p yt v. ti;
. 9,. .

. . el '. . s.m
.-, . p .'cn >w ,

,.. ,u.m 'g, ,1... n
n w e;x t

~ :
, .

--
.

.e. 1, ,p.vm. ,
.

.. t n:
-

w.
.. .

. : n , : 3. . o. ,
4ee _ma o a. ; ., , . . < -~ ,m, p :

.
.

,g;. p m, v i,.
_ r,

u .m. .. . .
e d.qp; w v *k ~s)

. - + a,. -
- ~ . -

; r 4". ''+w g, p%. . . . , ,
. u>q~ ~ , * J.. ~

.

. . , ; r ;g% , F' 9..;. s .r
.,y . s..u . ..

J.M %y. s .e-
. .

Y L c ,.~.m.n
.f ; ,,q i w ac

ga . .~aw %,.a..._. w;:.fhv ? . ,
J V q~, ;a. %:: w. p '1

; < e q.n. . y
:m> x w :< . .m. . . y_ ww av, .

. ? . ._*e3 .)
-..,a. .

4.a ,' y V.e ,- .F

, ~ m.pa a w'a * % e| N. t- , ,. 3'< p * = p;w,..h,,y .3 y.A * *?.w ~ , , , ,r.6u,>&m . ,n
- 7. , W *. y .-w pd

,

1.- #1 4 . x e, a s. . -f .g
;a*

,,'%p ,e
<

.a : 9 > #.w j . 7",.6 : .4 w.v,,M ;a..W,W q~ % ..r 4: p,;w%.:f 4%mg*M q:
?' . er +

u- 3 s ; m . .d ,.e .!c %,.u , e F 1 .,.s..

+%. -

r
2 s n i e ,c y a x

.#- sig -w , A@v p
%g?gw .;v, . ;. 4 zu m y q,r s c @3.oy'l%. g-W ,f y a- <

2' 's .& Q &'4%4ff L 9 *

We , a,m. . w ;*m. %.q, e. CM%q.7,y; y
- p s .1 3. g.*;ys. v. . . . w. . :

m, :>. .

g-,s c,t w,
,

v. mr S. - G Vb_7 m+o
V % N't@, % , ;U.:. n.,.M ;p?,.u

,

M.mq+~ ;W;%g.XV.N_. '., W.r-,4-/pg%Q ap@p .< rn. y m, o;: g nsc.g; ,. y , @ Q ; W
.- . - mM4 4.M tp- N

s, . _

,-.t W , ;..

dW .C d I.

.

',,ng ow'.A' j@.t$ D sa ;f.s r ,. .. ru-y., .:nn v
..| g q ma a f.syo .Q p,.w. oW+a ,a,n A.. yp., . e q. 7, p y~ y

c. .v -

: ne - v . w eww
7 M .<i., $ b: y; 6,, D d C , M, ~f M E (M. mM; 'Az

[-[i

'a..ay 2%3Xc .-

xv ,M :. s
.

y'
w-

,

b, .4
FIGURE 8. COMPACT TENSION AND DCB TEST SPECIMEN DESIGN SPOVING IDNGITUDINAL

WEDGE, PIN IDADING ARRANGEMENT, AND DISPLACEMENT CACE _ ;
-,

NOR ORIGlWL e
'

-

,
_

-m_ _ _ - _ _ . _ ._ - el Mank,meha,

.

.

815 071



l
..

g
.
4

i
|
I
a

$

h..

l'
: 200

g g g , |q
DA - 59 N

w
430 m/s 3

-

5ISO 0.75 e
~

~

O .g.

/ ?
i

EE 100 0.50 E-
-

<AE
'g.:-

C c -

o.9 o
E ;c2

E 8 TAo O Crack Position
w Daspiacement - 0.25 o. ed

OW 50 -

. 4
x 5 $!O

.i TCo
O 3

E $-
I I I i u x0 o e oC 'F

0 W-

DA-|07 $ 0
- e
2 9
0 $50 - o.25-

w
EW
c<
jth ,

[e ,

:H
! | | |

'

?
su4

0 200 400 600 800 1000 O
Time, sec k!

O
FIGURE 9. DISPLACEMENT OF THE ARM OF Tile COMPACT TENSION SPECIMEN

'

DURING A RL'N-ARREST EVENT. Top: longitudinal wedge; j;3
bottom: transverse wedge .Vf

,i, i
66 t^1

, s,

.

3,
_

b-<
'

ii s
ht.-

} ' ?,

__ __m..__ . __ _ __ .m . __ _ - -

_. , kw: _ A '

BTS 072



67
.

e
~

0.2 $
r

A
iA

h
n
v

10 % (i Spec Pin C LT
Symboi Type Dio C Spec. h

CTO 44.4 0.88 20 %; 3en 7
/ d0 CT 44.4 0.88 / e

i=
:B = 25.4 mm O .g
U/

/ 50 % hl
,- u

.h4
o i ',
O o,3 o Excess j3

_

) / /
/ energy . .;,Ordinary specimen .

/ h
E/ O

! / 9
/ / .C.

/ !#

/ :b
93

|
i:-

$/
I W
I Q

/ b
/ Duplex specimen ?[

k
I

1 i I I I I I I y$
0.0

O O.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 g
ha/W u

:-:
'/'

FICl'RE 10. COMPARISO:. OF THE MEASURED AND CALCULATED RELATION BET %'EEN
CRACK VELOCITY AND CRACK JUMP DISTANCE IN IllE CT SPECIMEN 'ff

x i;
w

c:
Y

}

|i-. _ . . , _

If)
- m' " -

-- - - - - _ _ . _ _ . . . . . _ . _ _ _ _ , . _ , , , ,

815 073



,

i
l
1
a

di

7

i
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a
4
hAn alternative loading system, involving transverse wedging
h
ithrough a single hole in the test piece was found to be ~10x stiffer.
'e?

s>The configuration of the specimens and wedge are shown in Figure 11. The
isubstantial reduc tion in load system compliance can be seen in Table 1. 9
h

Results of instrumented tests of compact tension specimens with transverse U
~

Y
vedging were found to agree with the dynamic analysis (see Figure 12) and i

N
provide verification for the reference curves. $

Yi
P

iData Base #

$
)

Systematic reasurements of the crack arre ' toughness, K
Im' %)

nuclear grades of steel are underway. The ecasurements employ th pro- {M3
t'

posed test nethod, 2 in-thick compact t en s i.'n and DCB specimens, and are ks

C
being carried out in the range RTNDT to RTSDT + 100 C. The program jf
includes A533B (2 heats), A508, a weldment (Type MIL-B-4 high manganese- ye

P.mnlybdenum filler wire with Linde 0091 flux), samples from the " quenched- C
r
Vonly" ASC8 Thermal Sheck Experiment, and irradiated A533B and weldment.
15

jPreliminary results in Figure 13 indicate that K -values are close to
Im i

&
Kgc, well above both the K -curve a.nd the trend for K na ues. The

* ;y
IR Id gj

FK ,-values are believed to be larger than K because of the many duc tileg
Id {

ligaments generated by the cleavage fracture process. Examples of the:c j(e-
T*^ligaments can be seen on the broken and heat tinted fracture surface as
Il
g-

illustrated in Figure 14. -

.T.
D
-{*

The quautity K is the material toughness experienced by a rapidly loaded I:g9stationary crack. g

" . . ^*-
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TABLE 1. p

COMPARISON OF THE RATIO OF LOAD TRAIN-TO-SPECIMEN
COMPLI ANCE Ft.R SEVERAL LOADING CONFIGURATIONS h

$
~

-
--

+g:
-.

.

fLT i1.oading Method 4 *
spec l'

eLongitudinal Wedging
li.
%25 m thick CT; 44 c::n dia. round pins

25 m thick CT; 44 m dia, pins with [
0.88

19 mm wide flats 0.52 $,
'

,

25 m thick CT; 58.7 c:m dia. pini with d
19 c:m wide flats 0.42 $,

'

r?fTransverse Wedging 2

3''250 m thick ct; 52 m dia. split pin 1

0.053 ,[
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Cooperative Test Program
;

A cooperative test },rogram on crack arrest toughness measure- ,

ments, was organized and will be carried out in 1978, under the auspices

of ASTM Subcommittee E24.03.04 on dynamic testing and its Dynamic

Initiation and Crack Arrest Task Group. The program is designed to

familiarize potential test users with two candidate crack arrest toughness

measurement procedures. Each participant will receive 10 test pieces made

of a comon plate of A533B steel and will examine the test procedures,
,

described above and a similar procedure proposed by Materials Research
4

Laboratory, Inc. At this writing over 25 institutions and companies, in- ;

cluding 10 in the United States and 15 in Europe and Japan have made

comitments to participate. nicsults of the program will be reported at an

ASD1 Symposium Scheduled for November 9,1978.

$
Cooperative Program with the University of Illinois "

:
A method has been developed to obtain the transient dynamic 't

stress intensity factors for a class of plane-strain finite crack problems

in which a crack may propagate at nonuniform rate under the action of an !
5

1arbitrary time-dependent normal tranaction on the crack face. As extmple i
1

i

problems dif f raction of a uniformly incident dilatational wave by: y
*
L1. A stationary crack,
7
1

2. A propagating crack with constant speed, and d

3. A suddenly stoppir.g cracl propagating with
4
3

ccnstant speed was considered.

t
+

L;.samic stress intensi*y factors mere computed for a wide range f
f

of time in each problem. f
e
7*74 :
.4
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%
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FUTURE PLANS

i
The major thrust early in FY 78 is completion of the data base ;

on platet , forgings, weldsents, and TSE material. (Noted: this task is

essentially complete at the time of this writing. 'Jhile the expanded data

kbase shows core heat-to-heat scatter than indicated oo Figure 3, the
9
.1

essential conclusions are unchanged). Test pieces fran a high Cu weldment j
r
I

will be irradiated and K , measured in the hot cell. The cooperative test j7
1

program will also be carried out and presented at a planned ASTM crack ;
I

arrest symposium. j
4

The analysis of radial crack propagation will be applied to the

t
ORNL-TSE experiments and to a number of hypotheticsl situations modeling j

2
full-scale oehavior. 3
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ANNUAL SU!DtARY

of

ANALYTICAL MODELS FOR RESIDUAL STRESSES AT
'

CIRTH-EUTT VELDS IN PIPES AND PRESSURE VESSELS

Contract No. AT(49-24)-0293
,

to i
i
J

U.S. talCLEAR REGULATORY C0501!SSION y

1

from
l

BATTELLE )
Columbus Laboratories i

November 22, 1977 h
|

Principal Investigators
g

E. F. Rybiciri, R. B. Stonesifer, and J. J. Croom

i
t

OBJECTIVE I

l
C

The objective of this research is to deu-lep and verify an analytical
,acthod which will provide an adequat<= tool for calculating the magnitude and j
distributica of residual strescas in girth-butt welds. The model is to include 1

ithe pipe and weld geometries, the caterial properties of the weld and pipe,
and important veld parameters. Verification of the model is to be done by 1

comparing computed values of residual stresses with laboratory meas srements. j
Comparisons are to be made for various pipe diameters, thicknesses, and numbers

-

of weld passes. In addition to pipes, the model is to be applied to pressure }
$

vessels.
a

$

h

%j
}Y77 SCOPE

z

The scope of the prograri consists of three tasks: (1) revieu cf

fliterature for available data and analytical methods pertinent to residual
stresses in girth-butt welds, (2) expericental determination of residual f
stresses in 1 set of girth-butt velds having carefully selected parameters so

f+
as to provide maximum guidance for development of analytical methods, and (') g

a
develornent of an analytic 1 method or methws for calculation of residual }
stresses. }

76 ?
,

e
' k
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Test welds or girth-butt velds will te pr. 'ared using typical con-
sumable insert and GTA plus SMA processes to duplicace field welding practices.
Different he.it inputs will be used on dif ferent pipe models. The material will
be 304 stainicss steel. Diameter ceasurements will be made before and af tet
welding. Blaxial strain gages will be placed along the exial length of the
pipe samples before welding, and will be read before and af ter making the welds.

Cages will also be placed on and adjacent to the weld af ter welding,
and will then be trepanned uf f to measure residual stresses. These data and
other residual stress data obtained from the literature and reports will be

used to evaluate the capability of the analytical method to predict residual
stresses fer a range of parameters. A range of wall thicknesses from 0.18 to
1.30 inches and outsi/- pipe diameters of 4.5 to 30.0 inches will be used to
verify the model. Pipes will have either equal or unequal wall thickncsses on
opposite sides of the weld.

The analytical prediction of residual stresses due to girth-butt welds
requires a temperature analysis and a thermal stress analysis. The temperature
analysis will be performed by one t Jore of the following three ways: analytical

closed form equations, numerical solution techniques, and laboratory reeasurements.
The temperatures will then be used with various thermal stress ..nz.lyris techniques
to calculate region i of plastic fic> and the subsequent residual stresses. *1.. e

finite element stre is analysis codel will consist of an axisymmetric prescatation,
and will evolve f rca three tasks: etaluate numerical and laboratory methods for

obtaining tesecre .ure distributions; examine the influence of terperature de-
1

pendent material properties and nonlinear stress / strain relations on the tcsidual i

deformation, stresses, and strains; ard evaluate the capability of the model to
predict resitual deformations, stresses, and strains with laboratory measurements
availabic in the literature, and values obtained f tom the experimental phase of

'the research. Each configuration of pf pe specimen will be analyzed by the
'

analy tical model. In addition to the finite elecent method at, "a, the technique

of Vaidyanathan, et al. (Trana. ASME J. Engr. Mats and Tech., Oct. 1973, p 233-
i237) will be used to develop a note economical analytical procedure.
i
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m
St.HMARY OF RrSEARCH ACTIVITIES AND RESUI.TS g

T:

h
A finite element model for predicting residual stresres due to girth- %

Mi|butt welds in pressure vessels and pipes was developed at Battelle's Coli. bus ;;

1. abo ra to ries . The residual stress model for girth-butt welds was verified for S
,

welds in pipes ranging f rom 2 to 30 passes. The model also accurately predicts (i ,
44

residual deformations. Comparisons of results f rom the model with data 1:Micate j
#

jl that the radel can he extended to accurately represent uld repairs in E nssere

havessels. A sue:ury of the acco.plishmen'.s directed at developing and evaluating /M
the codel is given in the following: fs

y
e A critical review of the literature was made to evaluate

analytical rechniques for develepir g the model and identify Q
residual stress data to be use .n verifying the models. t

p ..
o Experimental studies of two girth-butt velder. pipes were c .,

bconducted to provide temperature data and residual stress

data for verifying the codels. Data obtained from these -~

k
experiments include residual stresses, temperatures during

velding, strains during velding, and residual deficctions g
of the u lded pfpe. h

Qa 'No experiments on girth-butt welded pipes were identifica

from the literature as test cases for the code),

e A description of the pipes for which data were obtained N
ch.

f rom the experimental stud" and through the literature .$
r!.

is given in the follcuing. All pipes are 304 stainic ss 77|
kIIstocl.
trfr;
C($:
y!1$<

Pi e E 1i Nu:Ser of g.Outside Pipe P

Pipe Identifiutien Diar.eter (in. ) Th i c t,uc t s (in.) Weld Pasw s p
N.;d
PC

BCL Madel rio. 2 12.75 . led 2 y
p.gBCL M0Je1 1:o. 3 12.75 .375 6

{}$Argonne pipe 4.50 .337 7

Cencral Ilectric Pipe 28.00 1.300 30 Q *

M
78 y,

% ?e

kh
Q

. !Q
U,'
'1!

[b4 + dry %g g g g a g g;g yp,y,y , ,
-

- .-[-
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A model for predicting residual stresses in girth 4ue r welds f,
.

e
i

of pressure wssels and pipes was developed. The ciodel consists *Es
O, of two partst a temperature codel and a stress analysis codel. p

ne tecperature model was developed through codificatica of a
i. .d

e
,

s:odel described in the literature review. Good cceparisons ' I
between te=perature data and co:putations by the model were

,

6 4*

obtained fer each pass of the two-pass and six-pcss velds. The y
v

temperature :rdel includes heat input, pipe thickness, location d
of weld Mss, thermal properties of the pipe, torch speed,
ef ficiency cf the veld process, and time dependent ef fects.

%, .. .
A finite ele =ent model for girth-butt welds was develop r J. Thee

model is axisumetric and incitx!es temperature dependent caterial ys

properties, elastic-plastic stress strain effects, the ef fects 9%l
. J

t.F;(isf changing geometry of the pipe as it is welded, and linear
yelastic unleading f rom an clastic-plastic state of stress. The g

veld geomettv and nu=ber of weld passes are also represented D
ti! <

t.y the codel.
4 d,.e

Results of the residul stress model showed good agreceent with Ie

residoal streso data in the hoop and axial directions ca the *"
%insides and M sides of the four pipes described above. F
VA simplified mMel for residual stress predictions was developed t

e

wand evaluated far a two-pass wld. While the generalization th
.uf,,

of this model co many passes has not been co:pleted, good com- Ci ,

r- iparisons ber.wn predicted values and measured residual stresses y
.. , ta

and deforr2tiens vere obtained for a two-pass weld. $
Preliminary results were obtained using the residual stress -y

ice
hmodel t- repnsent a weld repair of the llSST Intermediate Vessel g[g
h aV-8. While the nodel needs further development before it can en
tw

adequately represent the weld repair geomet ry, qualitat ive agree- 7

ment betwas residual stress data and results of the model c

were obtained.
e Thus, a s at.21ytical modal for predicting residual stresses in M

4
girth-butt velds has been developed and verified by comparison Qmwith experire-ully ebtained data for four pipes. It was demon- C <

hnstrated that . <h further develep=ent, the model can be applica'le no
n. gto other veld configurations such ,s weld repair of pressure
g%

vessels. 1 D
g p
: W,

*

-,
*

,

h t ht"''* 3 '4pe*gt, p. hwNen W %, ,-# Q_p na , m.ww %%G4f A w_s m % q _ ,__ h 'h[ 5 j' 'W
h
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g
h e following sections describe the girth-butt welds used for ths b

4validation st ady and comparisons of predicted residual stress distributions with *

hbvalues obtained from the welds. p
31&

Analytical Method for Residual Stresses b
u
L, .

Mligure 1 shows an illustration of a girth-butt veld. The residual M
stress model is cocprised of two parts: a heat flow nodel and a stress analysis h
mdel. he heat flow model provides transient temperature distributions which f

Mare the input for the finite element s. tress analysis nodel, n e stress analysie p
model gives the magnitudes and distributions of ths residual stresses including p

y
variations through the pipe thickness. h

ne model for pipe welds is limiced to axisyr: metric representations #

and hence does not contain variations in stresses around the circumference of the p
pipe. nis is however not a serious limitation because circumferential variations h
in resiuual stresses can be explained with results of the model. Furthe rmo re, h
the veld repair model does contain circumferential variations in the residual k
stress distribution.

In addition to the axisymmetric simplification of the girth-butt f
weld program, several additional sieplifications were examined. One which was M
included primarily because of the reduction in computer costs, was treating the 'V

, .se
3

girth-butt veld procedure as being symmetric about the plane, which is perpen- g
dicular to the axis of the pipe and passes through the center of the weld bead. py
his resulted in a coeputer cost savin ;s of approxic.ately 50 percent. Closely

g[related to this simplification and in part resulting f rom it, was the modeling ;.
of a sequence of weld passes as a layer rather than as individual veld passes. IN;
h e savings resulting from this siciplification is dependent on the pipe size

-

and number of pasces, with the savings being greater for pipes with more passes. %
he acthod of modeling a general multipass girth-butt weld under these two M

s,

r

?-?assur.ptions is shown in Figure 2.
[. *,
at
,5
J N +1Develoyment and Evaluation of Temperature Model cA
W
KO
.-NThe approach taken here was to develop a terperature analysis pro- O'
escedure and verify tbc capability of the model to predict temperature distributions

by comparing results with the dat1. The temperature nodel is based on a con-
@tcentrated heat source moving on a plate. s
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c
The temperat ure model was used to generate teeperat:re-time profiles Qe

'

for comparison with the thercoccuple data. These compariser.s are shown in i
h

Figures 3 and 4. Figore 3 displays eneparisons for the gas tungsten are root p}
pass and Figure 4 shows comparlsons for the seced or gas-wtal are pass. The j,

smallest time value in each figure corresponds to the time at which the thermo- L

coun9e nearest the veld centerline reached its maximum temperature. The difference {
betwee.. the results of the tecperature medel and the experinestal data was less

'

than 9 percent for the first pass and less than 17 percent fer the second pass.

hDeveloncent and Evaluation of a
Finite Element !bdel for Residual Stresses M i

V. 1

O
H

Figure 5 shows an axisymmetric, finite element representation 'or p
ha portion of a 12.75 inch diameter pipe welded by two passes. The cross see-

tion of the pipe and the weld groove are represented by finite elements.
~

Each ele =ent is assigned to one of three zones. One zone is the veld material N
P

that is being deposited. The second is a zone to be filled ly subsequent passes. A

hThe third zone ccnsists of a portion of the pipe and the preriously deposited
7
t

veld material that experience a transient temperature increase as a result of g
)[{

the welding.

During each weld pass, thcreal deformations are calculated from te::r- j
perature distributions deternined by the thermal codel. These residual defor=a- q.5

x
tions at the end of each pass are added to determine an updated configuratf or p

[h
of the codel before analyzing the next pass. Therefore, a 12rge defornation,

,

[ielastic-plastic problem is broken into a series of increrestilly linear prob 1ces.

The analysis procedure also includes teciperature-dependent raterial properties %g.
which are varied for each pass. Material properties of 3C4 stainless steel

ifused in this study are shown in Figure 6 as a function of tererature. na

'f~
The analysis proce' dure is also based on several issumptions riven as

follows. Melting or dilution of the pipe material is not included in the analysis. .M
%.; 2
-

The mass of the weld and base naterials are also neglected. *he shape of each
m

weld pass is obtaiced f rom photographs of the experimental veld-pass cross sections. [f,i
83 [d
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4

aComputed values for the residual stress z: :le inner and outer sur- I

f aces of the two-pass velded pire are compared to the experimentally obtained
ivalues in Figures 7 a:d 8. respectively; Qualitatively, tne experimental points J

and the analytical curves agree well. As can be s.emn frem these figures, the
quantitative agreement at the inner surface is bet:er t.han that for the outer 3

g
surf ace, and the hoep stresses generally show better apeenent than the axial

$
stresses at both surfaces. The fir.ures show that s.:me oscillation in the cal- fculated hoop stresses occurs in the hoop stresses at :Se outer surface. "

This

is due to the discoctinuity of modulus which results z: the interface between the
weld material and pipe naterial. This behavior is me e coticeable at the outer

;

'

surface because during the placerent of the outer pz.s:s. the root pass and the
pipe material act as coe material, and oscillatioes im the stresses due to the
prior application of the inner pass are reduced by :#ne plasticity resulting fros |
the outer pass.

aDeformatio:.s of the velded pipes were also r" 7 3 red with measured values B

i
as a means of verifyicg the codel. A co=parisco of Fredicted values and ceasure-- dp
ments for the two-pass weld are shown in Figure 9. rtis figure shows good . gree- L

*1

ment between the predictions on the model and the d.s:2. The figure also shows

that the results are not overly sensitive to logical nriations in representing
the temperature distributions. This is a desirable trzit for the medel.

Dhieling Arronne T.aticnal Labo.atory (ANL) e
E.rpe ri me n t , Seven-pass Veld y

y
&
EThe data for this girth-butt welded pipe us obtained f rom measure- D

ments taken by A51 based on References [24] and [253 "Se veldment is sienoted h
by "J 27A and was selected because of the relatively s: mall pipe diameter. This d'y

pipe is Type 304 stainless steel with an outer diz::e:ar of 4.5 inches and a s.

j;]
thickness of C.337 i:ch. The cross section is shcr.:t im Tigure 10.

6]yThe finite element grid generated for the se re:-pass pipe is shown
--b

-

'yin Tigure 11. The model has 314 elecents and 350 n mes. The material was 304
stainless steel with the assuned temperature deres:icts troperties shown in
Figure 6. Figure 13 shows a conparison of the cales.*2ied and experimentally
measured maximus temperature profiles.
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Figure 13 shows a comparison of emperimentally determined stresses
and values computed f rom the model for the inside surface of the ANL seven-pass
welded pipe. The bars on this figure indicate the ef fect of taking data at
dif ferent angular positions about the pipe circumference. The effect of non-
syssactric behavior about the weld centerline is indicated by the right and lef t
symbols. De side of the pipe on which the last pass was applied showed the
largest experimentally measured stresses.

Modeling General Electric Company
Experiment. hirty-Pass Weld

This girth-butt welded pipe was fabrica; d by CE and selected because
of the relatively large number of weld passes. The pipe material is Type M4
stainless steel with an outer diameter of 28 inches and a thickness of 1.3
inch. The cross-sectional geometry of the thirty-pass weld was obtained from
Figure 14 which was obtained f rom the CE report describing the expericu nt.
Reference (261

The finite element grid for the thirty-pass pipe is shown in Figure
15. The model has 214 elenects and 248 nodes. The material properties used
with this model are snown in Figure 6.

The computed residual stresses for the inside surface of the thirty-
pass model are compared with experimental nearurements in Figura 16. The bars
on this figure indicate the ef fect of taking measurements at dif fetent a= gular
locations around the pipe circumference. Though experimental measurements
were made on both sides of the veld centerline, data points from both sides
generally fell within the same range.

The calculated stresses in both the axial and hoop directions agree
quite well with the data. The axial stress sign reversal agrees with the
experimental values better than for the seven-pass pipe.

One aspect of the modeling of pipes with large numbers of passes, that
was briefly addressed during the study of the thirty-pass pipe, is the possibility
of grouping layers of passes in the analysis procedure. At this time, not enough
studies have been done to fully answer the question of how many passes can be
represented by one layer in the model. Hcaever, resnits indicate there is
merit to the concept of modelini cach row of weld passes as a separate layer.
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Simplified Model for Residual Stresses

In addition to the finite element analysis, the applicability of
a simplified residual stress analysis procedure was evaluated for the Battelle
two-pass veld. The basis of the model is described in Reference [13]. Several
assumptions simplify the corputational procedure for this model. The material
has an elastic-perfectly plastic stress-strain behavior. The transient te mpe ra-
ture distribution is represented by a eingle cooling tecperature drop based
on the distribution of maximum temperatures that the material experiences.
Figure 17 shows the comparison of the residual stress data for the Battelle two-
pass weld and the computed values from the simplified model. This model also
predicts residual deformations. Figure 18 shows a comparison of measured and
calculated residual deformations for the Battelle two-pass weld.

PreliminarQ11' cation of the Residual Stress1

Model to a k'cid Repair of a Pressure Vessel

The residual stre ._ model described here has many potential applications
to welds of pressure vessels .nd pipes. One such application is to understand-
ing the residual stresses 12sulting f rom a weld repair of a pressure vessel.
It is emphasized that the model, in its present form, would require some
extensions before accurately representing several aspects of the problem.
Nonetheless, it is of value to apply the model to this problem with the intent
of obtaining qualitative results.

The weld repair of interest was done on the HSST intermediate vessel
V-8. The same veld repair procedure was applied te a two foot long prolongation
cylinder vs th comparable dimensions to the cylindrical section of the vessel.
The dimension of the weld cavity and the cylindrical section of the pipe are
shown in Figure 19. ihe vessel material is ASTM A533, Grade B Class 1 carbon
steel. The size of each veld bead is about .1 inch by .1 inch. Thus, it is
estimated that close to 1000 weld passes were required to fill the veld cavity.

The residual stress data for this weld repair was available along
a line around the circumference of the cylindrical section of the vessel. The

model is not three-dimensional and cannot represent the three-dimensional aspects
of the veld cavity geometry. The model represented a section of the vese:1 in
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the hoop direction through the e. enter of the weld cavity. Another approximat!on

in the model concerns modeling the large number of weld passes. The total number

of filler passes were modeled as a single deposit of material. Because of these

approximations in the mode:, quantitatively accurate resultr were not expected.

However, qualitative comparisons with the data should be attrinabic because

the model does include some aspects of the geometry and the =.terial properties.
Figure 20 shows the comparison of results obtained by computations with the model
and residual stress data cbtained at Oak Ridge National Laboratory. The model

exhibits gcod agreement with the hoop stress data as shown by comparing the

solid and dotted lines. Hoop and axial stress distributions f rom the model are

on the outer surface of the vessel. The Oak Ridge data were obtained on the

outer surface and f rom points just below the outer surface. Axial stress data

are shown at one location and are also in agreement with the results of the

analysis. These comparisor.s are very encourating and suggest that the model
can be a useful tool for residual stresses in veld repair.

Conclusions

Good comparisons between experimentally obtained residual stress data
and computed values from the finite element model were obtained for the two

pipes welded during the program and for two pipes reported in the literature.
The nu=ber of weld passes in these pipes ranged from two to thirty. A compari-
son of residual stress data and prelieinary results obtained for a weld repair
of the HSST-Intermediate Pressure vessel (ITV-8) indicate the model can, with
modifications, be applied to studying veld repairs.

The residual stress data vere not all obtained in the same manner.
The Battelle data were obtained by a ch;p removal procedure. The Argonne and
Cencral Electric data vert obtained by removing sectior.s of the veldment, ar.d
the Oak Ridge data were obtained by a hole drilling technique. Thus, the model
results compared well with various types of residual stress measuring techniques.

Based on the results of this study, it is concluded that

e A mathematical model was developed to predict the magnitude

and direction of residual stresses in girth-butt welds.

The model has been evaluated for pipe welds varying f rome

2 to 30 passes. A total of four pipes were used in the

v(rification. Preliminary results for a thick section weld
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re, air of the intermediate HssT IIV-8 pressure vessel showed

good qualitative agreement with residual stress data.

e The codel predicted residual deformations that were in

excellent agreement with dsta taken from a welded pi;e.
ne ciodel for the pipec 1 axisynsetric and does note

contain circumf erer.tl.71 vari stions of residual st ress. .

However, the model fot the veld rcrair om.s contal
.

circumferential variatioas in the residual stresses. '

e The accuracy of the model la du! to the representation

of the complex nature of the welding process. Hence, the
program is of equal cor.plexity and sophistication.

e A simplified model was developed and evaluate:1. Residual

. stresses and deforntions were in good agreerent with data

obtained from a two-pass weld.

De ciodel has been~ verified for the welds described here.e

Further studies are needed t > fore it can be verified for
other geometries or weld types.

Publications of this Researci

ne results of this study in which an analytica1'_cedel was developed
and verified are described in the final report " Residual Stresses in Cin th-Butt
Welds in Pipes and Pressure vesselt.", prepared for the U.S. Nuclear Regulatory
Commission Of fice of Nuclear Regulatory Res te.? under Contract No. AT(49-24)-0293,
Task 1, %;ust, 1977. A paper describing the zoJe1 and comparisons with labors-
tory measurements for residual stresses has been accepted for presentation at
the American Society of Mechanical Fngincrits 11Anter Annual Meeting to be held
November 27 to December 2,1977, in Atlanta, Georgia. h e paper is entitled
"A Finite Element Model for Residud Stresses in Cirth-Bu t Uelded Pipes", by
E. F. Rybicki, D. W. Schmueser, R. B. Stonesifer, J. J. Croom, and H. W. Mishler.
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RESEARCH PIAN FOR FY78

he ovea11 scop- involves development, verification, and utilization

of an analytical model or models for calculating residual stresses due to weld

repair and specific we ji g applications. The progran consists of three tasks.

Task I deals with residual stresses due to weld repair of pressure vessels.

Task 11 is concerned with the residual stress distribution resulting from an

electron beam veld of a coepact tension specimen. In Task III, the focus is

on the residust stresses indused by claddine. A brief description of each

task follows.

In Task I. an analytical method or methods will be developed to pro-

vide an adequate tool for calculating the magnitude, direction and distribution

of residual stresses in weld repairs of pressure vessels and pipes. The model
will consist of two parts, a temerature analysis podel and a finite element

stress analysis model. Parameters of the veld repair process that will be ii.-

cluded in the analysis are heat input, size and number of the velp ;' asses and
the geometry of the cutout section for the veld repair.

Verification of the models will be carried out by comparing computationa
nade with the models with residual stress data incithfing the data obtained by Oak
Ridge !;ational Laboratory on the HSST V-8 vessel. A sensitivity study to evalu-
ate the ef fecta of the weld repair parameters on the residual stresses will be

conducted. Based on the results of the sensitivity sttmly, guidelines for reducing
residual stresses due to weld repair will be stated.

In Task II. the residual stress analysis for welding will be applied
to obtain an estimate of' the residual stress distribution due to an electron
bean veld. The weld configuration is a co= pact tension specimen selected to
represent a particular test specimen. The focus will be on obtaining the
magnitude, direction and dictribution of the rasidual stresses.

In Task III, the residual st esses in the vicinity of the vessel belt-

line and nozzle regions will be investigated using the residual stress analysis
for vciding. Of particular interest is the residual stress state due to cladding.
Both the beltline region and the nozzle mgion will be considered. The effects

of nonlinear stress-strain behavior and temperature dependent properties of the
cladding and the vessel materials will be f.ncluded. The magnitude and direction
of the residual stress distribution near tu cladding-vessel interface of each
r*gion will be obtained from results of the analysis.
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Contract Title: A Dynamic Photoelastic Investigation

of Crack Arrest

Contractor: University of Maryland

Location: Hechanical Engineering Department

College Park, Maryland 20742

Principal Investigators: Dr. George R. Irwin

Dr. James W. Daily

Dr. Takao Kobayashi

Dr. William L. Fourney

Objective: The overall objective of the research program is to determine
appropriate characterization methods for crack arrest in terms
of a measurable physical property of the naterial, development
of test methods and specimens for standardized crack arrest
toughness measurements, and adoption by ASME Code and Regulatory
authorities for design and operation of pressurized water
s'imary system components.

FY-77 Scope: 1. Determination of Crack Velocity 5 vs Stress Intensity
Factor K Relationship with SEN, R-DCB, C-DCS end M-CT
Specimens.

.

2. Interaction with Battelle-Columbus Laboratory (BCL),
and Materials Research Laboratory (MRL) - Photoelastic
Verification of BCL and MRL crack arrest toughness measurement
procedures.

3. Development of a Ring Specimen - Development of a ring
specimen and a loading system to produce a high stress
gradient at the inside boundary simlating thermal stress.
Dynamic photoelastic study of crack propagation and arrest
in the ring specimen.

4. influence of Damping - Measurement of dampir.g coef ficients
for three polymeric materials and correlation with previously
measured fracture characteristics.

5. Birefringent Coatings on Metallic Soecimens - Initiation
of the development of a method to measure instantaneous K
values in metallic specimens.
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6. Consultation to NRC - Dr. G. R. Irwin will provide

consulting services to NRC.
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Summary of Research Activities and Results

A. Introduction

The research program at the University of Maryland is directed

toward achieving tmderstanding and characterization of dynamic crack

behavior, particularly crack arrest phenomenon. The program has several

objectives which are listed below:

1. The determination of cract velocity a - stress intensity factor

K relationship for Homalite 100 with different types of fracture

specimens.

2. Verification of testing and analytical procedures developed

by Materials Research Laboratory (HRL) and Battelle Columbus

Labcratory (BCL) for determining K , and Kg g.
3. Characterization of the dynamic aspects of fracture in duplex

specimens.

4. Investigation of crack propagation in thermally stressed ring
specimens.

5. Development of a numerical code to describe straight line

crack propagation in two-dimensionsl rectangular fracture

specimens.

6. Providing consulting services for NRC.
.

This research program is one part of a much larger co-ordinatEd

effort involving BCL (Hahn, Kanninen ar.d Hoagland), MRL (Ripling and

Crosley), and the University of Illinois (Corten). The progress made

in characterizing the dynamic aspects of fracture is due to the cocbined

efforts of the four laboratories and the free exchange of ideas, data,
codes and experience.
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8. K vs a relationships from the M-CT Spectren and the Machine-

Loaded C-DCB Specimen

As part of the effort to show that the K vs 5 relationship is a

material property independent of the specimen geometry and method of

loading, the K vs i relationships were determined from a modified

compact tension specimen and a machine-loaded C-DCB specisen and these

relationships were compared with those obtained from SEN, wedge-loaded

R-DCB and wedge-loaded C-DCB specirens in Fig 1. The agreement of the

K vs i curves for the different spectrens is excellent. This fact is

further evidence that the K vs i relationship is a material property

independent of specican geometry. These curves also suggest that there

exists a minimum stress intensity factor, K ,, which is necessary tog

maintain crack propagation. When the stress in unsity factor goes below

Kg, a crack arrest occurs.
One phenomenon which the K vs 5 relationship does not reveal is the

oscillation of K during the crack propagation event and after the crack

arrest. These oscillations are demonstrated in Figs 2 and 3. In order

to understand the behavior of the crack it is necessary to understand

the nature of oscillation. The Cranz-Schardin camera, which photographs

the crack propagation event, is not adequate to observe oscillation

since its number of frames is limited and the observation interval is

not sufficiently long. The investigation of the oscillation of K i-

dif4 rent specimens in the post-arrest period will be accocplished in

the coming year by ecploying a Beckmann-Whitley drtra camera which produces

224 frames over a 5 to 10 ms recording time.
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C. Verification of the BCL One-Dimensional Code

Experirental results from a wedge-loaded R-DCB specimen of Homalite

100 were used to check the crack behavior predicted from the one-dimensional

finite program developed at Battelle Columbus Laboratory. The experimentally

established K vs a relationship, along with the specimen geometry and other

properties of Homalite 100 were utilized as input for the coquter code.

The comparison of the experimentally observed crack behavior -- crack posiif on

as a function of time -- with the co@ uter predicted behavior is shown
in Figs 4 and 5. Fig 4 shows that a close agreement exists between experi-

mental and bredicted crack behavior in the early stage (t < 200 us). For

t > 200 us the results tend to deviate. The first arrest predicted by

the BCl. code at t = 230 us and x = 158 m did not occur. The second arrest
position predicted by the code at x = 188 m was in reasonably close

correspondence with the first experimentally observed arrest at x = 197 mm.

Fig 5 compares crack reinitiation behavice. The predicted reinitiation

tine of t '= 1205 us compares well with the experimental result of t = 1070 us.

However, the experimentally observed crack reinitiation velocity of 71 m/s

was significantly lower than the predicted velocity of 218 m/s. The code

predicted a region of slow growth or arrest at x = 203.5 m which agreed

closeiy with experimentally observed arrest at x = 219 m.

From these observations it tas determined that the BCL one-dimentional
code closaly predicted the initial crack velocity, crack arrest and crack-
reinttiation, .
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D. Verification of the MRL Procedure for K , Measurements with Pomaliteg

100 Machine-Loaded C-DCB Specimen

The HRL Procedure which utilizes a static analysis of the racnine-

loaded C-DCB speciren for detemining K , was checked. The calculationg

of K , was made from the dieensionless equation shown in the MRL procedure (1):g

l/2 U2
K ,Bh /B 3g 3

p ( g ,1 5.44=

a

.

for 0.394 < a/h < 1.1181

where a is the crack length, h is the specimen height at the end of the

contour, B is the thickness of the specimen B is the net section thickness
3

in the crack plane, and P, is the load measured on the pins shortly after

arrest.

The results are shown in Table I which indicates that the values of

K detemined with the MRL procedure were quite consistent irrespectiveg

of crack jump distance and were about 6 percent higher than K establishedg

from photoelastic determinations shown in Fig 1. (K = 0.385 MPa.'In for
!m

a machine-loaded C-CCB). These findings deviate from the predictions

of dynamic analysis of fracture, and further investigation is neeced.

E. Fracture Behavior in Duplex Specimens

A significant effort was devoted to an experimental study of crack

propagation in duplex spectrens of both the M-CT and R-DCD types. The

fabrication of a duplex specicen with a joint material which has a toughness

C.at is :,ignificantly different than the starter or arrest sections causes
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s:arked changes in the fracture behavior. Indeed, the duplex specimer,

should really be considered as a triplex spectren consisting of a starter

section, tha joining section and the arrest section.

The influence of the joining section on fracture behavior is profound.

The joining section can produce crack arrest, crack brar.ching, crack

blunting, and splitting. The factors which control the fracture behavior

include Kge, Kg , and K!b f r all three materials and the thickness of the
joint.

The number of parameters which can be varied in an experimental program

to study fracture behavior in duplex spectrens are so large as to prohibit

a corvlete investigation. Instead it was necessary to limit the vari tion

of the parvneters and to conduct small numbers af tests in an effort to

observe general effects.

In the first series of tests with the H-CT Duplex (H-100/KTE ) with
2

a very tough Hyso! Fa 9410 adhesive joint, it was observed that the joint

served to arrest the cracks. The cracks arrested abruptly upon penetrating

about 0.01 to 0.02 m into the adhesive (see Fig 6). The deceleration of

the crack is of the order of 4 x 10 g's. After arrest the K value

increases rapidly with respect to tim as kinetic energy in the duplex

specimen is converted to strain energy. If K is sufficiently high, the

crack will reinitiate in the adhesive and extend into the arrest sectic7

of the duplex specimen (see Fig 7). If X is not sufficient for reinit ation

the crack remains at arrest and the K field at the crack tip oscillates

at a frequency of approximately 1800 Hz (see Fig 8).

In the second series of tests the effect of the adhesvie joint (Hysnl

EA 9410) was isolated by fabricating both the starter and arrest section

from Homalite 100, it was observed that str.ble arrest could be achieved
116
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with joint thicknesses as low as 0.102 cm where K exceeded 3X;c for

Homalite 100. It appeared that increasing the joint thickness increased

the arrest capabilities of the joint.

In the third series, the effect of toughness of the adhesive joint

was exanined by using a EFLN/DETA epoxy to join two sections of Homalite

100. This adhesive is relatively brittle and there is no tendency for

arrest when the crack enters the joint (See Fig 9). Hcwever, for relatively

thick joir.ts the crack will branch and divide the energy avai'able producing

arrest at the second interface (See Fig 10). For relatively thin join:s,

surface roughening will teno to blunt the crack which can also cause

wrest at the second interface for low energy tests.

The fourth series of tests utilized a tough KTE arrest section
2

with the brittle EPON/DETA adhesive joint. Again surface rougnening and/or

branching acts to arrest the crack at the second interface. For very

thick joints branching occurs which results in a mixed mode K at the

second interface. If K is sufficiently high relative to K /K f0"gg g Ic

the arrest section then the crack will re-initiate and propagate with a

Icw velocity along the achesive joint (See Fig 11).

This experimental survey shows that at least three different mechanisms

exist for crack arrest in the joining section (tough arrest, branching

with energy division and mixed modt., and crack blunting). Often the

arrest is stable an6 the crack cannot penetrate into the arrest section

of the duplex specimen. In all cases the arrest affects tce dynamic behavior

of the specimen with very large oscillations in K occurring.

Fabricating metallic duplex specimens by welding may introduce similar

fracture teMvior as the toughness of the weld and the weld heat affected

regions of the starter and arrest sections may deviate so as to produce
117
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either stable crack arrest, crack branching, weld splitting or violent

K oscillation.

F Crack Propagation in a Themally Stressed Ring Specimen

The themal stress distribution in a ring specimen has been simulated

with a mechanical defometer shown in Fig 12. The dynamic stress intensity

factor was found to decrease with slight oscillations both with time and

crack length in the ring type fracture specicen as shown in Figs 13 and 14.

This behavior was quite different from the static stress intensity factor

which was found to increase until a = .4 and then decrease monotonically (2).

The small oscillations in the dynamic stress intensity factor were produced

because of the dynamics of the specimen loading system.

Stress intens'ty factor K versus a relation was established for the

-3/2ring specimen as sh un in Fig 15. This gave K = 0.38 MNm This
Im

.

value was found to toepare well with si:nilar values for R-DCB, C-0CB and

SEN specimens (see Tig1).

It was determined that the c.ack would arrest in the compression zone

for 1 < K /KIc ; 2 and would pass through the specimen for K /K!c *g g

for an initial crack length of .08 w. t

!
The experimental results frca this study provide a guide to under-

stand the crack propagation in a thermally suessed cylindrical vessel.
'However, it should be recognized that the actual transient temperature

distribution has not been simulated. Also, the toughness variation across
,

the section is not modelled. In a continuation of this work, duplex and

triplex rings will be examined to study the effect of changes in fracture |

toughness across the ring specimen.
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G. Development of a Te-Dimensional Code

A two-dimensional dynamic finite difference analysis it under develop-

sent. This code will te employed to predict fracture t'ehavior in rectangular

components such as M-CT or R-DCB fracture specirens and to study the

influence of the for 2 of the 5 - K relation on fracture behavior.

H. References

1. Crosley, P. B. and Ripling, E. J., "Guidellres for Measurement of Kg

with Tapered DCS Specimens", prepared for ASTM comittee E24. T. G. .

E24-03.04 March 1977.

2. Cheverton, R. D., " Pressure Vessel Fracture Studies pertaining to a

PWR LOCA-ECC Themal Shock, Experiments TSE1 and TSE2", OPAC Sept.1976. '

I. Plan of Research for Future Years

The research program .n the coming years will involve work on 6

|different tasks.

Task 1. Verification of BCL and MRL test and analytical procedures

leading to a standardized test fer crack arrest toughness.

Task 2. Develo; cent of a method utilizir.g birefringent coatings to

detercine instantaneous K values associated with cracks |

propagating in steel specictns.

Task 3. Continued development of a ring s;ecimen and a mechanical

method to simulate thermal stresses in a ring.
119
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Task d. Continued studies of dupiex specimens where the adhesive line

may closely rodel the weld line in a structure.

Task 5. Continued development of a two-dirnensional computer code

for crack propagation along a straight line in a rectangular
fracture specicen.

Task 6. Provide cond.iltation services - Dr. George R. Irwin will

consult for tr ! NRC approxirnately three days per month.
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!

SUlt!ARY OF Kg, TM ING
j

K ,/Ka da da/a K,o KHodel No. Specimen P P, o 7 g7gq
Thickness D

(c:s) (N) (N) (c::s) (m) (MPah) (HPalii)

169A 12 95 381 317 43 2 12.4 0.288 0 502 0.h18 0.833

169a 12 95. 336 301 60.6 8.1 0.134 0.h43 0 397 0.896

170 13 03 406 338 ho.3 10.8 0.267 0 532 0.4h3 0.832-

172 13.67 h23 316 39.4 52.2 0 323 0 528 0 395 0 748

! 174 13 51 449 311 58.1 28.9 0.498 0 567 0 393 0.693
,

224 12.90 445 309 54.8 25.8 0.471 0 589 0.409 o.&J r.

225- 12.h5 h49 298 55 3 31 .8 0 596 0.616 0.10) 0.6624

Av.o.h0)

CO
- .~

,
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Contract: Primary Coolant Pipe Rupture Study AT (49-24)-0202

contractor: Generel Electric Co.
tiuclear Energy Division
Boiling Water Reactor Systems Dept.
San Jose, CA

Principal Invent f eators: D. A. Hale /J. Yuen

Objectives:

Task K - Environmental Fatigue Behavior of Piping Steels

Develop environ:nental fatigue data to determine whether the existing ASME

design rules for fatigue adequately account for the effects of the BWR

primary water envircr.=ent. Fatigue data to include both crack initiation

and creek growth data developed in an operating plant water environment and

in a simulated BWR water environment at several loading frequencies and mean

stress levels. Analyse these data to develop appropriate design rule changes

which properly account for f requency, mean stress and environment.

FY 76 Scope:

Task Kg - Environmental Fatigue

1) Complete a topical report su=snaritir.g results of environ = ental low cycle
fatigue crack initiation wcrk done during the previous contract year in
a BWR primary water environment (Dresden I) and a reference 500'F lab mir
einvironment.

2) Complete fatigue crack growth rate testing of LVR primary piping and
pressure vessel materials in a simulated BVR pr! nary water enviromment

to determine effects of frequency and mean load. Prepare a topical report
sumarleing results of this work.

.
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TASK K - 1.NVIP.ONMINTAL FATIZE BEEAT~1 OF LVR FRIMARY PITI3G A.ND PRESSURE
VESSEL STEELS

Introduction

In recent years, the question of s.aterial/ environment intera:tico has received

increased attention due to p. alets ieig experienced by c;< rating LWR power

plants involving cracking in both ;i;i:3 and reactor pressure vessels. Attempts

to underst and and analyse these pr-ales.a have pointed to a t+<d for increased

understanding of the processes invoiref in initiatics and prcpagating cracks

in the presence of an operating plan esvironment and, note importantly, for

data representative of service cor.fiti.:ss.

Work has been done by CE during the *.as year, under the acnices of the Pipe

Rupture Study, to generate needet e.41:eering data. This data includes results

from both crack initiation and crack Ir:vth tests conducted in either an operating

BWR or simulated BVR water envirensert. These results are c cpared with applicable

sections of the ASME code.

Test Program

Fatigue Crack In'tiation (Task K,. I ) - In the area of fatig;e crack initiation,3

work vse concluded this past year ce a tcpical report st=r:arizing an experimental

program begun in 1970. This pregra:s was designed to produ:e f atigue crack

initiation data in an actual cperatimg IVR pris.ary water environment.

With the cooperation of Ccrwnwealth I.fison, a special test ; cop was installed

at their Dresden-I nuclear power p;artt. Vith this loop. a nsaber of test

specimens were mechanically loaded wtile exposed to Dresden-I primary watcr

(500*P, 1050 psig). A schesatic cf :Te loop is shown in Figste 1.
.

A special test specimen was devele;cd for this progras - See Figure 2. This

specimen is a cantilever beam which is Icaded through a fixed cyclic deflection

range to dr ielop the desired cyclic strains in the reduce-d thickness test section.
75
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A small capillary hole was drilled on the neutral axi of each specimen

beginning at the fixed end of the =r -i terminating in the middles. -

of the reduced thickness test section. This capilla=y hole formed a drywell

within each individual specimen which was connected to an individual external

pressure via capillary tubing. This hole served both to automa:ically define

and signal specimen f ailure, i.e. a macro crack which initiates on the surface

of the specimen and grows to a depth sufficient to intersect the "drywell"

thereby allowing full vessel pressure to be applied to the external switch is

defined as failure.

A total of 150 of these specimens were tested in the Dresden-I facility. These *

150 represented four piping materials (T-304 and 304L SS, Inconel 600 and A-516

CS) in a variety of metallurgical conditions ir -luding weldsents. In order to

provide baseline data to properly interpret this BVR data, a total of 36 of these

same type specimens were tested in a 500'F air environment.

A topical report summariring work done on this task was completed duricg this

past year.* Significant results are hi-11ted below:

1) The ef fects of the BWR environment on the Low Cycle Fatigue (LCF) lif e of

T-304 and 304L stainless steels tested in the as received condition la
negligible. Therefore, the existing ASME B&PV Code Section III fatigue
design rules are adequate for these particular material / environment co=binations.

2) A significant decrease in LCF life was observed for both the T-304 and 304L
stainless steels in the fully furnace sensitized condition. The fracture
surface of these specimens displays a mixed mode transgranular and inter-
granular character suggestive of Intergranular Stress Corrosion Cracking (ICSCC).
Therefore, these same ASME III fatigue design rules do not yield conservative

results when used in a material / environment combination where ICSCC is involved.

* CEAP-20244, " Low Cycle Fatigue Evaluation of Primary pipi.g Materials in a
EWR Environment," D. A. Hale, S. A. Wilson. E. Kiss and A. J. Giannuezi,
September, 1977.
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3) A reduction in LCF life is oiserve ' for the A-516 carbon steel tested
in the BWR data. This reduction is strongly linked to surface pitting
which occurs in this caterial. In spite of this reduction in LCF life,
the ASME III fatigue rules yield conservative results.

Fatigue Crack Crowth

The major ef fort on this contra:t during this past year dealt with envircncental

fatigue crack growth in pipieg and pressure vessel steels.

Environmental fatigue crack growth tests were cunducted in a CI high pressure /

temperature test loop which circulates a nominal 10 gpm of 550*F 1150 psis

demineralized water through two autoclaves. The dissolved oxyges level and

conductivity of this circulating water was constantly monitored and controlled

within limits which are typical of operating B'*R primary water system. A

schematic of this " simulated Bh'R water" test loop is shcun in Figure 3.

Two autoclaves were com=1tted for use with this loop. Both were used to load

a series chain of IT-WOL rest specimens (See Figure 4), eight in ene vessel,

three in the other. This WOL specimen is a standard fracture techanics spectnen

widely used by nany other investigators for these type studies.

Both autoclaves were equipped with closed-loop, servo controlled loading systens

which constantly monitor the load being applied to the specimen chain. Both

systems were capable of applyir.g any desired time / load waveshape over a wide

range of frequencies.

Crack growth data for the individus1 specimens were obtained usics two independert

schemes. In the first approach, a line of capillary holes on 0.100" centers ~

were drilled f rom either side of the specimen normal to and intersecting the plane

of fatigue crack growth (See Figure 5). These holes were connected to external

pressure switches via capillary tubing. Therefore, as the f atigue pre-crack

propagates and intersects each succeeding hole, an indiv! dual external pressure
141
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pulse was received so that the progress of the crack could be monitored.

Although most of the fatigue crack growth data obtained in this past year

were obtained via this technique, limited data were obtained using displacesent

transducers mounted on the f ace of the test specimen to monitor specimen

compliance. The use of specimen compliance to ceasure crack progress is

o standard approach used by many experimentors. However, its succeJs is

directly dependent upon the availability of suitable transducers. Several

prototype units, capable of operating in this 550*F,1220 psig water

environment, were evaluated during this past year. The limited data which

were obtained f rom these transducers were used to augment the capillary

hele data.

The 3cus of these tests were the effect of cyclic test frequency and mean

stress. Test frequencies of 5 cps, 1.25 cpm and 0.3 cpm were used. R ratios

of 0, 0.6 and 0.78 were caployed. All tests were conducted with a saw tooth

waveshape.

Results

Five environmental fatigue crack growth tests were completed as part of the

Task K3 test estrix. Pertinent parameters for these tests are listed in Table A.

At the conclusion of each test, test specimens were sectioned so that the

fracture surface (s) could be examined. Typical fracture surfaces for Inconel

600 and A503 alloy steel are shown in Figures 6 and 7, respectively. The

artifacts which are visible on the fracture surfaces are due either to deliberate

changes in loading conditions (i.e. stress change marking fronts) or unin-
,

tentional test interruptions which occurred periodically.

Post-test f racture surface measurements were made to accurat-ly determine the

location of the capillary holes and any artifacts which migh, be present. These

acasurestate were used to establish crack locacion as a function of test cycles.
142
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This resultant crack length versus cycles data was used to calculate

macroscopic crack growth rates where:

AtMacroscopic Crack Growth Eate = /LA . A +1 *i

tin N +1 - Ngi

A valus of stress intensity was calculated corresponding to the average crack

length within the interval used for the macrosci pic crack growth.

This macroscopic crack growth rate data is plotted as a function of calculated

stress Intensity range in Figures 8 and 10 for T-304 SS and carboo/ alloy steel,

respectively.

T-304/304L Stainless Steel

In Figure 8, are shown the T-304 and 304L stainless steel data from three high

R* ratio tests covering a frequency range fron 5 to 0.3 cycles / minute. Furnace

sensitired (FS) T-304 specimens were included in the 5 cpm and 0.3 cpm tests.

Interestingly, the FS data do not dif fer appreciably f rom the as received (AR)

data. This is consistenc with results of post-test cetallographic examination

of the f racture surf aces of these specimens. Both the FS and the AR specimens

exhibit a transgranular fracture corphology.

The data from Figure 8 are replotted in Figure 10 in terns of an " effective

stress intensity f actor" which incorporates R ratio and maximum stress intensity

value. This is an empirical technique used to normalize data taken at various

R ratios. In this particular instance, a value of a = 0.5 was used to obtain

the fit shown in Figure 10. The 5 cpm and 1.25 cpm data fit very well to a

common line; however, che 0.3 eps growth data appeared to be between two to three

times greater than the common 5/1.25 cpm data line.
.

d Minimum load * Maximum Load*R
143

5

..,3'
4

[31 fi 14S?



Carbon Allny Steel

The cacbon ar.d alloy steel data f rom these tests are shown in Figure 10.

Both piping and pressure vessel steels are included. *ihe solid lines in

Figure 9 are the recommended flow evaluation lines from the ASME E6PV Cede.

Section XI for an air and a water environment. The dotted lines represent

the upper and lower bounds for work previously done by CE on A-508-2 clloy

steel in this same simulated EWR water anviron=ent at a1 R ratio near zero.

Also ehown are data from a test eun earlier in this same environment using

the same heat of A-Sa5 eiping in a 2T-VOL speticen configuration. It is

Lmportant s note that all these comperison data (the ASMI Section XI lines,

the CE A-50S "LEFT" lines and the A-516 2T-WOL points) were generated under

zero-tension loading conditions (i.e. R = 0).

The significant feature of Figure 9 is the fact that most of the high R ratio

data f all above the ASMI XI recommended design line. Therefore, It is

conceivable that a saf ety analysis which is made using this ASMI XI " water"

line could be non-co s e rva t ive . One problem is thet ASKE XI does not take

(i.e. high R ratio loadings) into account.mean stress

The high R ratio data from Fie"<e 10 are replotted in Figure 11 using the

previously mentioned concept of an effective stress intensity factor. Note,

that since the otaer data in Figure 10 are R = 0 data, they are unef fected by
this change f rom dK to K egreeggy,, An expcaent of m = 0.5 is used in Figure 11.

The resaltlag agreement between the high and low R ratio date on this natetlized

basis is encouragirg. Those re6ults suggest that the use of an effective atress

intensity factor which accounts for mean stress effects is a possible solution

to the present inability of ASHI XI design rules to conservatively deal with
high R ratio leading situations.

144
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ruture Work

While the final two tcsts in tl.is program have been completed, the data

from these tests are still being analyzed. As a result, not all data are

shosu in Figures 8 - 11. These are lov R ratio da'.a which thould allow a

more accurate assessment to be made of the validity of the "Kef f" approach

shown in Figures 9 and 11.

A r ummary topical report detailing all the work done on environmental f atigue

crack growth on this progran is also being prepared. This report should

be available by J.anuary,1978. No further work beyond issuance of this

report is presently planned.
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Iv2RGYE0 ULTPASONIC NON-DESTRUCTIVE
TESTING OF PRESSURE VESSELS

The University of Michigan
l'echanical Engineering Departrent

Ann Arbor, Michigan 48109

Project Director: Professor Julian Frederick

INTRODUCTION

A synthetic aperture focusing technique for ultrasonic
testing (SAFT UT), which has been ':nder development at the
University of Michigan over the past three years, has the
promise of overcoming many of the problems which currently
face the NDE engineer. Notably the technique has the following
attributes-

1) Sinultaneous hic,5 latera' and longitudinal

resolution (~ 1 A )

2) High signal-to-noise ratio

3) wide beamwidth insonification (multiangle)

4) Wide bandwidth insonification (multi-
frequency)

5) Inherently quartitative and volumetric.

As a result of these attributes the technique has the followinq

i: portant advantages:

1) Discontinuity sizing is relatively

insensitive to echo amplitude.

2) lleavy sections can be penetrated with
wide beamwidths.

3) Discontinuities that are directional
reflectors can be imaged in a single scan.

4) The results are in a form which is
directly suitable for evaluation using

the ASME Section XI Doiler and Pressure
Vessel Code.

In addition the technique is:

5) relatively insensitive to false indications

caused by multiple scattering in large grain

size materials,
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6) relatively insensitive to variat.ons

in beam profile in a given searcit unit

or between similar search units,

7) adaptable to inspecting components
with non-planar surfaces such as nozzles

and piping,

8) and computer automated to a large extent,
leaving little room for human error.

DATA COLLECTION, PROCESSING AND DISPLAY

A 32-bit minicomputer with 256k bytes of core-remory
controls the entire SAFT UT system. Test specimens are
submerged in a water tank as shown in Fig. 1, and transducer

scanning is performed on the basis of coordinates entered

by the operator. A conventional RF pulse-echo system is
used with a nodification to provide synchronous operation
with the analog-to-digital converter which converts the RF

A-rcan signal to a series of digital values. The digital
A-scan representations are stored in sequence on magnetic
disc or tape.

Once a volume has been scanned, synthetic apertur. pro-
cessing is employed to produce a high-resciution processed
image. Briefly, the processing technique is one of coherent-
ly summing all the echoes from a flaw as seen by the trans-
ducer in its various scanning positions, thereby synthesizing
an accurate picture of the flaw location and shape. Since
the data are inherently three-dime.'eional it is necessary
to create a subset of the data i . presentation on a two-

dimensional dir. play device as shown in Fig. 2. Since all the

data and plot files are in digital form they may be stored inde-
finitely on magnetic tape with no loss in fidelity and can be
retrieved automatically for comparison with cubsequent
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inspections. Perspective, contour, and grey-scale displays
have been developed at the University of Michigan and further
optimization of the display systems for ease of operator

interpretation is a current research activity.

EXPERIMENTAL RESULTS

The research this past year at the University of Michigan

has emphasized both system improvements and verification of
system imaging capability. A major improvement in the system

was completed in the summer of 1977 with the installation
of the presently-used 32-bit minicomputer which replaced the
16-bit machine used previously. The lorger machine has greatly
increased the data storage and handling capabilities. In

addition, a transient recorder is being installed which will

greatly increase the speed of data-taking.
*

Verif f ation af the imaging capability has received the .

major effort. A atmple examnle test specimen is depicted in O

Fig. 3. It consists of a 20mm thick aluminun block with
four flat-bottam holes drilled to a depth of 9.5 mm. Each

hole is 1.5 mm in diameter and the holes are separated

diagonally by a distance of 6.5 mm. A 10 MHz transducer was

scanned in a raster above the specimen. Fig. 4 shows perspective

plots of the raw data and processed data sets. In this case

the plots are similar to C-scan in that the maximum signal
amplitude throughout the depth of the specimen is plotted
as a function of the two lateral positions. The improve-

ment in lateral resolution produced by SAFT UT processing

is immediately evident. An alternate form of display known

as a contour plot is used in Fig. 5 on the same test data.

Whereas the perspective plot is a qualitative display which

is useful for image interpretation, the contour display is

159

y

.

-

' [ =r * -%k j 7 g4($;m, g[p. _g ,9 y ,g g A}q, _f fg gg'

815 165



I

quantitative in nature. Measurenents are easily perforr.ed
on the contour plot taking into account the known scaling I

factor introduced during plotting.
The inspection of CARD, Inc., weld sanples was an in-

portant verification test carried out in 1977 Fig. 6

shows an orthographic projection of a typical inspection as
generated by the SAFT UT plotting and display system. A

perspective view of the inspection volume has been added
to orient the reader. Each view corresponds to a projectior,
of the internal discontinuities in one of the three othogonal
directions. One can think of the volume as being transparent
with opaque discontinuities. With a little effort it is
possible to natch up the corresponding projections of a
particular indicatio. and thus visualize the location and
shape with the inspection volume. The flaws in this case

have been verified by destructive examination to be slag
inclusions introduced during the welding process. The test
confirms the capability to image flaws within welded sections,
which is necessary for nuclear reactor safety.

Other studies during 1977 have included 'he imaging of
flaws within the Pressure Vessel Research Cennittee Test
Block Mo. 202, development of techniques for front surface
noise removal, development of algorithms for V-path inspection,
and the development of deconvolution techniques to increase
the longitudinal resolution.

SUMMARY

A synthetic aperture focusing technique for ultrasonic 4

'

pulse-echo nondestructive testing has been developed and im-
plemented in a laboratory environment. The technique promises
to overcome several of the problems currently encountered
in the inspection of nuclear pressure vessels and piping.
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Future ef fort will be directed at further defining and improving

the imaging capability of the system, improving the scanning
mechanism to allow high resolution studies, and inproving

the display systems for case of interpretation.
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1.5 MM DI A. HOLES

e

O
.,D O 6.5MM

O-
I

+ 6.5 *

MM

|
!

|
.

i

'
t

" f| | I?, g '|g 9.5 MM
|a 3 f f t .

6

Fig. 3. Flat-botton hole array specimen. This specir,en censists of
an aluulnum block with four blind holes drilled in the botte. During
test the block is placed in the tank so that the holes are on the side
opposite the transducer.
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Fig. 4 Perspective display of a flat-bottom hole array. On the left is a display of the
test data taker with the block in Fig. 3 before SAFT UT processing. The resolution
is roughly equivalent to what one could obtain using conventional ultrasonic
testing equipment. The figure on the right shows that the SAFT UT method of
processing the data reveals separate echoes from each of the four holes.
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Contract Title: Development of High-Sennitivity Ultrasonte Techniques
for In-Service Inspection of Nuclear Reactors

Centrsctor and Location: Institute for Materials Research
National Bureau of Standards
Washington, D. C. 20234

Principal Investigators _: Dr. Helvin Linzer (Project Leader), Dr. Dennis
Dietz and Dr. Stephen I. Parks

Objective: The principal objective of the program 1s to develop techniques

to enhance the sensitivity of ultrasonic signals which are below the random

noise of the system. A secondary objective is to develop instrumentation

for improved discrimination of flaw signals f rom background " clutter".

The improved techniques will be applied to detect flaws in nuclear

reactor pressure vennel and piping materials.

FY 77 Scop,e_: An ultranennitive ultragonic system, incorporating real-

tiec signal averaging, pulse comprennion, dynamic focusing and trannducer

mat ching, has been developed. The nyntem was shown to be capable of pene-

trating highly-sttenuating materist, such as austenitic steel, and of

detecting reflectiona in the trenence of strong background signals due to

grain scattering.
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_ Sum: nary of Pegearch Activi ties and Result s

Techniques which improve the signal-to-rand:a oolse ratio of

ult rasonic signals cay be used to locate minute fir.s, presently

undetectabic, which might grow to larger site d:rtsg service: to

remotely inspect regions which have limited access, either because of

the physical constraints of the reactor design er because of radiatico

hazards, and to locate flaws which are ecbedded wi-hin or accessed

throu a highly-attenuating material, such as coarse-grain austeniticn

steel.

An ultrasensitive ultrasound inspection syntes with orders of

engnitude improvement in signal-to-randon-noise ratio over conventional

devices has been developed. Sensitivity enhancement is schieved by

increasing the energy transferred to and from the saterial in the region

of interest. Major features of the system inc1 * the use of repetitive

pulnen combired with signal averaging, the use ef tire-coded expanded

pulsen, and dynamic focusing. A real-tice A-scam averager has been

const ructed which is capable of a S/N improvement cf 1000:1 in about

ene minute of aversging. Pulse expansion and conoression are acco plished

by means of chirp radar techniques, with a compression rat to of 30:1

and compressed pulse width of 0.20 ps (N 0.6 c:a rt::re resolution in the

case of steel) demonstrated to date. For dynamic focusing, a unique signal

procensing schecie based on the use of a "constast f-Stumber" annular-array

transducer is employ?d. Other high-sensitivity techniques which have been

investigated include high-power insonification eni natching of the

acoustic impedancas of the transducer and naterial.
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The system was used to penetrate highly-attenuating r.aterial,

such as austenitic steel. Furthermore, the dyr.asic focusing system

was shown to be capable of reducing coherent background noise arising

from grain scattering.

1. Signal Averaging

A high-speed signal averaging system, suppcrted by the NSS progran

in NDE, has been cocpleted. The system 16 capable of real-time (unbuffered)

averaging at 50 tolz rates. Major features include 4K 24 bit words.

12.5 KHz maximum repetition rate, computer interf ace, 6-digit cursor

readout of signal amplitude, region of interest expand (up to a factor

of 16). 3-digit settability of sample rate, internal / external trigger,

inernal delay, segmented memory capability (full, halves, quadrants,

octants), plug-in ADC's (4 bit, 50 totz; 8 bit. 2') 20tz) . display

normalization and semi-real time display at high f requencies. The

sensitivity-enhancement capability of the averager was demonstrated on a

nucher of highly-attenuating materials, including centriftgally-cast

stainless steel, a fiber composite (Figure la), teflon (Figure Ib) and

austenitic steel (Figure Ic) . Flaw detection in the case of austenttic

steel was limited by the coherent background signals arising f rom grain

scattering within the ruterial.

2. Pu1=e Cotrprension

increasedThe pulse compression rat to of our chirp radar systes wJs

to 30:1 with a compressed pulse width of 0.20 LS (Figure 2). ~his pulse

width corresponds to a range resolut ion of 0.6 rza (longitudin.il waves)
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and 0.3 cm (shear waves) in steel. The 3:1 ir:provement over our

previous system was achieved by operating our SAW filter in the third

harmonic mode.

3. Dynamic Focusine

Dynamic focusing not only improves sensitivity but also improves

la te ral resolution, and, as is demonstrated below, discrisir.ates

against coherent iackground caused by grain scattering. A unique

dynamically-focused annular array suitable f or ccr. tact B-scanning has

been constructed under this program. The array approximates a constant

f-number lens by dynanically expanding the lens aperture as the focal

length increases. This approach minimizes the total numb.r of discrete

delay elecer.ts as well as the rate at which they must be switched. The

loss of the outer ant.uli at short focc1 lengths only slightly degrades

theoretical resoletion. An additional aspect of the constant f-number

design is that the outer annu11 are of constaat width, permitting a large

active arca. /podization is achieved by appropriately spacing the array

elements and vaighting the amplifier gains. The initial desica (Ficure 'O

uses five annuli for the near focal length of 1.5 cm. As the focal length

increases, the array exp3ncs to a total of 12 rings, 4 cm diareter,
~

for foci at 10 cm and beyond. A single tappel delay line provides the

required time delays. In the transmit mode, a continuously-variable point

or line focus is provided.

Beam plot measurements of the array for a water mediur are shown

in Figure 4. The half- Jth at the focus ranges from 0.85 == at 1.5 cm

to 2.2 cm at 10 cc. These values are in close agreeme st with theoretical

predictions. 'sitching noise and sidelobe levels are ap ?roximately 4') dB

cown.
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One of the principal objectives of this program is to develop a

very high quality focusing system which would be suf ficiently scexpensive

to be ps a tical for in-service inspection .af nuclear reactors, Our

annular array design achieves this goal to a large extent. The

f-number approach significantly reduces the hardware requiredconstant

for an annular array focusing system. An even simpler system, with

trivial electronic hardware costs, can be obtained by using all the

rings to focus to a point in the transmit mode but caly a single

annulus to receive the echoes. The delay line as well as the dynamic-

focus electronics are eliminated in this case. The system exhibt's

focusing properties which results from a combination of a point transmit

focus and a line (axicon) receive focus.

Annular array f ocusing using both all annuli (Mode I) and crly the

outer annulus (Mode II) during the receive phase of operatica was

demonstrate 1 on several samples of interest to nuclear reactor monitoring.

Figures 5 - 7 show results of these measurn ments, for natural weld .

flaws in a pressure vessel ' teel (Figu.re 5) and a steel pipe (Figure. 6).

4nd for a backwall reflection from a two-inch thick wall of centrifugally-

:a s t stainless steel pipe. (Figure 7). Note the high-resolution achipvyd

sith t he focused system, even with the Mode II approach, compared I

with t he nonfocused systen. The nonfocused transdarer system

canrot even detect the backwall reflection from the centrifugally-

cast tubing. This is due primarily to the coherent background

noise arising f rom grain scattering, with the increased

attenuation due to the scat tering p. laying a secondary role. 't he

innular-array tocusing system not only increases the signal-to-random noise
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ratio and hence overcomes the attenuation due to scattering, but, more

importantly, reduces the coherent noise since fewer graina are observed

within the small focal region.

4. Transducer Matching nnd High-Pover insonification ,

Transducer matching increases the power transmitted to and !

received f rom the region of interest. Because of the commercial

availability of matched transducers, we have decided to purchase our

annular array transducer already matched rather than attecpt to fabricate

our own matching layers. !
I

Sensitivity enhancement by high-power insonification is ultimately

limited by the power handling capability of the transducer. As the

power is increased, a dangerous feedback mechanism cones into play, where

1
the increased power dissipated in the transducer raises its temperaturc,

thereby increasing the loss tangent , which. in turn, raises the

temperature further. Estimates f rom work reported in the literature g

(D. Berlincourt, B. Jaffe, H. Jaffe and H. H. Krueger, IRE Trans.

Ultrasonics Eng., pp. 1-6, 1960) indicate a power limit of the order of

0.5 kilowatts (CW) for a PZT transducer. In our own laboratory, we have

transmitted 60 watts CW (the maximum power available to us) to a trans-

ducer imnersed in water without any noticeable rise in teeperature or

change in the lineerity of the output. CW rather than pulse insonification

was employed in these tests because maximum power transmission in pulse

echo devices can be obtained by use of expanded waveforms. such as in

the chirp radar system which we have developed.
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5. _ Integration of t h e Comon ec.t n o f t he Ult ranennit ive Ult rasonic Systya

Signal avera?,ing, t ransducer e.atching," pulse compression and high- ,

pr,wer innont f icat ion can be enacaded very casily to form an ult ranonic

system with an enormouw incrasse in neniitivity over current devices.
i

Incorporation of the nnnular array into thin system, however, would

require separate high power amp 11 stern for each ring, and separate pulse
i

compression filters for each ring in Mode 1 operation (all annull act ive i

in receive) and one filter for Mode II (only outer annulus active in

receive).

Conclus!onn and Plann_for Future Regenrel3

The highly-sensitive nynten which we have developed should be

capable of overcoming almont all random noine problems which are

encountered in ultrasonic innpection of reactorn. Other major needs in

this field are icproved lateral resolution and leproved discrimination

against coherent background due to grain neattering. As thin ntudy has

shown, electronic focusing will significantly increnne not only the

signal-to-random noine ratio, but also the renotution and background-

supprenston capability of the nyntem. Ilowever, beenunf of the rigidity

of the materials of interent and the large dif ferences between the ultrasonic

velocities in these materials and in typical transducer coupling media

(water, oil, grease), image distortions wil! be produced when innpecting

through surf aces which are not flat. Our efforts in the ner.t two years

will therefore concentrate on developing focusing and beam deficction

schemen which, at reasona$le cost, will allow inspection of hard materials.

The une of shear waves will also be investigated since it will provide

a factor of two improvement over the une of longitudinal waven, due to

i

.
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n1J 1n7
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its lower velocity. A theoretical analysis of array perforciance in the

wideband case will be undertaken in order to optinire array design for the

locusing techniquen under consideration. A two-dinensional sterper-

motor driven scanner, with computer interf ace, will also be developed

and used to generate B-scan images of finws in nacerials.

.
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INSPECTION OF NUCLEAR REACTOR WE! DING BY ACOUSTIC EMISSION

GATX/ GARD. INC.

7449 No. Natchez
Niles,111. (20648

Principal Investicator David W. Prine

OBJECTIVE

The overall objective of this work is to provide improved detection and

characterization of flaws by nondestructive testing during the fabrication of

nuclear piping and pressure vessel weldments using acoustic emission monitor-

ing dur g the welding process.

To accomplish this end, tre following specific goals were set within a

three year program:

1. Show feasibility of in-process acoustic emission monitoring

on nuclear piping ar.d pressure vessel welds.

2. Fabricate piping and pressure vessel monitoring equipment

and evaluate under nuclc : fabrication shop conditions.

3. Provide data to be used as a basis for development of a case

for NRC acceptance of in-prorcss acoustic emissinn monitoring

of welds in nuclear compone its. ;

FY77 SCOPE

1. Additional laboratory testing to aid in detemination of AE flaw
Idetectability and flaw type discriminatit,n.
'

2. Developnent of correlation between AE and flaw size by analyzing AE

data and cross validsting of flaws with other NDE techniques as well

as quantitive metallography. |
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3. Construction of a prototype vessel weld mniter and testing under

shop conditions.

4. Completion of the shop evalu3 tion of both the piping and pressure

vessel AE mnitors.

5. Analys's of all the data and experience generated during the progran

and es ablistrnent of a case for hRC and code acceptance of AE

in-process weld renitoring of nuclear componer.ts.

SUMMARY OF RESEARCH ACTIVITIES FOR FY77

The major accomplists ents decing FY77 were:

1. Completion of piping taboratory tests, including 49 welds and

540 feet of weld pass on A312T304 and A106 material. Over 60

planned flaws were generated.

2. Construction of a prototype pressure vessel weld renitor.

3. Production shop evaluation of the piping AE wela nonitor at G & W

Plant f 1. Cicero, Illinois; consisting of 80 welds and 5800 'eet

of welv pass on A106 naterial.

4. Completion of tressure vessel laboratory tests censisting of 15 welcis

and 900 feet of weld pass containing over 70 plar.ned flaws in A533

ma terial .

5. Production shop evaluation of the pressure vessel AE weld monitor

at B & W. Mt. Vernon, Indiana and Westinghouse. Tarpa, Florida;

consisting of 5 welds and 4,480 feet of weld pass on A508 and A533

material.

6. Analysis of AE data for correlation o f AE activity and flaw detect-

ability and flaw type discrimination.

184i
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PIPING AND PR[SSURE VESSEL LABORATORY TESTS

A total of six labordtory tests have been run during this et - yrir

program. The first tnree (one on piping type welds and two on prtssure vessel

welds) were used for initial calibration and proof of feasibility purposes. A

!!mited nunber of flaws were generated in three categories; cracks; ? !arlusinnt
and porosity.

The latter three tests conducted during the past fiscal year (fY77)

consisted of very large bank of flaws (approxirately 130) in both piping and

pressure vessel weldt. Analysis of this data has so far shown that probabilities

of AE cetection for cracks and slag inclusions are 1001 Incor.plete penetration

was detected 1001 in subnerged arc welds and about 75% in gas shielded welds.

Porosity has cown an 80% detection probability, with detected ;orosity strongly

associated with slag entrarcent. Lack of fusion was not detccted, nor were

tungsten inclusions although both show some low level AE activity. The At'

signals fr;n cracks, incomplete penetration and slag inclusions show general

correlation with size. In (Joitton, analysis has so far has shown the feasi-

bility of Ar. discrimination between cracks ar j slag inclusions or the basis of

dif fering delay times for the onset of AE activity.

PIPING AND PRESSUT,k '!P SEL

PD0 DUCT 10N SHOP EVALU1T10N TESTS

Productior. shop evaluation of a single channel piping rronite" was conducted
,

during FY77. The 5800 feet of weld passes wero in nuclear grade carbon steel

piping, and pr]duced the fol'nwing re.ults. AE detectec 61 of X-ray indications

with a 3.9' aver-call. On a type basis, AE detected 100% of cracks, 53% of

parosity. 'nd 63% of slag inclusions. Production radiography was the means of

fim confirr 3tio1 for the pipinQ tests.
185
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ANALYSIS Of AE DATA

The AE data from both laboratory piping and pressure vessel tests welds

was used to determine correlation of AE activity with flaw detectability and

flaw types. These tests ir.cluded both planned and natural flaws.

The AE data was stored in raw analog form on nagnetic tape and in pre-

processed digital form on computer data storage diskettes. The data was then

recovered and analyzed as to ring-down count (energy) levels and distributions,
I

dnd spectral Content. The computer aided analysis system generates a variety

of plots and histograms of the various AE signal parameters, perfoms some

statistical analysis on the data, and generates print-outs for each weld. The
|

analysis so far has yielded considerable infonnation as to:
f

AE flaw detection probabilities for the various flaw types.o

o AE signal correlatici, with flaw size.

AE signal characteristics which may allow flaw type to beo

determined.

o Basic AE flaw detection mechanisms. .

!

Future work in this program will include:

1. More detailed analysis of the existing AE data bank to

provide better understanding of the flaw size and type

discrimination characteristics and to provide additional

evidence of the ef fectiveness of in-process AE weld nonitoring.

2. Development of an AE monitor that not only detects flaws during

welding but provides information on size and type of flaw.

187
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Productico pressure vessel shop evaluatien of in-process AE nonitoring

consisted of 3 tests, two with the laboratory system, and one with the two

cnannel AE pressure vessel production weld nonitor (Figure 1). The first test

consisted of nenitoring the 0.0. weld on a vessel inlet nozzle. The weld was

approximateJy !2 inches thick A508 f. essure vessel steel, and produced only

one AE indication. The indication correlated visually with a slag entrapnent

on a cap pass later to be removed by machining. Radiograpy has not been

completed as of this writing.

The second pressure vessel test was a half bead temper repair on a HSST

test vessel. The weld was accomplished with man.;al stick welding. The weld

was very qui'et acoustically and produced only a few scattered AE indications.

The more severe of these led to- the grinding ai,ay of a portion of the weld to

reveal scattered porosity. Radiography and ultrasonic testing confimed further

areas of po.asity, but these were judged code-acceptable.

The third pressur' vessel test was a series of longitudinal seams in three

nuclear steam generator shells. Approximately liC0 feet of weld pass showed 6

indications hich were visually confirned. The ir.dications were in run.off

pads and lower root passes which were later ground out. Production radiography

has cr:afimed AE findings. No rejectable flaws wre found with radiography. The

p> oduction shop tests have shown that:

1. Utilization of Acoustic Emission runite-ing is feasihie in a shop

envircrrient to detect and locate flaws in r.aclear component f
i

fabrication welds.

2. Acoustic Emission results correlate well with current NDE ciethods

(i.e., radiography and ultrasonic).

3. Acoustic emission monitoring of welds can be applied without

interfering with nornal production processes.
. "iS
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CONTtAir TITLE

Acoustic Emission-Flaw Relationships for

in-Service Monitoring of Nuclear Pressure Vessels

CONTR*CTOR AND LOCATIC1

Battelle
Pacific Northwest Laboratories

Battelle Boulevard
Richlend, WA 99352

PRINCIPAL INVESTIGATOR

P.H. Hutton
E.8. Schwenk

CBJECTIVE

The purpose of this progran is to develop an experimal t:1/ analytical
evaluation of the feasiLility of detecting and analyzing flaw growth in
reactor pressure boundaries by continuously nonitoring for acoustic emission
(AE). Major specific progran objectives are:

Develop criteria to distinguish flaw grewth AE from other non-.

significant 3coustic signals.

Develop an AE-flaw growth edel as a basis for relating inservice.

AE to flaw significance.

FY-77 SCOPE

The program scope for FY-77 included:

1. Procure A533 Grade B. Class 1 plate ar.d fabricate test specimens

2. Establish a calibrated techanical-electronic test system
,

3. Start developing AE signatures for fracture, fatigue crack growth
and innocuous noise sources.

4. Investigate effect of prior plastic deformation on generation of
AE by crack growth.

189

f

I i

B15 MS
'



-- , .- , .. . .. , , . . , , . . - , g- - ., ,. -

5. Start develeping AE-fracture mechanics model as a basis fer
evaluating defect significance by AE.

6. Evaluate availability of high temperature sensor suitable for
reactor service.

7. Collect and analyze AE data from HSST tests.

8. Develcp a library of relevant work published by others and
evaluate for useful findings.

9. Prepare a year end report including preliminary conclusiens on the
feasibility of inservice AE monitoring for detection and evaluation
of flaws.

SUMMARY

Since this progra:n was initiated in late FY-76, this report actually
covers the period July 1,1976 to October 1,1977. A brief review of major
accomplistments includes:

Forty-two specimens, including skin-base and skin-weld material.

from an 8 in. thick plate of A533 Grade B, Class 1 steel, have
been fabricated.

A multiparameter AE detection and analysis system has been assembled.

and calibrated.

A method of rating AE system detection capability has been devised.

to facilitate relating AE results to other tests and other AE systems.

Fourteen tensile specimens, two fractere specimens, three fatigue.

c.uck growth specimens - base metal, weld metal, and 3t plastic
prestrain bas" metal - have been tested.

M?asured AE frca the HSST V-78 intermediate pressure vessel test..
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Results will be discussed under the following topics:

1 AE instrtr entation and technique S

2. Tensile and fracture tests

3. HSST V-78 vessel test

4. Fatigue crack growth

5. /E characteristics

6. /racture inechanir.s relationships and application.

AE Instrum ntation and Technioues

The multiparameter AE detection and analysis system shown in Figure 1
is the primary measurement system being used on this program. It measures
seven parameters (five AE parameters and two mechanical test param9rs)
simultaneously at.d records these on solid state digital memorie.. The
digital nemory recording method greatly facilitates subsequent analysis by
providing a direct tabulated printer readout with all parameters ctortinated.

A source isolation feature limits accepted AE data to that originating
in the predetermined area of interest. The source isolation also controls

a transient wave analyzer so that displayed signals for wave fom and
frequency spactrum analysis are limited to these cricinating in the area of
interest.

A method for rating the sensitivity of the enf ire AE monitor systam
has been devised to rnake tne results of this program relatable to othc
AE monitor systcras and tests. We call it * Effective Sensitivity". To
illustrate, assume a ronitor system operating with a total gain of 90 dB,
a detection threshold of 1.5 volts peak, and a sensor with an absolute
sensitivity calibration of -65 dB re 1 voltipbar in the frequency range
being monitored. The minittu: input voltage to the system from the sensor

5
that the system would respond to i', 93 d of 47 p volts. Considering

n
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1v arthe sensor, it should produce or SE2 u volts /ubar of front
face pressure. If we r.ow compare these two values, the total system should

47
respcnd to g or 0.08 u bar pressure on the f rcnt face of the senscr.
Th.s 0.03 u bar is called the effective sensitivity of the measurerent
sys tem.

Te-sile and Fracture Tests

Secoth tensile specimens of both base metal and weld metal tested
at roon tecperature and at 550*F prcduced essentially no detected AE
(Figure 2). This suggests that elastic / plastic deforration in a vessel
in tne absence of stress concentrations (K ) ray produce little or no

t

detectable AE.

Total acoustic signals detected without source isolation restriction
is plotted in Figure 2 as acoustic noise. This plot uses the AE event
count scale. Where the total valid AE count was 10, the total acoustic
noise count was 1550. This illustrates the effectiveness of the source
isolation in screening out misleadirig test systen noise.

On the other hand, notched tersile specirens and fracture toughness

specirens both produced readily detectable AE (Figures 3 and 4). This
level threshold belcw which AE is not readily detectable.irclies a Kt

threshald is similar toThis could be a very useful pheno:renon if the Kt
that for the upper limit of acceptable defects in a vessel.

The fracture toughr.ess specimens indicated that AE is detectable not
only for grossly elastic loading with a stress cor. centration, but also
fcr discontinuous crack growth through highly strained raterials.

H53T V-78 Vessel Test

The HSST V-78 vessel test produced AE data which followed flaw develop-
rent and correlates with crack growth. Figure 5-9 illustrate how the
AE source location pattern shif ts with development of the flaw machir.ed
into the vessel wall. Up to about 18.000 psig. rest of the AE sources
are clustered arourd the center of the flaw (Figures 5, 6, 7). As the

193
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pressure continues to increase to vessel failure at the flaw, tt.e AE
source ir.dications move to the outer ends of the flaw (Figure 8) ard
indicate the crack extending out from the ends of the nachined flaw (Fig-
ure 9). Figures 5 and 6 illustrate the Kaiser Effect where in the first
pressurization to 10,500 psig, many AE signals were detected, but in the
second presse-ization through the same range a short time later, very few
AE signals were detected. This phenomenon has been shown to be reversible
with appropriate time and temperature exposure.

AE data and crack epning displacement (C00) data plotted against
test pressure are presented in Figure 10 - 13. AE event count and energy
(Figure 11) appear to relate well to the C0D curves (Figure 10). The

apparent magnitude of event count from the D/E system in Figure 11 is
misleading. This system was operated at about half the sensitivity of
the BW system to pmvide one system that was less subject to being over-
whelmed by unexpected noise. Comparing AE signal amplitude and rise time
(Figures 12 and 13) with C00 (Figure 10), the low arplitude and fact rise
time signals show the best relationship to C00. This is consistent with
tesults evolving from laboratory specimen tests to date. Further analysis
is in progress to relate the AE data to fracture mechanics parameters.

Fatinue Crack Growth

The primary emphasis has been to identify AE-fracture mechanics
relationships which hold a potential for defining flaw significance from
AE data. To this point, such anilysis hai been focused on fatigue crack
growth.

The overall concept be ng app' lied in analysis is illustrated in
Figure 14.

The concept considers that a flaw growing in a pressure vessel
will produce AE and that advanced instrument systems are available for
developmental detection and analysis of AE signals. Present effort is'on
detemining which AE parameter (s) most effectively correlates with flaw
gruwth to pmvide a basis for flaw evaluation relationships.

A statistical arproach has been used to screen the various parameter
combinations for the most promising relations in the following manner.
Rate data are developed from the basic crack length (a) and AE event count
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(C3) and energy (E) data versus load cycles (N) curves of Figures 15,16
and 17 by determning the slope of the various curves (e.g., da/dN, dC3/dN
and dE/dN) between each value of N.

Fatigue crack grovth rate (da/dN) is characterized by using the stress
ir. tensity facter range (oK), Figure 18.

Figures 19 and 20 compare AE rate data with da/dN. A power law
relattenship was derived where

dC3/dM = 4.942 x 105 (da/dN)l.233 for a 99.9% correlation

dC3/dN could also be compared with aK in the sarre ranner. The correlation
however, would be about the sa e because da/dN also correlates very well
with AK (Figure 18).

Compariso: of the change in event count (dC3) with change in calcu-
lated plastic zene volume (dV ) also correlates well with da/dN where,p

dC3/C/p = 0.6495 (da/dN)-1.2354 for 99.9; (Figure 20).

Figures 19 and 20 indicate that the rate of change of AE event count is
a reasure of da/dN (and ar) and that the rate of change of C3 is controlled
by the rate of change of V.

Similarly, rany other comparisons of AE rate data and da/dN have
been made and are shewn in Table 1 for three fatigue crack growth specimens.
Please be aware that the percent correlation determinations are a relative
reasure of the dependency of the two variables. They do not indicate the
exrt f unctional relationship.

Preliminary AE-da/dN correlations show that low amplitude AE event
ccunt signals of fast rise tire provide Jie best r.easure of da/dN and
that plastic zore volume appears to play a dominant role in the production
of the low amplit ade-fast rise time signals. These data are preliminary
but the results are encouraging for using rate of change of AE signals
over a pericd of time as a measure of flaw growth rate in a pressure vessel.
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TABLE 1

SUMMARY OF AE FUNCTIONS VLATED TO
FAT!GUE CRACK GROWTH PATE (da/cN)

IN TEp9s or PEPCENT CHANcr or cn; rte.:7gty

Test 82-1B Test B2-1A Test 1-1A-2A
Skin-9ase Pat'l. Skin-Weld Ptit'I. Slin-Base. 3t Prestrain

dC/dN >99.9 >99.9 >99.9

dC/dA 72.9 86.8 18.2

dC/dV >99.9 97.52 >99.9
dE/dN >99.9 >99.9 99.8

dE/dA 77.0 99.02 52.4 ;

dE/dV >99.9 96.25 >99.9
i

dH /dN >99.5 >99.9 >99.9j
dH /dA 99.87 88.2 54.1 Ij
dH /dv 98.45 98.42 >99.9j ,

'
dH /dN $99.9 99.74 1.84

dH /dA 99.79 87.5 94.44

dH /dV 27.8 7.9 >99.9 i4

dR /,dN >99.9 >99.9 >99.9 ij
dR /dA 79.5 94.82 14.6

|j
dR /dV >99.9 98.61 >99.9 1j
dR /dN 97.8 W 52.5 |4

dR /dA 64.9 98.81 86.8 |4

dR /dV 93.1 67.7 >99.94

Nomenclature Sicnificance of Porcent Numbers

C - AE event count 2 (< .3 >5.0 volts) This is based on a stati;tical
E - AE energy-volt -sec. evaluation with the follcwing
Hj - Number of lowest 8.mplitude events (<l.3 volts) criteria:
H Number of highest amplitude events (>5.0 volts)
R4 Number of fastest rise time events (<lusec) >99.9% - hi hly significant9y- 99.0 - 99.9% - significant
R4 - Number of SMwest rise time events (>10usec) 95.0 - 99.0 - r:arginal significancea - Crack length
N - Number of load cycles <95.0 - insignificant

A - Crack area
V - Volume of the crack front plastic zone

215

$
J.

1

.' a

815 221



AE Characteristics

Investigation of unique characteristics of AE signals from flaw
grr as opposed to signals frco innocuous sources such as slag inclusion
a r. . oxide cracking has been lir.ited during this report period. E rk has
concentrated on AE from flaws and for justifiable reasons, planned tests
involvirg slag and oxide crackinr; were not cor pleted. Some AE signal
characteristics f. ave been cbserved, however, which have potential signifi-
cance:

AE signals in these tests fall into three general categories -*

fast rise tirre with low a plitude, fast rise time with high
acplitude, slow rise tire with various aglitudes (Figure 21).
As discussed previously, fast rise time, lower amplitude signals
show the best correlation with crack growth parameters. This
corbination also offers a potential for screening out nany noise
signals.

Observation of AE sigrul wave for s shows some evidence that they*

may characteristically start with a negative half cycle *(Figure 21).
AE signal frequency spectra tend to caintain a level up to about*

600 kHz while for noise signals the level drops with increasing
frequency above about 2CO-300 kHz (Figure 21).

These characteristics are all subject to confirration by further testing.

Fracture Pechanics Relationshirs and Applicatien

Projecting to show how this type of analysis leads to relationships
which may be used on a reactor, consider Figures 22 and 23. Each figure

compares accumulated C3 or E as a function of bax (or aK/1-R R = .1)
on a linear scale for three specimens. The two 2T-CT specimen C3 data
points fall upon each other and both show a " knee" at the saw K level as
the da/dN-aK curves.

The E vs K data behave similarly but do not appear to exhibit thecax
change in slope at the aK level where the da/dN-AE curve changes slope.

*This assmes a fixed polarity of the sene j crystal.

.
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The 3% prior prestrain specir.en (SEN) data is displaced below the

2T-CT dats. This could t.e due to starting the SEN specimens at a higher
AK level or a decrease in AE sensitivity due to the 3% prestrain. The
change in slope of the SEN C3-K - ppears real, interestingly it occursg,

at nearly the same K level where th? ?T-CT speci. men tests stopped.

Figure 24 compares calculated pWtic zone vclume, V with total AE
p

event count. These curves folic.i the C3-V cata based on the plasticg
zon? volume being,

2
V = nr B where r = (K )2 x )jpgp p p j

Even though this calculation folicws directly from the C3-K ct ve, this
data suggests that partitioning plastic zone volu e over a range of flaws
that could exist in a finite voltse in a vessel might allow another means
of characterizing the damage level (s) in that vessel.

One obvious limitation at this point of the above relationships is
the need to establish an initial flaw size. A possible solution nay be
to use both a rate and a sumation interrogation of the AE data.

PLANS FOR OW GOING RESEARCH

The overall researth plan censiders the fo11cwing:

FY-78:

Based prirarily on laboratory testing and considerino a limited
range of variables (material condition, environment, flaw growth mechanisms,
etc.), demonstrate that a meaningful AE-flaw growth relationship for field
appitcatinn can be achieved.

FY-79:

Contingent on successful corpletion of the above, work in FY-79
would test the relationship against a full realistic range of var. 3bles
and initiate transfer to a real structure to demonstrate that the technique
can be applied for inservice flaw evaluation. This latter would probably
extcnd into the following year.
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INHIBITION OF INTERGRANL'!JLD. S2J_SS CORROSION

CRACKING OF SD;SITI7.ED TYPE 304 ST).D.1ESS STEEL

The A=erican University, Washington, DC 20016

Dr. B. F. Brown, Principal Irrestigator

Objective: The purpose of this project is to assess the effectiveness of

nsdern corrosion inhibitors in nitigating intergranular stress corrosion

cracking in sensitized Type 304 stainless steel. At present, the purity

requirements for bulk BWR feedvater are stringent, yet cracking occurs.

Rere are only three routes out of this proble=: (1) Change the steel,

(2) lower the stress, or (3) change the enviren=ent. The present project

is an exploratory study of the third route involving the addition of small

quantities of substances known as inhibitors, both evaluating the effective-

ness of these substances and developing a better understanding of the

techaniss(s) by which the more prcaising ones work.

IT 77 Scope: Finish evaluating cand hte inhibitors added both singly and

is combination. Analyze the nechanism by which the better inhibitors work

by producing polarization curves, studying film breakdown kinetics with

and without inhibitors, and studying repassivatien kinetics of a scraped

surf ace in the presence of a solution with and without inhibitors. 'Ihe sub-

stance whose inhibitive nechanisn(s) is (are) of pri=ary interest is Cd50 .
4

Sur=arv of research activities and results: It is known that the concentra-

tien of solute species at the tips of growing stress corrosion cracks is

grossly different from the bulk solution outside the craci:s. The pH at the
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crack tip regions has been measured for high strength low alloy steels,

titanits alloys, and alu=inum alloys in salt v,ter at room temperature,

and for austenitic stainless steel in boiling saturated magnesium chloride

at approximately 154 C. Neither the pH nor other ceasure=ents have been

nade on the solution inside cracks in EkTs, that is, on the solution which

is driving the stress corrosion process. Fron a concideration of what is

known about crevice corrosion and pitting corrosion of stainless steels, it

is postulated that the solution in the crack tip is very acid, due to the

hydrolysis of chronium. And if it is acid, there must be a high concentra-

tion of anions, probably chloride icas. For this reason we have arbitrarily

selected 4 s Nacl acidified with BC1 to pH 2.3 as our reference solution.

lucidentally, the actui. co= position of the local solution bears only a

very distant relation to the composition of the controlled values fc.r the

bulk Ek'R water, and the concapt of a distribution relationship between the

two is not a valid concept. terefore one probably does not make any

significant change in the soli. tion chemistry within growing cracks by

increasing the purity of the ',TR bulk water, though what one may do by such

a measure would be to decrease the probability of initiation of a local

corrosion cell. It is this concentrated, local solution which we are seeking
to inhibit.

It should be noted that since our reference solution is 4 H Nacl,

any addition of, say, NaBr is reported as " bromide addition"; likev' e the

addition of, say, CdCl2 (which would be done at constant chloride concentra-

tion) would be reported as a "cadniun addition."

The procedures used to evaluate candidate inhibitors of ICSCC in

sensitized type 304 stainless steel have been described in a previous

(h'CPIC-0185), " Annual Report of Contract Research for the Metallurgyreport
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and Materials Rasearch Branch, Division of Reactor Safety Rasearch, Fiscal

Year 1976", page 206.) Eriefly, U-bend specimens are exposed te solutioe

with and without selected candidate inhibitors, and the times for appearance

of first cracts are noted, ne experience in the present program with

various types of inhibitors is sumsarized in chart form in Figures 1-7.

In these charts the first colu=n identifies the inhibitors, the central

panel show graphically the time for first detection of cracks, the next

colu=n shows the electrode potential of the steel in that particular

enviroc:nent, and the final colu=n provides brief re= arks about the speH nen

appearance. In most cases the experi= cats on a given candidate inhibitor

at a given concentration were run in triplicate. The concentration of the

candidate inhibitor is 0.5 M unless shown otherwise,

ne results with organic substances are shown in Figures 1 and 2.

The propynol with the acetic acid (both at 0.5M) are the most ef fective

of those studied, and even these per=itted scne reaction v1.~a the surface

in addition to eventually permitting SCC. Quinoline (a standard inhibitor)

was only moderately ef fective against crackinF, and even so per=itted general

corrosion.

ne results and observations with anionic inhibitors are sho a in

rigute. 3 .r.d !.. rigurc 3 has only pclycrysnicns. R ese vere included in

the progras because some of them were thought reasonsble candidates to help

stabilize the protective oxide on the stainless steel. In fact, none of the

polyoryanions cas appreciably effective in inhibiting SCC, and not surprisingly

some of then (par ? ularly sodium nitrite) promoted pitting.

There are two points of special interest in the data shown for the

anionic inhibitors of Figure 4 First of all, there is a very modest

inhibiting action displayed by the sulfate ion; we vill co=e back later to
225
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Organic inhibitors

Inhibitor llours to SCC E,,, Ressrka

0 20 40 60 80 100 120 140 160 180 200 220 240 260
g s e s i e i e e a a eNone HW -0.160 No cononion

except SCC
1.1 Armco RC-910 0

g,
Oull 7M(Commer6sa _l Imidizoline) -0.369 5" 1nutface

*

2-(2,'4,'-Dihydroxyphenyl- H
azo)-phenylarnenic Acid -

Yellow tint F7
with SCC *

.a c',,%,d
m Pr pyn-1-o1 -0.318 N11 surface

,

0.0025 ft au pH Brown arca arnural ($"l-liexadecy]pyridinium t----f
Chloride -0.360 pits (origin of AD

|--4 SCC) F
0.025 H H Brown area arourv31-Hexadecyltrimethyl H -0.362 SCC)Anrionium Chloride H

Acetic Acid HW -0.380 Dull surface1 - --I
i

IKey: s
-

no cracks
cracks

.

Figure 1. Evaluation of ene group of candidate organic inhibitors.
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Organic Inhibitors

Inhibitor Itours to SCC E Remarkasce
0 20 40 60 80 100 1201401m 180 200 220 240 260

' ' ' ' ' ' ' ' ' ' '
No corrosion

Hone -0.360 except SCC

H Cencral
Quino11ne H g -0.357 Corrnaton

0.05 H H Interference

2-QJinn11nol p -0.367 colors around SCC

0.05 H -0.374 Black surface
% 8-Quinolinol Hi
"

H
0.05 H H -0.365 Blue cheen

Benzonarole H

0.005 H H Bremi areas
Benzotriazola H -0,363 arnon.1 LCC

6--I

H Brown arens0.035 H H -0.382 around pits
2,1,3-Benzothtadiazole g

'Key: |
no cracks

cracks

Figure 2 Evaluation of a further group of candidate organic inhibitors.
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Antonic Inhibitors

Inhibitor Hours te SCC E,gg Remarks

20 40 60 80 100 120 140 160180 211220 240 2f>0 289100 320 600
I e s i e i e i a a a 3-

None " C " 'I " ',
-0.360

except SCC

0.005 H No corroolon
Na2 r2 7 H - cacept pitsC 0

feriefn of SCC)
Na2H0y - General4

corrosion* 0.005 H --i
Na75103 ---4 - SCC from pits

0.005 H -g
Na4S104 .--.-4 - SCC from pits

NANO
- Severe pitting2

0.005 H
-0.364 Black surface

Na2W4 H with SCC f rom pits

Key: | ! 0 >
no cracks no cracking-

cracks test discontinued

Figure 3. Evaluation of selected polyoxylonic anionic Inhibitorn.
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Antonic inhibitors

Inh!bitor Ip,nr a t o fR (; p ,. r,, , p ,. , , , , ,

20 40 60 80 100 120 140 160 180 200 220 240 2to 280 300 32 600
a a a i s s i i e s a e 3 e- 4y

" # '* "None F-J -0.360H except SCC

H
pg g4 g No corromion

H -0.312 except SCC

D----i
"" ("''""I""rv Na I'0 -0.3752 4y H except SCC

W '

NaBr -0.362 Severe pitting

-NaI O-> -0.345 1.arge shallow

o---> pits

---4

K Fe(CN)(' -0.325 Severe corrosion3

Key: | 0 >i

no cracks no cracking-
cracks test discontinued

Figure 4. Evaluation of eome miscellaneous anionic inhibitors.
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this ion. Second, the iodide ion is very effective against SCC, in f act

totally inhibiting that form of corrosion up to the termination of the

experiments after 600 hours. The iodide, however, did not p. event the for-

nation of large, shallow pits.

Figt- s 5 and 6 sumcarize the observations made with cationic inhibitors.

There are three points of special interest in Figure 5. Calcium provides

appreciable inhibition. This 1. of interes*. because cadmium, which will be

seen in figure 6 to be a ce= parable inhibitor, has approximately the same

ionic size and identical valence as calcic =. Cobalt added as the sulfate is

also seen to have inhibit ve powers, and it is further interesting to note

that like calcium this simple ion also inhibits pitting. Ferric chloride

is seen to prevent SCC altogether, but at the price of severe general

corrosion. This is in harmony with the general observation that almost all

(but not quite every one) of the co=binations of environment and alloy which

cause SCC are those in which cuch or even most of the alloy surface is

passive, the corrosion being restricted to local cells.

Note in Figure 6 that zine sulf ate is a strong inhibitor, but that it

does not totally inhibit SCC. Stannous and stannic ions completely inhibit

SCC (as judged by our 500-hour test), but they permit some pitting and

general corrosion, respectively.
!

Figure 7 summarites the observations on ecmbinations of cimple cations [
'

I

and simple anions. The results ilth CdCl and Ka 50 from previous figures
2 2 4

a
are repeated here for convenience 2n comparing them with results with CdSO . |4

The sulfate ion remains of interest in possible combinations despite its

relatively poor showing singly beer.use of its reputed value in displacing
,

more aggressive ions frem metal surfaces. Note in Fidut; 7 that the effect

of cembining SO ~ and Cd+ are not sicply additive but genuinely synergistic. ,
4
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Cctionic inhibitors

R m rks
Inhibitors Hours to SCC E ,c,

0 20 40 60 80 103 120140160180 200 220 240 260 280 3CU 320 600

agr i a a 6 i i i i e i e i e a e i Ho corronton wg
evccer SCCd s

No corronton --

C..DH850 H
~ except SCC

4 -

N * " " ' " "'=

M -0.352 cucept SCC
Ceci2 * *

r*~), ,' *

M"" >~ SCC originates
$ -0.370 fro == pitted aree #,,e -

-

BaCly
.

0 3 Severe general Ci D
w,, ,

.I
-

corrosion; no SCL 'g{T.';jFeC13 _.
No corrosion y'y@ ,

except SCC gn=
4 H ,

~
Pitting then

NiC1 - SCC
2

Key | | 0 1

no rracks no crarking-

crarbe icnt dinrontlnucel

Figure 5. Evaluation of some selected entionic inhibitorn,
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Collonic Inhibliors

.

*
In!.ibitor S,g, Remarks

q 20 40 60 80 100120140160180 200 220 240 260 280 300320N 600
g i a a a e e e a i s e 5 s e I N: No corrosion

-0.360 ,,c,pc sceHone

CuSO
-

Severe general gi*
*

4 corrnaton
No corrosion yc

.

ZnSO -0.365 except SCC
4

U Dlue sheen with-0.351CdC1 H g2

-0.368 Pitting [,
SnC1

2

M Ceneral
-0.301 corrosion ( ,3SnC1 m4

~
OM H -0.372 Pitting

Key | | 0 >
no cracks no cracking-

cracks test discontinued

Figure 6. Evaluation of additional selected cationic inhibitors. Note that CdC12 behaves much like

d".a)
CaC12 (in Figure 5), possibly because the cations have sim11st nizes and identical valence.
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Combinations of inhibitorn

hrks
Inhibitor Hours to SCC E,c,

0 20 40 60 80 100 120140 1601f10 210 22', 240 260 260 300 320 600

g a 3 3 g a s s e e e e e e : e s"*

-0.350 No corrosion
None except SCC

W No corrosion
-0.375 of any type

Na2504 'Oo.-> CD*" "
M -0.345

m CdSO g of any type
4w

Blue sheen except **gm '-
- -

-0.351 brown spots'

CdC12 H (crief n cf SC ')
,. .3. m_,

-0.363 Small pits ;| /J.e .

CdBr
.=

,,m.
2

,

{.f.g,)
: t: ~

- ~
Dull grey-0.334
with exall pits ,g aCdt2 g

w*7a

I
0 I

Key: | $

no cracks no cracking-

test discontinuedcracks

Evaluation of selected combinations of anions and cations, with CdC12 repeated for comparison.Figure 7.
The combination of Ca++ and SO

was not evaluated because of its extremely low solubility.
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CdSO has in fact continued te be the most succecsful inhibiting substance4

evaluated to date.

Referring further to Figure 7, it is noted that cadmium added to

bronide confers no additional benefit with respect to SCC, although it does

markedly reduce the pitting aggressivity of the solution. It vill be recalled

(Figure 4) that the iodide ion by itself conferred total i== unity to SCC, but

without preventing pitting. Figure 7 shows that the combination of iodide

with cadzium continues to confer immunity to SCC, and with less pit *.ng

attack than with the cadmium-free addition.

In short, CdSO was found to be an inhibitor of all for=s of corrosion4

in the reference solution under cur cest conditions, and no other substance

has yet been found to match its performance. Cur interest has now been

turned to an analysis of the reason for the performance of the CdSO , using
4

thus far three techniques, as follows.

ELECTRODE POIINTIAL

There is a concept of a critical (mini =um) potential for SCC which is

valid for austenitic stainless steels, and anything which brings the

electrode potential of the steel below the critical potential will prevent SCC

("below" in the Gibbs-Pourbaix-Stockholm convention). In most of our

experiments the potential of the steel was monitored, with a clear-cut e,n-

clusion: Whatever the mechanism of inhibition by the effective substances,

it is not attributable to the effect of the substances on potential.

FILM BREAKDOWN KINETICS

At this writing, the results of these film breakdown kinetics experi-

ments cannot be expressed in a statistically rigorous manner because of

reproducibility probloas. It is hoped that these problems can be overcome
234
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in oes way or other before the writing of the final technical report. It

can be said on the basis of results to date, however, that CdSO confers
4

a stability to the protective f1L= far beyond that e.xperienced in the absence

of the inhibitor. This observation is Ln har=eny with the observation that

the CdSO4 protects against all forms of corrosion encountered in the

uninhibited reference solution, including those which do not necessarily

involve stress (pitting and crevice corrosion.)

POLARIZATION CHARACTERTSTICS

Cathodic and anodic polarization curves have been developed using

the standard ASIM procedure, both in the reference solution alane and with

a large nu=her of selected candidate inhibitors. All of the polarization

curves will appear in the final report. Only four of the key curves vill

be shosn here.

The first of these, Figure 8,shows polarization behavior in the

reference solution. The lower branch of the curve is the cathodic branch,

the uppe- branch of the curve shows firct ac active aose, then at higher

potentials an approach to passivity, and at a still higher potential,

breakaway behavior.

Figure 8 is to be co= pared with Figure 9, which shows the effects of

sulfate ion. Note that the current density for the active nose is somewhat

reduced, the current density for the passive regien is greatly reduced,

and the potential for breakaway behavior is raised.

Figure 10 shows that cadmium also reduces the current for the active

nose, except even more than the sulfate, and it like the sulfate raises the

breakaway potential.

Figure 11 shows that the combination of cadmium and sulf ate esse".cially

eliminates the active nose and vastly raises the breakawa; potential.
235
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Thus the effective inhibitors are those stich are interfering with

the anodic reaction. They do not markedly affect the cathodic reaction.

CONCLL'SIONS

1) The co=bination of cadmium and culfate icas produces a synergistic

effect in inhibiting all forms of corresica seer in our tests of

sensitized 304 stainless steel.

2) Although other substances have shown drz=atic inhibiting effects

on SCC, they have not matched the CdSD. in total inhibition.

3) All of the substances which appear possibly effective considering

the total BWR environ =ent, based on c r present understanding of

the fundamentals of the problem, have been evaluated without

finding one of practical utility. This status does not exclude

the possibility of finding such an inhibitor in the future.
.

4) Whatever the mechanism of the CdSO inhibition, it r:oes not4

depend on changes in electrode potential.

5) CdSO enhances the stability of the protective film on stainless
4

steel, though we cannot presently place a nunter to this enhance-

ment.

6) CdSO has its inhitiL1 e effect on LLe anodic re.ction. not thev
4

cathodic reaction.

PIAN OF RESEARCH TOR MITURE YEARS

This work has progressed to the point of demonstrating that in

principle the inhibitor route is a viable route for the prevention of

intergratular stress corrosion cracking. Unfertunately the most satisfactory

inhibitor found to date is not cc=patible with a nuclear environment. No

way out of this problem has been foreseen to date and the cresent project
240
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vill be concluded 14 Lece=ber 1977. The vendor is planning some studies

on the nature of local crevice ccrrodent in the E*=*R system; assuning these

studies prove f ruitf ul, the results may be useful in guiding research more

accurately than the reference solution used in the present study which

solution was formulated on the basis of imprecise analogs.

If the large ne=ber of studies en altered netallurgy, reduced residual

stresses, ar.d perhaps altered operating practice (particularly limitation

of oxygen during shutdowns), all of which aspects are being investigated

not caly nationally but internationally, should prove incompletely ef fective,

then it night be in order to resu=e the search for a cocpatible inhibitor

based in part upon the new knowledge about localized crevice which would

presumably then be available.

EIELIOGRAPHY

1) C. S. O' Dell, E. F. Erown, and R. T. Foley, Abstract 128, pp. 354-356,
The Electroche=1 cal Society Extended Abstracts, Fall Meeting,
v;tober 9-14, 1977.

2) B. 7. Brown, NUREG-0185, pp. 206-215,1976.
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Project Title
|

STEAM GENERATOR TUBE INTEGRITY PROGRN4
,

Contractor and Location
!

Battelle i
Pacific Northwest Laboratories i

Battelle Boulevard IRichland, Washington 99352
1

Principal _ Investigators

J. M. Alzheimer
R. A. Clark
C. J. Morris
M. Vagins

OBJECTIVES

The purpose of this program is the development of a large
data base dealing with the integrity of defected PWR steam
generator tubing. Major specific program objectives are:

Tubing re resentative of tubes presently installed ine

PWR stea generators are defected using both mechanical
and chemical means. Defects are to be similar to those

expected in PWR steam generators.

Using replication, eddy current and other nondestructivee

methodologies, characterize the defects as completely,
as possible.

Carry out burst and collapse tests on defected tubes ine

environments chemically and thermally similar to those
found in-service.

,

Develop methodology for correlating the results of fielde

defect determination with results of burst and collapse
tests.
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FY-77 SCOPE i

f

The program scope for FY-77 included:

1. Procure Inconel 600 tubing representative of that presently

in-service.

2. Procure a single-frequency eddy current testing (ECT) system.
i

3. Design and build burst, collapse, cyclic fatigue, leak rate |

and bulging facilities.

4. Perform baseline ultrasonic and eddy current inspection of

all tubing.

5. Have carefully controlled defects representative of those

expected in PWR steam generator machined into a selected
Inumber of tubing specimens.

6. Using several testing methods, including single-frequency eddy

current inspection, fully characterize defect geometries.

7. Carry out burst and collapse tests in representative PWR

environments.

8. Develop methodology for correlating the results of burst and

collapse tests with the results of field inspection defect

determination.

9. Develop criteria for estimating margins-of-safety to be applied

to the evaluation of tubes in which flaws are found during

in-service inspection of PWR steam generators.

SU."31ARY

This report covers the period of November 1, 1976 to

December 31, 1977. A brief review of major accomplishments

includes;

e All needed Inconel tubing, cddy current inspection equip-

ment and pressure testing equipment was purchased.

e Baseline eddy current and ultrasonic inspections of

undefected tubing were completed.
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liardness and t3nsile tests were performed to checke

tubing material properties.

Approximately 540 specimens were prepared usinge

selected defect geccetries.

Eddy current examinations were performed on defectedo

tubing using standard field practice.

Full matrix cf burst tests were carried out.e

Initial bulging tests completed.e

Feasibility study of chemical defecting techniquese

was completed.

Result's will be discussed under the following topics:
1. Tubing procurement and baseline characterization.
2. Defect preparation and characterizaticn.

3. Pressure test facilities and test results.

TUBING PROCUREMENT AND BASELINE CM RACTERIZATION

Arrangements were made to obtain Inconel 600 steam generator
tubing produced in a Westinghouse facility and fabricated to
Westinghouse specifications. The four different sizes of tubing
used are 0.975 x 0.050 in. , 0.750 x 0.050 in., 0.750 x 0.043 in.
and 0.625 x 0.034 in. Upon arrival, baseline ultrasonic and eddy

inspections were performed on all tubing. The ultrasonic i
current

inspection included a detailed survey of the dimensions of each
tube. A belical scan of the entire tube length was performed for
each 10-ft long tube. In addition, a complete survey was made of
the entire tube circumference at selected locations. These locations !

are the place where defects were to be placed in the tubes. At each
of these locations, maximum and minimum ID, OD and wall thickness,
ID and OD ovality and eccentricity were precisely determined and

{

.
,

recorded. At these locations, the spot of ninimum wall thickness 8

was marked on the tube. For the most part, the tubing was very
244
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uniform and of high quality. At a few locations, abnormal indica-

tions were detected in the ultrasonic signals. At these locations,

small defects such as sanded spots, dents and scratches were found,

and they were recorded. Baseline eddy current inspections were

also performed on all 10-f t loag tubes. Standard single-frequency

inspection techniques were performed using the EM 3300 system,

which is shown in Figure 1. Any abnormalities in the eddy current

signals were reccrded.

Af ter baseline examinations of the tubing were completed, tubes

were selected to be used for test specimens. Only tubes which show9d

no abnormal indications during baseline ultrasonic and eddy current

inspections were used. Sufficient tubing was cut into 1-ft lengths

for ':est specimens. In addition, 1-in. long rings were cut from

each 1-ft long specimen. These were used for hardness and ring

tensile tests for material properties characterization. Tube

specimens were also selected for AST:4 tube tensile tests. These

tests show the Inconel 600 tubing very uniform from tube to tube

within a heat.

DEFECT PREPARATION AND CIIARACTERIZATION

Each 1-ft long specimen had been assigned an identification

number. These numbers were assigned to specific defect geometries in

the test matrix. Each specimen had a quality assurance sheet that

contained baseline and defect information. The tubes were sent along

{
with the data sheets to the vendor for defect fabrication. Seven

basic types of defect geometries were used. They are EDM slots, i

elliptical wastage, elliptical wastage plus through wall slot,

uniform thinning, denting, denting plus elliptical wastage and

denting plus uniform thinning. Figures 2 through 7 show some of

the basic geometry types. Thase defect geometries were selected

because they are types of defects that might be found in PWR steam
'

generators. Maximum defect depths were characteristically varied

from 25% to 90%. Other varied parameters include defect length,

cutter radius and wrap angle.
|
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EDM SLOT
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Elliptical Wastage
Defect Centered Between Ends + 1/a ELLIPTICAL WASTAGE PLUS TliRU WALL SLOT

,
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Defects were placed at the locations of minimum wall thick-

ness. Tolerances on defect dimensions were not made restrictively

small, which would have added to the cost of machining. Instead,

great care was taken to insure accurate characterization of defect

dimension after they were machined. This insured that dimensional

effects on pressure tests could be examined with the needed

accuracy.

The primary method used for defect ch..racterization was repli-

cation with a special silicone rutber. Ali pertinent dimensions

were measured from the replicas. Since the defects were placed

at the minimum wall locations and the maximum defect depth had

been determined, the maximum percent degradation could be calculated

for each specimen. This is one of the key parameters in the data

correlation. It is the parameter currently used in plugging

criteria and is the parameter the eddy current inspection technique

tries to predict.

After the defects had been replicated, specimens were examined

using standard single-frequency eddy current techniques. At present,

all defects have been eddy current examined, but all these data have

not been analyzed. Care was taken to insure that as much as possible

the techniques used were the same as those currently used in the

field. Figure 8 shows the type of trace that is obtained during

the eddy current test. Figure 9 is a comparison of the ECT indicated

percent degradation with the actual percent degradation for several

of the first specimens tested. It is very obvious from this plot

that the ECT method does not predict the actual degradation as well

as would be hoped. The worst readings were obtained for EDM slots

where the present degradation was consistently underpredicted.

One specimen with a shallow defect even gave no indication at all.

All indications for EDM slots were unconservative. This is

disturbing, but is not as bad as eight be imagined, as will be

seen when ECT readings are compared to actual pressure test data.

This will be discussed later in the report.
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Elliptical wastages were more accurately characterized by
the ECT. Some readings are still unconservative, but are not as
bcd as the EDM slot data. The uniforn thinning data are all con-
servative. It can be seen that the more material there was removed
in producing a defect, the higher the indicated degradation for a
given actual degradation. The uniform thinning removes the largest
possible amount of material for a given depth, whereas only a small
amount of material was removed to produce the EDM slots. The
elliptical wastage removes an amount somewhere in between.

Obviously, there are deficiencies in the presently used ECT
methods for defect characterization. When the remainder of ECT
data is analyzed, it is hoped that more meaningful interpretations
of the ECT data can be made. The present method of ECT signal
interpretation uses only part of the data at ailable in the signal
and a more detailed interpretation of the signal may lead to much
better defect characterization using the ECT tethod.

PRESSURE TEST FACILITIES AND TEST RESULTS

rive types of pressure tests are included as part of this
program. These are bursc tests, collapse tests, cyclic fatigue
tests, leak rate tests and bulging tests. All of the facilities

needed to conduct these tests have been built but, to date, only
the burst tests have been completed. The remainder of the tests

in various stages of completion.are

Burst tests are conducted in an autoclave assembly as shown
in rigures 10 and 11. Conditions in the autoclave during burst
tests are thermally and chemically similar to thost found in /2
steem generators. Pressurization of both the tube (or prim . y.
side) and the autoclave (or secondary side) is with water chemically
simulating PWR steam generator feed water. The chemistry is defined
on the chart accompanying Figure 12. Initial water suppl,' is

tested by condensing on-plant steam, running through an anion-cation
exchange bed, then through a sulfite deoxygenator. A total of
approximately 300 specimens of all defect geometries were burst
tested.
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During burr- ests, the autoclave and its loed of tube
specimens are simultaneously pressurized to 2250 psi, then heated
to 600 P. This establishes the starting conditions for the test.
Each specimen, in turn, is rapidly pressurized to bursting
(1000 to 2000 psi / min). The primary and secondary pressures and
temperatures are recorded on a data logger as a function of time.
In additiun, the burst pressure is shcwn on a Heise gauge.

,

Collapse tests are conducted in an autoclave assembly as
shown in Figure 12. Some components of the collapse set-up are
used in the burst set-up and, therefore, collapse tests can start

{
only when burst tests are complete. Collapse tests start by
pressurizing the tubes and surrounding pipe section to 2250 psi.
The autoclave is then pressurized to 2250 psi and heated to 600 F,
thus heating the test assembly. Upon commencement of the test, the

,

'

tube-side pressure is then vented to sl600 psig. The pipe (secondary)
is then increased at the rate of 1000 to 2000 psi /mir untilpressure

collapse occurs. Testing of companion tube / pipe systems will
continue until all tubes in that autoclave load have collapsed. A
total of about 160 collapse tests are planned.

The test set-up for the cyclic fatigue tests is shown in
Figures 13 and 14. Specimens used for cyclic fatigue tests include ,

dented specimens and dented plus elliptical wastage specimens. During I

cyclic fatigue tests, the specimens are subjected to thernal and
presrure cycles simulating a typical PWR steam generator startup
and shutdown. Each specimen will be subjected to a maximum of
400 cycles. A test will be terminated when a specimen starts to
leak or 400 cycles have been completed.

Two types of leak rate tests are planned. The first of these
will be in an autoclave, as shown in Figure 15. Both the primary
and secondary sides e the specimens will be environments similar
to those found in PWR steam generators. This means that both sides
of the tubes will be liquid and at approximately 600 F. This will
be a leak rate test f rom liquid to liquid. Specimens used will have
through wall EDM slots. The secondary leak rate tests will be
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conducted with the secondary side of the specimen at room temper-
ature. This set-up is shown in Figure 16. Sinc 2 components of these

systems are used in the burst and collapse tests and leak rate tests,
this set-up will not be available until the burst and collapse
tests are completed.

Various bulging spe( inens have 1/4 in., 1/2 in. and 1 1/2 in.
through wall slots. Neopre a bladders inside the tubes allow
pressurization of the tubes. A grid is placed en the specimens

using a photo emulsion that does not af fect the tube properties.
Specimens in ambient air are pressurized with rces temperature
water. The pressure is increased until the bladder extends through
the slot and ruptures. Video tape pictures of the tests are taken

which show time, tube pressure and the specimens. Initial tests

using 0.750 x 0.043 in, size tubing and 1/2 in. Icng slots produced
failure pressures in excess of 3200 psi.

To date, only the burst tests have been completed. Collapse

tests are underway, as are the bulging and cyclic fatigue tests.
Leak rate tests will start as soon ar the collapse tests re finished.
Data from the burst tests are currently being analyzed. Samples of
burst data are shown in Figures 17, 18 and 19.

Operating margins-of-safety and accident margins-of-safety are
defined as follows:

OMS = burst pressure divided by 1250 psi
AMS = burst pressure divided by 2300 psi.

The 1250 psi represents a fairly coamon operating pressure
differential in PWR steam generators. The 2250 psi represents
the worst credible accident ec'dition.

As can be seen from Figure 17, the results of the burst tests
for uniform thinning are very consistent with very little data scatter.
Obviously, both length and depth of the uniform thinning have an
effect on the burst pressure. Figure 18 s ows results of the

elliptical wastage data for one size of tubing. Again, the results
are very consistent and show a small ame ant of scatter. Figure 19
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is a representative plot of EDM slot data. Here, the scatter

in the data is so.newhat larger, mainly due to the nature of the

EDM slots. It was not possible to maintain a tight tolerance on

the EDM slots as on the uniforn thinning and elliptical we. stage.

A computer program is currently being developed to assist in
the manipulation and plotting of the data. This is one of the

primary tools used in the data analysis.

Figure 20 shows the results of the burst tests for the first
specimens examined by ECT. Whereas it had previously been shown

that the ECT did not accurately determine the magnitude of the
defects, it can be seen from this figure that the criteria would

have plugged all defects that had burst pressures less than 5000 psi,
which is over twice the worst credible accident condition. Current

plugging criteria calls for plugging of tubes that have indications
of greater than 40%.

CNGOING RESEARCH

FY-78

Continue using chemically defected tubing method of mechanically
defected tubing. Emphasis is on tight cracks.

FY-79

Continue uslag in-service defected tubing.
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Contract Prinwry Coolant Pipe T.up.urz Study, Task 7. Method for
Detecting Sensitizat..>n in Stainless Steel: AW.9-24)0202

Contractor General Electric Ccenpany
Maclear Energy Dats;sr
Boiling Water Reacter Systems Department
San Jose, CA

Principal Inves tigators W. L. Clarke, Jr. and V. M. Romero

OBJECTIVES

Extend the development of a technique (EPR) for detecting sensitization in stainless steels

to permit obtaining measurements on actual components in the fabrication shop and in the

field. Design and f abricate a portable polarization system and electrochemical test cell

so that quantitative degree of sensitization measurements can be obtained

nonoi.s t ructively. Qualify the portable s tem using a welded stainless steel pipe field
mockup assembly. Perform laboratory experiments to increase the data base of the
measurement technique, so that greater confidence is achieved in making judgments
reaative to stress corrosion cracking susceptibility based entirely on degree of

sensitization.

FY 77 SCOPE

I. Cornplete a number of laboratory studies snich sere initiated during FY 76, and
which are supprrtive to the total EPR deselopment ef fort.

a. Determine the ef fects of grain size on the sensitization values measured.

b. The ten welded Type-304 stainless steel pipes used for the EPR development

were retested using the test parameters optimized during FY 76.

c. The pipe weld heat af fected zones were profiled from the insioe to the outside.

d. One heat of pipe was tested to study the ef fects of sensitization temperatures

and times-at-temper.:ture.

e. Long terrn constar t load tests were continued to assess the intergranular stress

corrosion crackir.g susceptibility of selded Type-3C'4 stainless steel.
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2.
A portable polarization system was designed and fabrication initiated by a
sut><on t ra ct or.

3.
An electrochemical test cell for use with the portable polarization system in the field
was designed and fabricated.

Qualification of the field cell was completed using a
welded Type-304 stainless steel pipe mockup assembly.

4.
Procedurn and specifications for obtaining degree of sensitization measurements

using the EPR technique in the laboratory were prepared and published in the open
literature.

5.
Efforts were initiated to obtain ASTM adoption of the EPR technique as a standard
practice fc.- oetectirig sensitization in stainless stects.

6. A topical report summarizing a!! FY 76 activities was issued.
<

INTRODUCTION

I i

A technique has been developed for quantitatively measuring the degree of sensitization
in thermally treated Types-304 and 3041. stainless steels.

The EPR test (Electrochemical
Potentiokinetic Reactivation) was developed because of an industrial need for a rapid,
nondestructive, g2antitative field test which could be used fcr assessing sensitization in
reactor components.

All the tests used by the %dustry to detect sensitization are
;

considered deficien t,2
and th ne deficiencies firnit the use of these tes ts in

shop-f abricated and field <or.structed (welded) components. It was anticipated the results
of the EI'R measurements could be compared to results of stress corrosion tests on
materials with a si.nitar degree of sensitization in the environment of concern. Thus, a
judgment could be made concerning the possibility of intergranufac stress corrosion

(tGSCC) occurring in the component in service. The development effort was orginally
;

'

divided into two phases. The feasibility of the EPR method to measure quantitatively the
degree cf sensitization was the objective of Phase I. The EPR technique was determined ,

to be viable and superior to the present chemical method (ASTM Procedure
A262-Practice E) for laboratory evaluation of welded and as-received conditions. (

.
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Phase 11 was deve'ed to conducting numerous tests to establish a data pool for correlating

EPR determined degree of sensitization with stress corrosion resistance of welded
Types-304 and -304L stainless steel piping. The parameters to be used for conducting the

EPR test were also extensively investigated during Phase II. All the data developed during

Phase I, and the major portion of the work accomplished under Phase !! have been
reported.I A few additional tests initiated during Phase 11 and completed during Phase 111

are included in this document (discussed next). Development ef forts during Phase III were

directed toward the f abrication and qualification of an EPR measurement unit capable of

detecting sensitization nondestructively in stainless steel coinponents in the field. This
phase can be further divided into five tasks. The first ta-k was concerned with completing

testing initiated during Phase !! and with studies useful for the application of the
electrochemical cell used in the external fic!d measurement of piping.

'

The major emphasis during Phase !!! was the design, f abrication, and qualification of an

electrochemical cell needed for sensitization detection measurerrents in the field. These

accomplishments were completed during Task 2; while Task 3 was devoted to completing

the design, and making arrangements for, f abrication of a portable palarizatic,n system to j

be used with the EPR cell.
1

The procedures and General Electric Company specifications for conducting EPR
neasurements were completed during Task 4. Finally, Task 5, which is in progress, is

conczrned with obtaining ASTM adoption of the EPR test as a standard to be used by the

metallurgical industry for the detection of sensitization in Types 4% and -304L stainless

stects.

EXPERIMENTAL PROCEDURES
4

The bulk of studio during this reporting period was performed using a single heat (M7772)

of Type-304 stainless steel piping (binch, Schedule-30 seam? css). However, a number of

tests were conducted using five heats of Type-304 and three heats of Type-304L seamless b

pipe (binch, Schedule-30), one heat of IO-inch seamless, and twe heats of 26-inch rolled
,

and welded Type-304 pipe.

The degree of sensitization was quantified using the recently deve!cped CPR method. This

method consists of developing potentiokinetic curves of a polarized sample obtained by ,

controlled potential sweep from the passive to the active region (reactivation) in a
technique have been reported.! The test '

i

specific electrolyte; details of the test

Iconditions used for the EPR measurements are given in Table 1.
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Intergranular stress corrosion cracking (IGSCC) tests were conducted using two methods.
Most of the samples (particularly the melded condition) were rapidly screened for IGSCC

susceptibihty using the Constant Extension Rate Test (CERT) method. In this test, the
uniasial tensite samples are slowly strained to failure at a controlled extension rate of
3.3 x 10~ #

in./ min in 289 C (550 F) high-purity water containing 8 ppm dissolved oxygen.
Susceptible materials generally reveal shorter failure times, lower breaking stresses, and *

lower reduction irwrea values compared to similar tests performed in air or inert gas. In
addition, the failure mode is documented by Scanning Electro, Microscope (SEM)
examination of the fractured samples.

In conjunction with the CERT tests, some samples were exposed to 289 C wate.' with

8 ppm dissolved oxygen under constant load (6096 ultimate tensile strength at 289"C).

Agaire, all samples were excmined metallographically and by SEM af ter testing to assess
the iallure mode.

RESULTS

COMPLETION OF EARLIER STUDIES

1. Crain Size FJfect

Earlier studies indicated one heat (834264) of large-graincJ (ASTM 3.5) 26-inch rolled and

welded pipe was very susceptible to IGSCC in the welded condition, but consistently
yielded low degree of sensitization values af ter EPR testing. A second neat (17192) of
large-grained (ASTM l-4) 26-inch pipe was evaluated to determine if this lack of
agrement between IGSCC susceptibility and ensitization was due to grain size, or unique
to the pocessirg history experienced by the rolled and welded pipe. Additiorully, EPR
spot checks were made on large-graine (ASTM 2-3) reactor hardware which was known to

be IGSCC susc.:ptible. The weld heat affected zon- (HAZ) pro 4iles for these pipes are
shown in Figure I, where the levels of sensitization for both heats are comparable. The

degrees of unsitization for both welded pipes are considered quite low as P, values2between 4 to 40 C/cm are common for IGSCC susceptible heats of as-welded Type-304
stainless steel.

Both heats were cetermined to be susceptible to IGSCC, which on a ranking basis, would
rank these two heats among the least-resistant of the 11 piping heats evaluated. Similar
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tests conducted on IGSCC-susceptible reactor hardware revealed P, values greater than
220 C/cm for the welded large grained material. Therefore, it appears the low values of

iP, obtained for the rolled and welded pipe is due to a processing history, or other ef fect
unique to that type of prcduct, i.e., the anomalous sensitization -ICSCC behavior cannot

be expained solely by grain size. i

2. Weld Retesting

Ten of the welded pipe * were retested for degree of sensitization us. g the optimum EPR

test parameters devuoped during the Phase 11 studies. These parameters were established

to provide the greatest sensitivity possible when assessing ser:s;tization in welded
Type-304 stainless steel. Ilasically, the latter tests were conducted on inside weld HAZ

planar samples using an electrolyte of 0.5 Af H SO4 + 0.05 Af KSCN and a reactivation2

scan rate of 3 V/h, rather than the 0.0lM KSCN and 6 V/h generally used (all other test

conditions ramain the same).

The results of the weld retest are given in Table 2, and are corrpared to the earlier
determined values using the original test conditions. Unquestionably, the greater KSCN

concentration and slower reactivation scan rates produce greater sensitivity (higher P,
values). The rankings are somewhat dif ferent but these tests were conducted on single

samples and probably reflect usual weld variability. However, the sensitivity obtained
using the original test condnions is considered suf ficient, particu'atly in view of the
problems encountered in application uith the higher concentration of KSCN. The 0.05Af

concentration is more unstable (can make the 0.01 Af solution in bulk and store for
i month) and makes passivatien more dif ficult during the EPR test. The additional time

for passivation with the 0.05M eiectrolyte plus the extended react 2vatian time using a

3 V/h rate rather than 6 V/h results in a 30-minute test instead of 13 to 15 minutes. The
shorter test time is desirable for production usage, and espe. sally wNn conducting a field

test in-situ.

1. Pipe Through-Wall Profiling

The st.ct essful application of a pipe exter- < eld HAZ sensitization measurement, in'

terms of making judgments relative to ' ide, require minirnal change in degree of

sensitization af ter welding from the inside to the outside surfaces. % elded samples fro n
Ifour of the pipes were analyzed by the EPR profiling techniqua from the inside to t,e
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outside until a sign; tant change in degree of sensitiation occtrred. The results revealed

the degree of sen.itization for three heats dropped significantly haives decreased by 30 to
75% of insid ,urface measurements) for about the f rst 0.040 inch away from the inside
(toward the outside c'iameter). After which, the levels of sensitizatien remained
somewhat conitant throughout the pipe wall. However, one heat shosed little drop in the
level of sensitization for the first 0.030 ir d;, but then decreased gradually toward the
outside. '

4. Time and Temperature Stuov

Future studies to develop the EPR field tecr.nique further will include pipe external
face heet treatments to identify potentially " bad' heats of rnaterivl which sensitize

e

rea dily. The time and temperature studics were conducted to provide advance
information relative to ,he conditions required to obtain s:gnificar.t degrees of
sensitization in Type-M4 stain |ess steel ,"ipe in short times. The heat of 4-inch seamless

|
pipe (heat 7772) used for the EPR field cell qualificttion was also used for the time and

.

temperature studies. Nonweld-d samp!cs were EPR tested af t.cr aging between 10 to j
60 minutes at 620 C (1150 F) and 732 C (1350 F), and af ter !. hour treatments between '

482 C (900 F) to 7C4 C (! 300 F). Th: < e studies indicate levels of sensitization
comparable to those required to';roduce IGSCC susceptibility af ter welding can be
obtained t,y aging I-hour at 575 C (1050 F), 10 minutes at 620 C (1150 F), or for

{2-minutes at 732 C (13M F).
j
.

5. IGSCC Cortstant Load Tests

i

Welded s.3mples from the Phme 11 ataC.c3 were undergoing constant load testing for
relative IGSCC susceptibility when the Phase til activities commenced. Because of the '

flong times necessary for failure, if any, of welded Type-304 in the constam 'nad test,
g

these tests were continued through Phase !!!. The results of these tests a.e given in 8

Table 3. These data are incomplete since many of the samples had not failed and j
continued under test at the time this report was prepared. To date, samples fre.c five of |
the Type-304 heats have f ailed by 1G 3CC, while two heats of Type-304 (heats 2P6h6 ard

f
454659) and all three Type-304L heati are demonstrating good resistance. Analysis of tla *

.

data for multiple samples of each t? cat confirms the va.iability in stress corrosion 1
1

behavior of the welded condition for Typc-30's sVMess steel. Fer comparison, post weld, '

heat-treated (620 C/24 t.0 h) Type-304 s um.bs would have f aled by IGSCC in this test in
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times around 100 hours. The superiority of the welded condition over the
furnace-sensitized condition relative to stress corrosion resistance based ntirely on

degree of sensitization is quite apparent. It is also apparent the Type-304L welded
samples are far more resistant to stress corrosion than the regular grades of Type-304 in

the accelerated flWR environmental test.

FIELD TEST DEVEl.OPMENT

:

1. External Ce!! Fabrication

An electrochemical cell was cesigned and fabricated, which could be attached to the
outside of a pipe (or other component) for obtaining EPR measurements in the field. The

|
components of the field cell include (Figure 2): the acrylic body,"(T*-ring sealed end caps

|
with curvatures corresponding to the diameter of various size pipes, a top cap with i

I

internal penetratior s, a platinum counter electrode, a standard calomel reference >

'

electrode, a deaeration capillary which is also used for adding and removing the
electrolyte , a spring-loaded working electrode, and adjustable stainless steel attachment
straps. The assembled cell is shown attached to a 4 inch pipe in Figure 2b.

2. Portable Polarization System

Arrangements were made with an outside vendor for the fabrication of an automated, ;

portable EPR polarization system to be useu with the field cell. A schematic of the j

instrument is shown in Figure 3. With these two units (cell and polarization system), and a {
variety of small hardware pieces and supplies, a fully portable instrument will be available

for conducting degree of sensitization measurements of Type-304 stainless steel in the

field.

3. Fictd Cell Qualification

The field cell was qualified in this study by measuring sensitization in a number of pipe
weld HAZs using a mockup section simulating an actual binch, Schedule-80 reactor
by-pass pipe. This mockup (Figure 4) was fabricated from Type-30+ stainless steel
(heat M7772) using weld procedures similar to those emp!oyed during shop and field
f abrication.
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Af ter welding, the assembly was prepared for EPR field measurement by pohshing
approximately I-inch diameter spots with one edge butted against the weld fusion line
(Figure 5). The cell sas attached to the pipe over the polished spot and an EPR
measurerrent taken using the conventional laboratory p!arization system (Figure 6).

Af ter the external in-situ measurernents were cornp!cted, the pipe was sectioned for
conventional laboratory EPR testing and IGSCC charactecszation.

The conventional samples were taken through the same plished spot where the external

eneasurements were obtained, and the IGSCC samples taken adjacent to the EPR samples.
These conventional samples were taken from both the p:pe inside diamater and outside
diameter locations in the weld HAZ.

Typical EPR curves are shown in Figure 7 comparing tie external outside diameter cell

measurements to conventional inside diameter and outside diameter values. There is good

agreement in the curves generated by both the external cell and conventional laboratory
samples, indicating the field cell will measure degree of sensitization nondestructively.
Both values show lower degrees of sensitization on the octside diameter compared to the
inside diametee, which is generally the case, and is in good agreement with earlier
studies.I

The results of measurements obtained for the 2G and SG welds are given in Tables 4 and 5,r

respectively. Again, the levels of sensitization on the insioe diameter cre generally higher

than on the outside diameter, although occasionally rese se behavior is noted, probably
the result of heat input variability during the welding process. All the EPR values shown
in Tables 4 and 5 for the 2-cm#

area measurements are los. These low valvas result from
an * averaging elfect" in which the narrow HAZ (causes the current flow which is measured

-

during the EPR test) passes through a relatively large noothermally af fected base metal
l

sample (refer to Figure 5). Additionally, the field cell measurements are generally lower
than the conventional latnratory sample. This latter effect is due to the lesser amount of

HAZ in the areas of the round samples compared to the rectanguiar samples (Figure 5),
and to the meandering nature of weld HAZs; not continuous through the edge of the round
polished spots.

A truer representation cf the weld HAZ was obtained by sectioning a
major portion of the base metal to test a 0.5-cm2 ;

sample (instead of 2 cm ). This i

operation was conducted on a limited number of the rectangular conventional laboratory
!samples,the results are also given in T..bles 4 and 5. Here, the degree of sensitization
s

values are much higher as the HAZ is contained in much sinaller samples, so that when the .I
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s

P, values are normalized to sample size, the. " averaging etlect'' is less significant. The P,
values thus measured correspond to those obtained in earlier studies,I and account for the

IG5CC susceptibility noted in the companion pipe samples. Therefore, it anocars the
external cell is capable of measuring degree of sensitization nondestructively on
components in the field. Future cell designs will contain a narrow rectangular opening for

measurement, rather than the 2-cm round geometry used in the feasibility study.

4. ASTM Adoption

Ef forts were initiated to obtain adoption of the Ei r method as an ASTM standard for
detecting sensitization in Ty;e-304 staMless steel. Currently, a round rotir test of
General Electric Company prepared samples is being perforr >d by a numbei of
investigators throughout the Uruted States. This round robin is being handled by the ASTM

sutxommittee GI-08 (Corrosion of Nuclear Materials). The samples were f abricated from

one heat each of Types-304 and -304L stainless steel sheets, cnd heat treated to produce

three levels of sensitization, plus the mill annealed condition. The baseline data was
obtained in our laboratory esing conventional laboratory testing techniques, af ter w'iich
they were transmitted to the first round robiin participating laboratory for testing.

Pl.AN OF RESEARCH FOR FUTURE YEARS

1. Investigate alternate methods for measuring degree of seisitization in the field using
the EPR technique. This research would be necessary if it prc es unfeasible to make

judgments relative to IG5CC on the inside of a pipe weld HAZ based entirely on
sensitization measurements obtained on the outside.

2. Establish fabrication shop and field procedures for obtaining degree of sensitization ,

measurements using the portable EPR technique. g

e
3. Continue to refine the EPR field hardware and measurement technique.

4. Enlarge the data pool for welded Type-304 stainless steel in terms of IGSCC
susceptibility as influenced by varying degrees of sensitization as measured by EPR.

I
i
'

5. Attempt to establish safe limits of sensitization for welded Type-304 stainless steel in

terms of IGSCC resistance using a more realistic simuir.ted BTR coolant environment

test.
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TABl.E 1. EPR Test Conditions

Electrolyte 0.5Af H 50g + 0.01 Af KSCNy

30 CTemperature

Sample Surf ace Finish I p m (diamond paste)

Reactivation Sweep Rate 6 V/h (cathodic)

Passivation Potential / Time + 200 mV/2 min

Dearcation N
2

Polarization System Hokuto-Denko with Princeton Applied
Research Curve Integrator

Degree of Sensitization P,(C/cm ) = Q(C)/GBA(cm )*
2

(Data Normalization)

GBA = Calculated Grtin Boundary Area in Sample#

TABLE 2. Degree of Sensitization in Type-304 Stainless "> eel
Pipe Weld H AZs (Inside Surf ace)

0.05 KSCN 0.01 KSCN IGSCC d
Alloy Heat 3 V/h 6 V/h Susceptible

304 M 7616' 226.8 39.5 Yes

304 2P6396 160.5 10.6 Yes8

304 2P642 t," 149.3 18.6 Yes

D
304 TH6656 71.1 2.7 Yes

304 M7772 54.8 4.8 Yes3

304 454659 22.0 1.5 No8

304L 482038 13.2 0.4 No8

304 834264 10.9 3.4 YesC

3041. 00575 6.1 0.2 Noa

3041. 432135" 3.4 0.1 No

a4-in. , Schedule-80 seamless

10-in., Schedule-80 seamless

C26-in. . Schedule-80 rolled and welded
dCERT in 289 C water with & ppm 07
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TABLE 3. Constant-Load IGSCC Test 'lesults for Ten Welded Pipe
Heats of Types-304 and-304L Stainless 5tegl
(28L'C Water, 4 ppr., O , o = 60% UTS 288 C)y

7gflhd5ress Exposure Time"Ap
p,)Alloy ifeat (h)

304 M7616 41.6 (287) 1.470 F
304 M7616 41.6 (287) 9,371
304 M7616 41.6 (287) 2,000 F

304 2P6424 39.6 (273) 3,602 F

304 2P6424 39.6 (273) 696 F
304 834264 39.7 (274) 464 F
304 834264 39.7 (274) 2,547 F

304 834264 39.7 (274) 2,000
304 TH6656 39.7 (224) 13,273
304 TH66 56 39.7 (274) 12,405
304 TH6656 39.7 (274) 6,628 F

304 TH6656 39.7 (274) 2 000
304 2P6396 39.2 (270) 10,401
304 2P6396 39.2 (270) 2,000
304 M7772 41.8 (288) 8,666 F

304 M7772 41.8 (288) 12,344
304 M7772 41.8 (288) 2,000
304 454659 40.0 (276) 12,408
304 454659 40.0 (276) 12.422
304L 482135 37.8 (261) 12,408
304L 482038 35.2 (243) 10,409
304L 00573 40.4 (279) 10,387

a
F Failed by IGSCC=
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TABLE 4 Degree of Sensitization in Type-304 Pioe (Heat hj7772) Weld HAZ
(2G Position) OJAf H So + 0.01 Af KSCN at 30 C (P,, C/cm')2 g

External Field Conventional Laboratory Sample
Weldment
Location Cell (2 cm Area) 2cm Area 0. 5 := 2 Area IGSCC"2 2

2G-IA
1.d. - 1.7 2.8 n.d.
o.d. 0.6 1.6 13.2 n.d.

2G-1B
i.d. - 0.6 4.3 Yes
c.d. 0.4 0.3 2.0 Yes

2G-IC
i.d. - 0.4 - n.d.

~

o.d. 0.2 0.3 - n.d.

2G-ID
1.d. - 0.2 - T es

o.d. 0.04 0.1 - Yes

2G-2A
i.d. - 0.4 - n.d.

o.d. 0.2 1.1 - n.d.

2G-2C
i.d. - 0.4 - n.d.

o.d. 0.04 0.1 - n.d.

' CERT in 289 C water with 8 ppm 0 ; n.d. = r ; determined.
2

.
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TABLE 5. Degree of Sensitization in Type 304 Pipe (Heat Mg772) Weld Ip)ZDG Pasition) 0.5 tf H SO4 + 0.01 Af KSCN at 30 C (P ,:/cm2 3

Weldment External Field Conventional Laboratorv Sample
2 2 2 aLoca tion Cell (2 cm Area) 2cm Area 0.5cm Area !GSCC

5G-IA
i.d. - 0.5 Yes-

o.d. 0.1 0.3 - Yes

M lB
i.d. - 0.8 4.4 Yeso.d. 0.1 0.7 4.6 Yes

%-ID
i.d. - 0.4 - n.d.o.d. 0.2 0.2 - n.d.

%-2A
i.d. - 0.2 - Yeso.d. 0.04 0.2 - No

%-2C
i.d. - 0.4 - n.d.o.d. 0.1 0.1 - n.d.

* CERT in 239 C water sith 8 ppm O '
2

2 82
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CONTRACT TITLE: Dosimetry Measurement Reference Data Base for

LWR Pressure Vessel Irradiation Surveillance.

CONTRACTOR AND LOCATION: NBS, Gaithersburg, V.aryland.

PRINCIPAL INVESTIGATOR 5: J. A. Grund1 and E. D. McGarry

OBJECTIVE: P ovide benchmark neutron field irradiations, a compendium

of recommended neutron spectra, and associated reference data for bench-

mark testing of multiple-foil and other sensors employed in LWR pressure ,
vessel dosimetry. Perform NBS fission chamber measurements in LWR-PV

dosimetry benchmark fields. Participate in preparation of recomended

practices for routiis LWR-RPV dosimetry and surveillance which will

include detector re tence procedures and interpretation. Provide QAr

checked neutron fluence counting standards for round-robin testing of

ASTM recorcended practices. All of there activities provide traceable

calibrations of LWR-PV surveillance dosimetry to NBS neutron standard

fields and reaction rate measurement methods.

FY-77 SCOPE:

1. Begin investigation of calculated spectra and detector responses in
LWR-PV neutron spectra.

'

2. Preliminary experiments with dosimetry sensors in operating power
reactors.

3. Furnish certified nickel activation fluence dosimetry standards,
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Stf94ARY OF RESEARCH ACTIVITIES AhD RE5ilLTS:

Introduction. The assessment ot' radiation induced erbritticant of steel

within reactor pressure vesscis (RPV) involves neutron transport calcu-

lations and neutron fluence measurena ts in a variety of neutron envir]n-

Appropriate field definitions :re required for regions extendi grnen ts .

f rera the edge of rcactor core to the outer boundry of the ?rcssue vcisel.

for test regions in which pressure-vessel-steel sections are irradiated,

and for benchmark neutron fields that provide detector calibration and

neasurement validation. The neutron exposures of vessel steels, obtained

from such neutron-dosimetry activities, are interpreted in units of atom

displace <nent appropriate for correlation with measured metallurgical

property changes. The goal of the entire effort is to produce a se' of

ASTM Guides and/or Pracedures that are fully validated and backed by an

array of developed neutron sensors and benchmark fleids, which are

perranently available for measuresnent reference and sensor performance

testing.

The responsibility of the National Bureau of Standards in this

neutron-dosimetry 'mprovement program includes: (1) application of

existing benchmark f. elds at NBS to RPV dosimetry referencireg; (2) prep-

aration of a cornpendium that describes the RPV dosimetry benchmarks and

test regions, including selected results of measurements performed in

them; (3) assistance with investigations of dosimetry sensor performance

in RPV test regions. Three activities associated with these responsibil-

ities are sumarized in '.he following paragraphs.

Certified Neutron fluence Dosi N try Standard.. In order tv ovide

neutron flucace standards for curveillance dosimetry of the fast-neutron

exposure of light water RPV's,the first of a series of neutron-fluenc's
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standards was distributed for the LWR-PV program in Septe-ber 1977. The

standards are nickel disks (12.F m dia.) that were exposed to a certified
I3 2fission-spectrum fluence of '.3 X 10 n/cm ,

Five neutron fluence standards were prepared by means of a certified
252irradiation of the nickel disks at the NBS Cf Fission Neutron Indoor

Irradiation Facility. Approximately 0.02 microceries of the 71-day half-
N

life Co activity were generated i)y the Hi(n.p) Co reaction. The

fluence standards were distributed to five laboratories for activation

counting. This is the first step in establishing traceable fluence
,

calibrations for LWR-PV surveillance dosimetry. NBS will periodically

issue core. fluence standards of other types of dosimetry materials of

interest to the program, and will evaluate the results reported by labJra-

tories receivirg the standards.

Fig. I shows fluence sensors mounted in light-weight aluminum holders

at an accurat >ly measured distance of 4.7 cm from the ES Standard 252Cf

so ce in compensated flux geometry. This teminology refers to the

practice of placing nearly identical sensors on opposite sides and equi-
,

distar.t frJm the source. The first-order distance error in tne certified

neutren flut is then associate! with the separation of the detector pJir

and not the sourte-to-detector distance. Details of the clinirram-mass,
52point source of Cf are shown in Fig.1.

Heutron field parameters for the irradiation, ex!uding neutron return

from the environment are given in Table 1. Neutron return from the enviro-

ment, including irradiation support structures, and the resultant back-

ground are given in Table II,
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Preliminary Experinents With Dosimetry Sensors in Operati 1 Fower Peactors.

In an effort to obtain early in-situ experience with dosimetry measurements

fo* LWR-PV enviror.ments, particularly those accompanied by metallurgical

test specimens, opportunities to stimulate ccoperative research with power
To date,

reactor operators have been pursureo on an international scale.

the significant accoglishments are as follows:

The Gariglianc, Reactor in Rome, Italy (a BWR, Dresden type) isIt provides an
operated by the Efil.L. the Italian Atomic Power Authority.
opportunity to place activation sensors ar.o metallurgical specimens clnse
to the inner surface of the pressure vessel and at an accelerated sur-
weillance position near the thermal shield. Irradiation will be in progressTwo multi-sensorduring the power cycle thet will end late in 1978. contained the follow-
dosimetry capsules, sent to Italy in " stercer 1977251,2330ar.a252Thfissionfoilsand
ing HEDL fast-neutron dosimeters:
a set of non-fission, threshold-type activation sensors including Fe, Ni,

This wide array of sensors should provide cultiple integral-Sc. Ti and A1.fluence ceasurements suitable for spectrum unfolding. The purpose of the
Garigliano irradiations is to investigate the perfonnance of a wide variety
of sensor materials in a BWR-PV neutron environment and to obtain early
reasurements tr.at can be compared with calculated RPV-related spectra.

NBS has negotiated through the University of Arkansas to obtain
approval to place HEDL dosimetry capsuies in the RPV cavity of the
Arkansas Power and Light Cocpiny, Unit al. PWR Peactor at Russelville,

This experiment is a joint venture involving the plant staff,The dosimeters will be positionedArkansas.
the Univers'ty of Arkansas. NBS and HECL.
in a detector well midway in the cavity outside of the pressure vessel forThe foil packages provided byan irradiation of approximately four rionths.
HEDL consist of twelve separate foils including Fe, 235u, 231. Ti, Ni, Co.0

Presently, the irradiation is scheduled
P'n, Sc Cu, Ao/Al, 5 and Ta/A1.The purpose of this experiment is toto start in mid-January 1978.
obtain some neutron field information in a RPV-related region almost
untouched by measurement.

Dosimetry capsules were sent to Mol, Belgium via f!BS for LWR-PV
surveillance tests in the BR-3 Reactor this coming cycle, to begin late

These dosireters represent a cooperative effnrt involvingin 1977.
HEDL-GE dosimetery capsules, HEDL-A; capsules and individual HEDL dost-
e:eters encapsulated in vanadium for insertion into a CEN/SEK outer capsule.
An objective of the BR-3 irradiation is to intercompare nulti-sensor
results from the three different capsule designs and arrays of sensors.
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keutron Spectra and Integral Detector Respor.se iri PpV Radiation Environrents.

- Collectior and orgas.f;ation of information for a coependium of RPV-related

neutron envirorcents has begun. A preliminary set cf integral sensor

responses has been calculated in a straightforward and censistent ranner.

The relationship of these sensor responees to cpect um chi.racteristics and

to the fission neutrcn spectrum, taken as a reference, have been briefly

evaluated.

Spectrum-averaged cross sections for six RPV-related neutron environ-

ments have been calculated using the CETAN cme, which performs simple

interpolations and extrapolations of the course-group output spectrum of

neutron transport r.omputations. As an example, spectrum calculations

supplied by ENEL for the Garigliano BWR Reactor are shown in Fig. 3.

Because of the course-group structure relative to the rapidly varying

cross sections of threshold reactions, no neaningful th.eshold detector

response can be predicted directly from such a computational output. A

first-order, 620-group linear interpolation on a lethargy scale is per-

forred with the DETAN code (see Fig. 4) and is the basis for evaluating

spectrum-averaged cross sections. Table III presents conventional full-

spectrum-averaged c ass sections for the low-energy response sensors

235 (n.f) and for tne threshold reactions239 238 (n f),Pu(n.f)and U U

Ml(n.p) and Fe(n.p). Tre energy-dependent cross sections employed

in the DETAN code are from tne ENDF/B-IV dosimetry file. .

239 235There is a wide variation in the pu and 0 fission responses,

reflecting strong spectral cocponent differences in the intermediate and

low-energy ranges. The threshold reactione also show a wide variation

with no apparent pattern. However, such full-spectri.r-averaged cross

sections are not the most appropriate for threshold detectors since the
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flux integro' is dominated by portions of the s;ectro where the detectcrs

do not , espond. Detector response patterns are better indicated by trun-

cate/. cross sections defined by

-

a(E>E ) = o (E):(E)cE t(E)dE
p

E E
p P

where E is the truncation energy above which a fraction, cr percentile
p

P, of the detector response occurs.

Table IV shows truncated cross section cceputed according to the above

equation for the three comon threshold reactic9s used in RPV neutron

dosimetry. Included in the table are median response energies and energy

response ranges for each detector. The truncation energy was set at

P = 0.95; that is, the cross sections listed are spectrum averaged above

the enerpy in each spectrun where 95% of the detector response occurs. The

sensor response ranges given at the end of the table are little dependent

upon spectrum shape and the nominal values listed are within a few tenths

of an MeV of the specific values for each spectra.

The lowest threshold detector, 238 (n,f), displays (with c7e excep-U

tion) truncated cross sections for the inner FY wall spectra tha depart

Ny le n than 3% from the average of the four values. The average v- .e

af 0.59 barn departs from the fission spectetm value of 0.54 barn oy less

than 10%. The higher threshold sensors Ni and Fe,with similar response

ranges, show equivalent cro.s sections to within + 6' for the same faar
_

inner wall spectra. The average value, howeser, departs from the fission

spectrum values by more than 40%. Referring to Fig. 4, these simple

comparisons can be seen as indexes of two characteristics of the four RPV

inner wall spectra: a fission-spectrum-like slope from s 2 MeV to
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s 3.5 MeV and an interruidion or shelf in this sicpe in the * 3.5 to
2M5 MeV energy range. The e iilarity of the U truncated cross sections

to the fission spectrun value of that cross section provides an index to

the fission spectrum slope and the two threshold-sensor cross sections

index the shelf component. These discernible connections between course-

groi9 calculations and the responses of integral detectors suggest that

difficult and expensive reactor physics calculations may be quantitatively

indexed by means of a small set of integral detectors whose responses are

referenced against relevant benchmark neutron fields such as the fission

spectrum. It is to be noted that these relationships are not apparent in

the full-sp'ectrum averaged cross sections of Table III.

Two PWR environments (" Westinghouse" and McGuire) present truncated

cross sections differently reisted to the underlying fission spectrum

values taken as a reference. These spectra rust be examined further to

understand the (.ifference because RPV exposure fluences depend strongly on

these spectrum shapes. For enmple, a fast-neutron fluence estimate for a

reactor pressure vessel that would ecploy one or the other of the two PWR

inner well calculations (i.e., " Westinghouse" or "EPRl") to convert the
54

Fe(n.p) 54Mn response to fluence could differ by more than 20%.cocrnon

Because of much closer agreement among the other four spectra, for presumably

equivalent environments, such a difference may be related to subtleties in

the methods of calculation rather than real spectru:n differences.

PLAN OF RESEARCH FOR FUTURE YEARS:

NBS will continue to provide certified-fluence irradiat' n5 in

standard benchmark neutron fields, investigate and compile field-

characterization data and dosimetry sensor-response data, and perform
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NBS fission-chamber ceasurements to support the LWR-PV Surveillance

Dosinetry Program. fib 5 will also continue to participate in the

preparation of ASTM Star.dard Guides and Practices for reatine surveillance

of the neutron exposures of pressure vessels as required by this fiRC

program.
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TABLE '. CALIFORNIUM-252 FISSION NEUTRON FIELD PARAMETERS AND UNCERTAINTIES

58
FOR Ni(n.p)S8Co NEUTRON FLUENCE DOSIMETRY " JARDS

=

I 2fre -field fission neutron flux 1.8 x 10 n/cm sec
(4.7cm source-detector distance)

13 2Free-field neutron fluence for 360 hr 2.3 X 10 n/cm
exposure

Specific activity for detector pair at 0.6 X 10-18 des /nuc1
end of irradiation

Source decay during irradiation 0.5%

Source capsule scattering 1.1%
(inelastic plus net elastic inscatter)

Error components for free-field fission neutron flux (1 o)

Source strength 1 1.1%

Distance measurements 1 0.6%

Source capsule and support 1 0.7% (max.)scattering

Total free-field flux error (rms sum) i 1.4% (1 a)
_

TABLE II. CORRECTIONS FOR IRRADIATION OF NICKEL FLUENCE STANDARDS IN
THE INDOOR CALIFORNIUM-252 FISSION NEUTRON FIELC

Environ. ental return flux background above 0.4 eVn
fg a_ distance to nearest background of 2.3 m '

Albedo from boundries < 0.07%

Source and detector support structures 0.3 %

Air scatter < 0.1 %

._
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TABLE !!!. FULL-SPECTRUM AVEP'GED CROSS SEli 0NS CORRESPONDING TO SIX
COMPUTED PRESSURE VESSEL SPECTRA

o(E>0.4eV) in barns
TEST REGIONS

low-energy reactions threshold reactions

58238 (n,f) Ni(n,p) Fe(n,p)235 (n,f)239 UPu(n,f) U

RPV inner wall

BWR, EPRI . . . . . . . 11.5 9.25 0.155 .0697 .0569

BWR, GARIGLIANO (ENEL). 6.88 6.21 0.183 .0795 .0640

BWR, BIG ROCK P0 INT . . 11.18 10.38 0.140 .0606 .0488

PhH. EPRI . . . . . . . 12.9 10.4 0.129 .0531 .0428

PWR, WESTINGHOUSE . . 19.2 16.1 0.0477 .0136 .0101

(near inner wall)

mid-cavity outside RPV

PWR, McGUIRE 11.92 10.12 0.0168 .00482 .00361
.....

(1.2 - 7.3)(1.7 - 8.1)(2.3 - 8.6)Energy response range --- ---

(HeV)

1

299

.

f.
:

.. -.

815 305



_ ___

TAELE IV.
*t X ATED THRESH 0LD REACTION CROSS SECTIONS IN COMPUTED PRESSURE

VESSEL SPECTRA

- :

TEST IG' % S i(E >E ) in barns, for P = 0.95
p

238 (n,f) 58U Hi(n,p) Fe(n p)

PRV irner wil
I

j Bhm. EPRI . . . . . . . . 0.61 0.39 0.37
! Bht. GRIGLIUS (ENEL). . 0.58 0.35 0.33
'

ak2. BIG Fi.G WINT . . . 0.58 0.35 0.33
Pa? EPRI

I
^0.59 0.35 0.34.......

j Ph7. hTSTI'G<USE . . . . 0.51 0.21 0.24
: (r. ear ir.ner =21')
i

| nid-cavity cr.tside RPV,

5 PhR. McGUI:E 0.40 0.19 0.28......

.

fission spe_:rw:

h35 se p .: fitted . . . 0.54 0.25 0.24

* energy res p se range 1.2 - 7.3 1.7 - 8.4 2.3 - 8.6(Fet)

enedian respcese energy 2.5 4.3 4.8

* Si of detect:r response is below E and Si above E cae half ur~ themin n3,.
detector res7A se is above the median response energy.
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Contract Title: tkR Pressure Vessel Irradiation Survelliance Dosimetry

Contractor and Location: HEDL, Richland, Washington

Principal Investigator (s): W. N. McElroy, R. Gold G and E. P. LicaircotD. G. Doran, L. S. Ka;Iocq. L. Guthrie,f fgens, F. ti., J. O. Schi %cdy
and R. L. 'Si ens are principal contributors.

CpJ EC TI V,E_:

Preparation of updated and irproved ASTM Standards for LWR pressure vessel (PV) trrad-lation surveillance dosimetry. ''ake ocasurerents in reactor " Standard, Reference, andControlled Envirorcent benchrurk fields" and " test regions" for the validation /cali-
bra tion of the reccrr ended ASTM dosinetry techniques and associated damage exposu-e ancorrelation procedures.
FY 77 SCCPE:

A. Cefine completely the scope of the reasurement progran for each fiscal year,
covering proposed irradiation, calibration, ard validation studies in selec*ed
reutron fields. Include the scope in an " Analysis Before Test * document for
?tRC that also provides the technical approach, Interfaces, experimental test
plan, analyses, and outline of results for use by NRC.

B. Define required updated and improved L'.,'R.PV sarveillance dost netry ASTM Standardsand initiate writing of these standards.

C.
Recomend and fabricate state-of-the-art passive LWR.PV surveillance dosimetrycapsule sensor monitors:

Radiometric Ponitors (PN); Solid State Track Recorder (SSTR) Ponitors;
Helium Accumulation Flux / Fluence Monitcrs (HAFP); Carage Monitors (CM);
and Terperature "ori* ors (TM).

D. Secomend and fabricate passive rultiple sensor monitor sets and capsules for
irradiation in approved reactor " benchmark fields" and " test regions".

E.
Cefine active and passive sensor reasurerent techniques to be used for validation,
calttration studies in approved reactor "benc.". ark fields" and " test regicns".

F. Initiate procurerent installation, check-out, and' calibration of active and
passive sensor reasur,enent equipment associated with C, D, and E above.

St? MARY OF PESEARCH ACTIvlTIES /JO RESULTS:

1. Backcround

The assessment of the radiation-induced degradation of caterial properties in
a power reactor pressure vessel (RPV) requires accurate definition of the
neutron field from the nuter region of the reactor core to the outar toundariesof the pressure vessel [1-10]. The neutron flux and spectrum measurerent proble s
are associated with two distinct cer.;onents of RPV irradiation surveillance
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procedures: (1) application of comprehensive calculational estirates of the
neutron fluence delivered to the first half thickness of the vessel steel;
and U) relationship between retellurgical test scecimens irractated at accel-
e*ated neutron flux positions and tne pressurc ,eMel [1-7,103

The first cor-onent requires validation /calibratien experfecnts in 3 variety
of neutron irradiation test facilities including MV nccx-ups and related
be,ichrark neutron fields. The bence ars serve in particular as a per anent
ceasurement reference for reutron flux detection tecnniques =nich are conticually
under developwnt and widely applied by laboratories of quite :ifferent levels
of capability [1-6. 9,12-19]. The secend component require a serious extra-
potation of an ooserved neutron-induced rechanical property cnanze from the
test specimen positi0n to resitions inside of tne pressure vessel [1-4, F-7.
10,14,20-21]. The cautron flux at tre vessel is rearly or.e crder of magnitude
lower than at the speciten pasition and the neutron sp2ctrei is substantially
al tered.

In order to meet the radi tion monitoring re;uire ents, a variety of neutront

flux and fluence detectors are employed, rr,st of wnich are passive [1-6,10,
12.14,20-23]. Each detector must te validated for apolication to the RPV
problem of Icw flux and degraded reutron spectrua. Peautred detectors nvast
rcspond to neutrans of various energies in order to detern!ne cultigroup spe tr 3
weil enough to provide adequate darage response estinates [2-4,14,18, 2U, 21].

In orde to attack these measure. tent issuet. a vP;crous vor16 side research
program is underway with the follrmng aies [1,11,12,13,15, 24-27]:
(1) improve and review existing neutren cosiretric techniques; (2) perfurTn
high-quality measurements ir operacinq correrc:al ocner reactor " test regions"
and selected " benchmark fieldsS and (3) est'tilish prmper reasurement and
calculational standards specificall for monitoring radiation effects on reactor
pressure vessels. The goals of tais stretegy are to validate ar.d calibrate
dosiretry tecnniques as well as guice recuired neutron field calculations and
to correlate cnanges in raterial f,roperties wit', the characteristics of the
neutron radiatico field. The accepted accJracy '41 for the flux / fluence integral.

paraceters is set at :(2-5)*, (lo), altuush a higner upper bound uncertainty
could become accepteble [2-4,14, IE].

T'ie results of thipeasure"ent-calculation stratagy will be nade available
for the use of the nuclear industry as iSTM Staccards. Federal Re;ulation
Guide 10CFR50 Part 10, alretdy calls for adnerence to several ASTM Standards
for incorporation of flux crsnitore and for post-irradiation evaluation, First
draf ts of revised and new 'tandards, carefully strsctared to be up-to-date,
flexible, and above ".11 consistent, are 'a preaaration [2].

In order to achieve the objectives of this r!PC centract, strong oparative
links nave been estalished with other natieral and international tWR pressure
vessel surveillance progra n work. The 5 trcrcest ties are those established
with: The fiRC LkR-PV and other program at ORst [2, 4, 9, 25-29]; the Center
for Radiation Research Neutron Standards Progrm at the National Bureau of
Standards (fGS) [2, 4,13,17,18, 30-24]; the C-oss Section Evaluation Wor' ring
Group (CSEW3) "ENDF/B - Special App!ics.tions Files" prograns at the National
Neutron Cross Sectinn Center (BML) [24]; EPPI progt ams [3, 4,14,15]; and the
Centre d' Etude de l'Energie Nucleaire - Studiuentrum 'Icor Kern Energie (CEN/SCK)
Standard Neutron Field programs at fdcl. Pelgiun [3, 4, 16, 17, 19, 30, 35].
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!!, FY 1977 acccrolishnents

A. Tre objectives, scope, and technical a::r;ach for this program were
defined in an " Analysis Before Test" ccceent and program tranagement
charts sutetitted to NRC. Three progran sabtasks were defined: A) Bencn-
rark Fields; B) Recomended Practices anc Procedures; and C) DcNge
Ex:osure and Correla: ion Procedures. Included were 1) expected results
and appitcations of the prograri's three rain subtasks, 2) a research plan
and schedule for each of these subtasks, 3) interfacas with other national
and international related program work, and 4) in toe appendices, back-
ground infomation on programs and/or sucific subjects that support the
technical approach. The degree and success of the neutron field validation /
calibration studies will detemine what final program goal accuracies can be
reasonably expected to be achieved on a routine basis by reactor designers
and vendors, the utilities, and supporting research and/or service labora-
tories that will rake use of the establisned ASTri Recorrnended standards,
see the Figures 1 and 2 Flow Charts.

As a part of the program definition phase, a foreign travel trip report
was completed which documents HEOL, CBL, and fiRC efforts to exchange
;nfomation and explore possible interlatoratoiy work which could be
established with U. K., French and Gerr.an laboratories performing LWR-
PV research and developnent work.

B. With reference to Figures 1 and 2, the rain result of this program will
be the establishrent of a new updated set of validated / calibrated ASTM
Standard Recc rended Guides and Prsctices and Standard Pethods of
Analysis (20] for LWR-PV trradiation test and surveillance programs.
The initially identified standards include:

o METHOD'; 0F SURVEILLANCE P, COEELATION

Standard Recomended Practice for
EXTRAPOLATING PEACTCR VESSEL SURVE!tt ANCE 00SIMETRY RESULTS

This practice will specify procedures for the extrapolation /
interpolation of dosiretry and retallurgical surveillance data
from test reactor and accelerated surveillance locations to the
pressure vessel wall and different positions within the vessel,
such as the 1/4 thickness.

Standard Recomended Practice for
CHARACTERIZING NEUTRON EXPOSUDES I't TERRITIC STEELS Ifl TERMS
OF DISPLACE"ENTS PER ATCM. INCLC : M 36TM ENDF/A DPA FILE

This displaced aton (dpa) exposure unit practice, including the
specification of an ASTM EfiDF/A file, will specify procedures
for reporting netallurgical irradiation effects data on a comon
damage production expes Jre basis.
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Standard Reccerended Practice for
CAMAGE CORRELATION FOP PEACTOR VESSEL SUEVEILLANCE

The damage correlation practice will specify precedures to ef'ect
the best correlation between available retallurgical and doshetry
data. It nay differ from the dpa practice by including flux,
tercerature, and possibly fluence (i.e. microstructural evolution)
effects. That is. It will censider the separate or coebined effects
of irradiation variaules (flux level, fluence, terperature, retal-
lurgical state, etc.) on the development of embritticr,ent.

o SUPPORTING FETHODOLCGY

Standard Recommended Guide for
APPLICATION OF PULTIPLE SENSOR FLUX-FLUENCE-SPECTRAL
DITEST9Ir<ATIoN C0;E5

This will contain descriptions and specifications for procedures
and codes for unfolding reitiple sensor data and associated
error prcpagation. Selection criteria for dosimeter sets, cross
section libraries, and input flux-spectra will be specified.

Standard Recomrandad Guide for
APPLICATION OF ASTM ENOF/A CROSS SECTION AND ERPOR FILE

The procedures for using and establishing ASTM ENDF/A cross section
and error data files for the analysis of single or cultiple foil
sensor ceasurements will be specified.

Standcrd Recerrended Guide for
SENSOR SET DES!GN AN9 IRPADIATION FOR REACTOR VESSEL
SUAVE!LLANCE

The selection, design and irradiation of dosimeter sensors and
sets, covers, and capsules will be specified, in;luding quality
control of constituents and mass assay.

Standard Recommended Guide for
APPLICATICN OF r.EUTCCN TPar: SPORT PETHODS FOR REACTOR NELSEL
SURVEILLANCE

The principal aim is to use present " state-of-the-ar r* technology
to arrive at consistent calculational tcols and data sets which
can be validated / calibrated against "benchrark field" integral
experiments.

Standard Recorrended Guide for
BENCHPARK TESTING OF PEACTOR NEUTRON DOS!PETRY

Application of well-characterized neutron fields for the
validation / calibration of individual sensors and multiple sensar
sets will be described and evaluated in terms of LWR-PV require-
ments. Procedures for flux transfer, spectral index calibration,
flux perturbation corrections, photofission corrections, and
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sensor self absorption and bu:n- n and -out corrections will
be delineated. Selected results will te documented in a ecmpendiu:n
of standard, ieference, and controlled environment benchmck
fields.

e SEllSOR PEASljREt'EtlTS

Standard Method for
ANALYSIS OF Ra3!CMETRIC MONITORS (R'4) FOR REACTOR VESSEL
$UEVEILLANCE

Measurement pro:edures for R!i r:cnitors will be specified. N;n-
destructive a'id destructive radiochccistry methods for determining
reactions arJ reaction rates will be covered including systecatic
effects sich as interference from activation products, monitor
sel fshield i v'_ cranching ratios and fission yields. I'roposed
individual sensur monit.ces are identified in Table I.

Standard Method for
ANALYSIS OF SCLIO STATE TRACK RECORCER (SSTR) MONITCRS FCR
REACTOR VESSEL SUPVEILLAriCE

Measurenent procedures for SSTR conitors will be specified.
Methods for detemining reactions and reaction rates wall be
covered including associated systematic effects. Pioposed
individual sensor monitors are idencified in Table I.

Standard Method for
ANALYSIS OF HELIU'i ACCUMULATIO'i FLUX / FLUENCE (HAFM) MONITOPS
FOR REACTOR VESSEL SU4VEILLANCE

Measurement procedures for HAFM monitors will ba specified.
Methoos for detemining reactions and reaction rates will be
covered including associated systematic effects. Proposed
individual sensor monitors are identified in Table I.

Standard Methed for
ANALYSIS OF CA" AGE PONITORS (CM) F0P PEACTOR VESSEL SURVEILLAN_CE,

Measurement procedures for Dt1 conitors will be specified.
Methods for detemining exposura units will be covereo including
associr.ted systtrat'c ef fects. Proposed individual sensor
monitars are identified in Table !.

Standard Method for
ANALYSIS OF TE''PEPATURE MONITCPS (TM) FOR REACTOR VE5SEL
SURVEILLANCE

Measurement procedures for TM monitors will be specified.
Methods for determining temperature will be covered including
associated systematic effects. Proposed individual sensor
monitors are identified in Table I.
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A steering committee for the developcent of t e ASTM Stindards has been
es ta bli shed. The present rembership is:

W. 't. McElroy (Co-chairnan) and G. L. Linrie (HEDL);
J. A. Grundl (Co-chaiman) and E. U. McWn (NBS);
F. B. K. Kam (ORNL); and A. Fabry (CEVS;d

Outlines for most of the standards aave been :ee:a"ed and a first drait of
the " Standard Recorrended Practice for Char 20:ariHng Neutrcn Exposures in
Ferritic Steels in Terms of Displacements Per A: m' was completed by
D. G. Doran of HEDL. An important review st,.dy related to the "l'ul,iple
Sesor Flux-Fluence-Spectral Determination Caes" was completed by
C. a Oster of B*iW [36].

.

C. With leference to Table I and Figure 2, a preli :inary list of LWR-PV
surveillance c'osiretry sensor monitors has :ee recomended. The selec-
tion of these monitors was based on a study of: (1) available state-of-
the-art sensor monitor reactions, including trese in current use or
measurable frcm metallurgical surveillance s:e:irens, (2) sensor neutron
energy response range. (3) sensor reac ion ;;ee ucts, very long half life
and stable products are most desirable to mininize or eliminate the need
to know the reactor pcwer tire history, (4) availability (present or
planned) of sensor nuclear data on the ENDF/S - Special Application and
Fission Yield Files, and (5) sensar ocnitor : ysical oroperties and state-
of-the-art reaction product measurenent capanilities.

Acquisition of an inventory of RM, SSTR, and EtP4 se 'scr monitor materials
was initiated and some preliminary QA work was co pleted. Most RM sensor
monitors or materials are available througn t e fast Reactor Material
Dosimetry Center (FPFCC) at HEDL. Acnuisition far those not available was
started. SSTR fissionable deposit preparati:n for irradiation in the
B rown! Ferry (BWR) and McGuire (PWR) ex-vesse' cavities was started it
HECL. A listing of the isotopes and deposit inicknesses is included in
Table II. Figure 3 is a schematic representation of how a fissionabla
deposit and track recorder are as.sembled in t'e fabrication of a $57R.
A contract was let to Atomics Internationsi ( A:) for the fabrication of
encapsulated HAF:1 sensor monitors. H. Farrar V of AI will be reponsible
for tne preparation and analysis of I'.AFMs. Fi;ure 4 is a schematic repre-
sentation of how a HAFM is fabricated. Presently, the C:1 and TM sensor
monitors are being -tudied and evaluated as a joint effort between HEDL
staff members G. R. Odette of UCSB, and A. Faery of CErl/Scr, but specific
action to establish monitor inventories at hEl was not initiated in FY 77.

D. Preparation and irradiation of passive indivit.al and/or multiple sensor
sets ar'd capsules was initiated in a number of J: proved reactor " benchmark
fields" and " test regions". The monitors or mnitor sets used for these
neutron fields and the status of the validation / calibration work are
identified in Table III. Fiqures 5 and 6 s>.cw ine as-built dosiretry for
the BR-3 " test region" validation /calibratien studies. 1 SSTR (45 nano-

2gram /cm deposit of natural uranium on a stainless steel backing) was also
included as a separate individual monitor fer irradiation in the BR-3
ex-vessel cavity " test region" The HEDL- AI R'i, HAFM, and SSTR

309

4

1
.

.

815 31:5



sensor monitors will te irradiated with additirnal dosimetry provided
by the CEN/SCK laberatcry, which has the primary res:onsibility for
the ccordination c f the SR-3 ":est regions" validation / calibration
studies.

E. The active and passive sensor measurement techniques selected for the
validation / calibration studies in approved reactor " bench. ark fields"
and " test regions" are icentified in Tables IV and V. Except for minor
equiprent needs, available reasure ent and data acquisiticn and analysis
systems were detertnined to be adequate for RM, HMM, CM, and TM sensor
monitors. New equip ent was determined to be needed, however, for tte
active neutron and garra-ray spectrometry and passive SSTR reasurement
systems.

F. Required new active and passive sensor monitor reasurerent equipment is
identified in Table VI.

SSTR specimens fron L'4R-PV irradiations will possess very high trackdensities. S.cecialized instrurrentation is recuired, therefore, for
quantitative track scanning. In the design of this instrunentation, the
M/SP is a crucial interface used to control and procets signals for the SEM
track scannirg sys tem. Specifications for the M/SP were prepared and
the compcnent parts v're ordered in FY 77. 5uch corponents as the
di ital-to-analog convertor (CAC's), analog-to-digital converter (ADC's),g

operatienal a plifier (CA's) and fast cemory chips have been partiallyreceiveo.

The preparation of specifications for the "Cual Parameter Cor:puter Based
Pulse - beight Multichannel Analyzer" for the active spectrometry re. are-
cents was initiated in late FY 77 and was corpleted in early FY 78. Bids
are expscted in early CY 73 with equipment acouisition to follow soonthereafter.

Ill. lY 1977 Technical Meetirqs and Publications

HEDL and par:icipating laboratcry staff rembers helped organize and participated
in a nurber of irportant and Professional Society, Consultants, Specialists.
Wo-kshops, and Task Group Meetings which focused on different aspects of the
problemr. associated with the standardization of reactor desiretry and damageanalysit nethods and data.
NRC LPR-PV Program are: Those meetings with ncst relevance to the current

November 1976 - IAEA Consultants' Meeting on Integral Cross Section.

Measurements in Standard Neutron Fields, IAEA, Vienna, Austria [15-18].
November 1976 - IAEA Specialists' Meeting on Radiation Da..c9e Units.

.

Harwell, England [2S].

March 1977 - CSEWG Dosiretry Task Group Meeting, NBS, Washington D.C.,
.

U. S. A. [24].

March 1977 - Inter. ational Specialists' Symposium on Meutron Standards
.

and Applications, t$5, Washington D. C., U. S. A. [13,14].
October 1977 - Second AST"-Euraton Internation Sy posium on aeactor

.

Dosimetry, Palo Al to, California, U. S. A. [1-9, 22-24, 30- 36].
31 0
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October 1977 - I AEA Technical Comittee Peeting on Current Status of.
Neutron Spectrum Unfolding, Oak Ridge. Tennessee, U. S. A. [27].

IV. Plan of Research for Future Years

A contract was let to ORNL in late FY 77 for the design and fabrication of a
PWR pressure vesset sirtlator benchmark for dosinetry validation / calibration
studies. This PWR-py nockup will be installed in the low flux level ORR-Pool
Critical Assembly (PCA). A brief description of this facility as well as the
complenentary high flux level ORR-Pool Side Facility (PSF) nockup, which will
be u.. ' .'e- both dosimetry and darage exposure and correlation validation /

.

cal'.Dratio studies, is provided in Appendix A. NRC will provide direct contract
support to ORNL for (1) the checkout and oceration of the ORR-PCA and (2) the
design of the ORR-PSF pressure vessel sirulator in FY 78. Construction and
operation of the CRR-PSF mockup are expected in FY 79 and FY 80, respectively.

HEDL will continue to be responsible for providing a rafor portion of the active
:nd passive sensor ronitors, rew measurement equipment, and data accuisition and
analysis systems reouired for the participating laboratories that will rake
dosimetry and raterials damage reasurerents in the ORR-PCA, ORR-PSF and other.

approved neutron fields in FY 78 and beyond. The GRR-PCA and OPR-PSF PV mock-
ups, Figure 1, will be the " key" U. S. " Controlled Environ. ment benchrurk field"
facilities used for the validation / calibration of the recentended orocedures.
sensors, and asscciated nuclear data in the prepared ASTM Standards.

HEDL . sill have the contractual responsibility in FY 78 and beyond to prepare
most of these Standards. OR% and NBS are expected to have the prirary con-
tractual responsibility for 9e preparation cif tha " Standard Recomended Guide
for Application of Neutron Transport l'ethods" and th'e " Standard Guide fer
Benchmark Testing of Reactor 'teutron Dosiret y", respectively. CE.'t/SCK is
expected to have the primary contractual responsibility for the preparation of
the " Standard Method for Analysis of Danage Monitors" and the similar Standard
for "Taperature .Nni tors".
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BR-3 LOCATION H F-4 L F-29 L F-63 i

HEDL Al ID 3 29 63 1

f,m
i

h
L ba

FINAL LENGTH UNCHES) 1.968 1.966 1.CG4 0.229
DIAMETER 0.316 0.116 0.316 0.519

ENCAPSULATION MATERIAL 304 STAINLESS S' EEL 3 CAPS 8JLES AL
HEDL ** ID 3G 29G 63G iG

e rc'
.,

. , .

' '

[ i

' -

r .

| |

'4

FINAL LENGTH (INCHES) 2.378 1.556 1.496 2.363
OIAMETER O.300 0.466 0.466 0.781

ENCAPSULATION MATERIAL

304 STAINLESS STEEL ALL CAPSULES* INCINDES HEDL AND A*lOMICS I;rrERNATIONAL Pli AND HATM SENSOR MONITOPS
* * INCLtX ; 3 HEDL let SENSOR MONT.* CPS

HEDL 7710-212.3

FIGURE 5. BR-3 " Test Region" Completed Dosimetry Capsules
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TABLE I. SENSCRS PROPOSED FOR L'WR PRESS'JRE YESSEL SURVE!LLAriCE

DETECTOR SENSOR * DETECTOR SENSCR*
CETECTION SCHCtE P.ETHODS PLANNED METHODS PLA:'iED

FOR FY-73 | BEYCND FY-73

RADIO:tETRIC M'41 TORS (0.9) REACTION (HALF LIFE) REACTION (HALF LIFE)

eThreshcid response 93Nb(n.n') Mfib (sl4 yr) 232Th(n.f)l37Cs (30 yr)

2373;(n,f)t37Cs ( 30 yr) 6Cfli(n.p)60Co (5.3 yr)
|

23sU(n.f)l37Cs ( 30 yr) seNi(n.s)55Fe (2.7yr)'

5'Fe(n .p) 5'Mn ('<l3 d) 55 fin (n ,2n ) 5'*ttn (313 d)

58Mi(n.p)58Co ( 71 d)

*6Ti(n.p)w6Sc ( 84 d)

63Cu(n.2)'''w (5.3yr)

afion-threshold respense 109Ag(n,y)!! mag (251 d) 5*Fe(n,y)S5Fe (2.7 yr)

ta Ta(n,y)te2Ta (115 d)

5'Co(n,y)60Co (5.3 yr)

65Sc(n,y)'6Sc ( 84 d)

5'Fe(n,y)s?Fe ( 45 d)

23sg(n,f}t37Cs ( 30 yr)

231Pu(n.f)l37Cs ( 30 yr)
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TABLE 1. SENSORS FR0 POSED FOR L'iR FRESSURE VESSEL SURVEILLANCE (Continued)

DETECTOR SENSCR * CETECTOR SENSCR*

DETECTION SCHE!1E METhCDS PLAhNED METH005 PLANNED ,

FOR FY-78 BEYCND FY-78

i
.

HELIUM ACCUM'JLATION FLUX / ;

FLUENCE MONITORS (HAFM) REACTION _ (STABLE) REACTIC's (STABLE) *

I

* Threshold response S(n, Total Felium) j

N(n, Total Helium)

Be(n, Total Heliua)
Fe(n, Total Helium) |

Other Ele ents |*Non-threshold response 10B(n. Total Hellun)
1

6Li(n, Total Helium) {

i

SOLID STATE TRACK RECORDER !

f10NITORS (SSTR) REACTION (STABLE) REACTICN (STAELE)

237Hp(n.f) 23ePu(n f)* Threshold response

238U(n,f) 232Th(n.f)
*

233U(n.f) I*Non-threshold response 21sU(n f)

239Pu(n.f) 0.ner Elemnts
!,

DAMAGE MONITORS (09) Quartz Metallurgical sensors
.

|

TEMPERATURE MONITORS (T1) Mel. Wires Thereal Expansion Detectors *

(lid's) '

.'

i

Many of these detectors will be used bare or with gadolinium or cadale covers.*
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T/4LE !!

SSTR SENSOR M0'11 TOR CEPOSITS FOR VALICATION/ CALIBRATION
STUDIES IN PWR 1"O BWR FCWER REACTOR " TEST REGIC'iS"

Thickness (nc/cm2) (p)
Nuclide _Mc.Guire I* Browns Ferry 3**

2350 0.6 (4)t 0.1 (4)6.0 (2) 1.0 (2)60 (1) 10 (1)
23eV 30 (4) 5.0 (4)300 (2) 50 2

3 x 103 (1) 500 1

239Pu 0.6 (4) 0.1 (4)6.0 (2) 1.0 (2)60 (1) 10 (1)
237Np 6 (4) 1.0 (4)60 (2) 10 (2)600 (1) 100 (1)
232Th 120 (4) 20 (4)1.2 x 103(2) 200 (2)12 x 103 (1) 2 x 103 (1)

*

All deposits 0.250" diareter on 0.438'' dia.Teter, 5 mil Ni backing.
Required date to begin OA testing 3/78. Required date for start of
sensor irradiations 6/79.

All deposits 0.250" diameter on 0.438" diameter, 5 mil Ni backing.
**

Required date to begin QA testing 10/77. Required date for start of
sensor irradiation 4/78.

Number of deposits required.+
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TABLE III

REACTOR "BENCHPARK FIELD" AND " TEST PEGION" VALIDATION /CALIBPATICN STUDIES

Neutren Field * Tyoe of Cosi etry_ Statn

. Cf252 Fission (Standard Passive twclear Erulsions Preliminary Irradiation
Neutron Field at fibs) Completed

.II (Reference Neutron Passive flaclear Emulsions Prei f minary Irr5d u tion
Field at CEN/SC/,) and HAFM Completed

23sU Fission (Reference HAFM Preliminary irradiation
fleutron Field at CE l/SCK) Completed

. BSR-HSST-Dosinetry Test Pfi Irradiation Completed.

(Test Reactor at ORf!L)
Dosinetry Counting in
Progress

. BR-3 (PWR Power Reactor RM, HAFid, SSTR,DM(Quartz). Dosiretry at Sit - Ready
at Cell /SCK) TM (Pelt Wires) for In- and Ex-Ve sel " Test

Region" Irradiations

. Arkansas Power and Light ill
Dosimetry at Site - Ready
for Fx-Vessel " Test Region"Company, PWR Unit #1 Irradiation(Russelville, Arkansas)

. Garigliano Reactor (BWR Rfi In-Vessel " Test Region"
Power Reactor at Rore, Irradiation in Progress

Italy)

See Figure 1*
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TABLE IV. TELECTED itEASUREMENT TECH'i! CUES - DIFFCRErlTIAL "ETHODS

a by E
Pet %o 'l

_
u

1. Passive:
(n.p) Emisions.

* Collirated Source 0.3 20

* Hon-Colli: rated Source 0.3 10

2. Active: -3
(n.p) Proportional Counters 1 x 10 2.5

.

He Pro;crtional Counters 1 10
.

6Li(n.t) He Proportional
x 10"2 6.5

.
*

Counters
Si(Li) Gera Corpton Recoil 0.2 2*

Counters

a. Approxirate icwer energy lirait of applicability, MeV.

b. Apprcxir. ate upper energy lirait of applicability, MeV.

322

-- L'A - 1 . __ -u _ _ _ , , , _ _ _ _ . . _ _ _

_
,,

_

815 328



TABLE V. SELECTED MEASUREMENT TECH'lIQUIS - INTE3RAL METHODS

I. Fission ftonitors

Radionetric (1M)*

Ge(Li) Detectors-

- Na! (TI) Detectors
Solid State Track Recorders (SSTR)* *

- Manual Optical fiic-oscopy
Scanning Electron Microscopy-

Fission Chambers*

II. Non-Fission lionitors
Radiometric (RM)*
- Ge Li' i

Si Li l-

Na (T')-

- Liquid Scintillation

Heliun Accumulation Flux / Fluence Monitors (HAFM)*

- Helium Mass Spectroscopy

Solid State Track Recorders (SSTR)o

- Manual Optical flicroscopy
- Scanning Electron Micrc5 copy

III. Damage !!anitors (CM)

Materials property Changes*

IV. Temperature !!anitors (TM).

* Melt Wires
Thermal Expansion Detectors (TED)*

323
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inBLE VI LWR-PV ECUIPitENT

1. Cual Parameter Cocouter Based Pulse-Heicht Multichannel Analyzer - for active
cosimetry neasurecents. This systen consists of the following cor.ponents:

Analog to Digital Converter*

ACC Interfacee

Syste, Clocks*

Spectrum Display*

System Memorye

Computer and Data Bus.

Integral Printer (Optional)e

System Disc & Controllere

Pushbutton Control Panele

Integral NIH Slots.

Integral Analog / Digital I/O Bin.

Keyboard Printer*

Cartridge Magnetic Tape (Optional).

Industry cc .patible Magnetic Tape Transport & Controller.

2. Scannino Electron Microscope (SEM) Systen - for counting high track density
S$TR. This system consists of the follcwing com.ponents:

SEM*

Microcontroller/ Signal Processor (M/S)).

Disc Memory and Controller=

Vacuum Coating System.

3. Optical Microscopy System - for manual scanning of SSTR.

4. Detectors and Pulse Processing Instrumentation - for active on-line neutron
and ganna-ray spectrometry.

5. Miscellaneous Sensor Eouipment - for passive noniter detection systems.
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. . APPENDIX A .
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_

ERIEF CESCR!PTION OF TH CRR-PCA AND ORR-PSF PV BENCHMARK FACILITIES '

*

The planned U. S. Pressure Yessel Eenchmark Facility will be built at
Oak Ridge National Laboratory. It will consist of two ccmplementary facil-
ities - one at the low power Pool Critical Assembly (r'CA) which will serve
as a flux spectra characterization facility and the other at the Oak Ridge
Research Resear (CRR) which, due to its high flux, will be used as a

-

facility in which irradiations of metallurgical specimens will be perforced.
Both facilities will be constructed in a manner which will provide the -

*

same physical arrangements and nuclear environment of the reactor core,
ther.al shield, and pressure vessel that exist in a typical pressurized
water reactor. The general PCA layout is such as to provide an equivalent ,

'-

nuclear configuration as that encloyed at the ORR Pool Side Facility (PSF) '

50 that accurate passive and active flux-fluence spectrum measurements can'

be done (see Figuras A-1 and A-2); rnare specifically. ,.

?'
a) In the initial facility, for flux spectral characterization

experiments with active detectors the RPV sinulator will be ,

>

as " clean" as possible. The objective is to provide relevant
experimental data to valicate/ calibrate reactor physics
computations needed for extrapolation into the vessel of
dosiretry observations in sarveillance positions. , . -

b) in a sacond series of experiments, the central part of the
s

t. RPV sirulator can be replaced by a rockup of the ORR-PSF
retallurgical irraciation capsule. +

'j '
The rietallurgical speci en i, rar lations in PSF will be perforced in

Instru ented irradiation ca sules wt ich will be heated to provide a uni- p.

forn 550*F themal environce<1t.
located at four discrete rositions. Arrays of metallurgical specimens will be

- '

They are: 1) Behind the themal shield
-

in a pcsition equivalent to an accelerated surveillance test position in a
FWR. 2) at the H:

s

0 - steel interface equivalent to the inside of the pressuree

vrisel wall 3) at the 1/4 i thickness (T: vessel overall thickness), and
4) at the 1/2 T thickness. The capsules will be irradiated until a neutron J'
flue ce of s 5 x 16 9 neutrens/cm2 (> 1 MeV) will be accumulated on the one

..

at the 1/4 T thickr:ess. Si.ultaneously the fluence accurulated at the
1/2 T position will be s 2 - 3 x 1018 neutrons /cm2

^
'

,

-
s

e
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DESIGN CRITERIA FOR PIPING AND N0ZZLES PROGRAM

S. E. Moore J. W. Bryson

ABSTRACT

reviews the activities and accomplishments of the DesignThis report

Criteria for Piping and Nozzles program being conducted by the Oak Ridge
national Laboratory for the period Octooer 1, 1976, :o Saptember 30, 1977. .

The objectives of the program are to conduct integrated experimental and
analytical stress analysis studies of piping system co=ponents and isolated
and closely-spaced pressure vessel nozzles -- in order to conform and/or
Improve the adequacy of structural design criteria and analytical methods
used to assure the safe design of nuclear power plants. Activities this
year included the continued development ard validation of finite element
computer programs for analyzing cylindricat pressure vessels with isolated
nozzles and with two or three closely spaced nozzles; finite alemer.t param-
cter studies of vessels with isolated nczzles; sucmary and evaluation of
czperimental studies en the elastic-response and fatigue f ailure of tees;
an analytical study of flexibility factors for small branch .onnections;
and the development and acceptance of manufacturing controls for butt-
welding pipe fittings as well as a numbca of design qu llfication rules
changes to the ASME Code.

Kevvords: stress analysis, piping, pressure vessels, norries, elbows,

tees ASME Boiler and f ressure Vessel Code.
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DESIGN CRITERIA FOR P1 PING AND N0ZZLES

Cak Ridge National Laboratory
Oak Ridge, Ter.ncesce 37330

S. E. Moore J. W. Bryson

OBJECTIVE

To conduct integrated experimental and analytical stress analysis

studies of piping system co=ponents and isolated and closely-spaced

pressure vessel nozzles - in order to confirm and/or improve the adequacy

of structural design criteria and analytical methods used to assure the

safe design of nuclear power plants.

FY 77 SCOPE

This program is organized into eight major task areas which include

program administration and PVRC and AdME Code committee work, and six

tasks identified with the structural behavior of specific pressure vessel

and piping system components. These include analyt ical studies of iso-

lated and clos 21y-spaced nozzles ir. cylindrical shells or pressure ves-

sels ANSI standard piping tees and elbows (or curved pipe), and flanged

or welded joints in straight pipe. In addition to participation in the

assessment and/or improvement of design criteria and rules for Code use,

the FY-77 work scope included:

1. the decciopment of a finite element computer program (MULT-N07.ZLE)

for analyzing 'indrical pressure vessels with closely-spaced

nozzles;

2. validation of a finite element computer prograa (CCRTES) for ana-

lyzing ANSI standard piping tees, branch connections, and isolated

nozzles in cylindrical vessels;

3 completion of a paraseter study to determine the field of influence

of single nozzles in cylindrical vessels under internal pressure

loading, and assessment of Code rules based on the results;

4. complet to.a of a summary report on the experimental stress analycia

and f atig le-to-f allure tests of ANSI U16.9 tees;
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.

5. the development of proposed design qualification rules for flanged

piping joints;

6. the development of dimensional and proof test controls for standard
butt-welding pipe fittings; and

7. completion o' a study of flexibility factors for small branch con-
nections.

f5 0tARY OF RESEARCH ACTIVITIF.5 T.ND RESULTS

During fiscal year 1977 a substantial amount of work was done on

each of the items listed above. The activities and results of this
work are summarized below.

Nozzles in Cylindrical _Presnure Vessels

Analytical finite miement studies af the structural behavior of
var'ious ASME standard nozzle penetration designs for cy. indrical pres-
sure vessels are being conducted to provide detailed stress analysis
data needed to assess the adequacy of current design qualification rules.
These rules, given in Section NB-3330 of the Code * for designs which do

not require a fatigue evaluation, and in NB-3200 for the more general
case, govern the design and minimum spacings for both reinforced and
unreinforced openings (nozzles) in Clase 1 nuclear pressure vessels.
The NB-3300 rules also provide stress indices for use in the analysia
of nozzle designs which also meet the othar requirements for use of tha
simplified design qualification procedures. Similar rules ere contained
in Section NC-3300 and ND-3300 fer Class 2 and 3 vessels, respectively.

Earlier reports have shown clearly that these rules are in need of
2 and stress indices.3revision both with regard to spacing requirements

For some design parameters a much closer spacing for reinforced nozzles
should be acceptable than currently permitted, while for others the
permitted spacings could result la undesirably high stresses. A sinilar
situation also existe for the Code stress '.ndices. For some parameters

these are too high, while for others they are too low.

*The term " Code" as used heta refers to the ASME Boller and Pres-
sure Vessel Code, Section III, Division i (Ref. 1).
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In order to properly assess these rules, and to provide sufficient
new information to develop suitable revisions and/or alternate rules,
parametric finite element studies for both isolated and closely-spaced
nozzle designs 1.re being conducted. In both types of studies the Code
specified standard nozzle reinforcement designs shown in Fig. 1 are ,

being analyzed for various values of the dimensionless geometric param-
eters d/D. D/T, and d/t, where d and D are the inside diameters fcr the
nozzle and vessel; and t and T are the corresponding wall thicknesses.

*solated Nozzles

The rules of NB-3300 are generally based on the assumption that a
given nozzle is sufficiently isolated from any other nozzle or struc-
tural discontinuity that their fields of Influence do not interact.

There is (was) not sufficient stress analysis data, however, to define
" isolation" and consequently rules given in various paragraphs of NB-3300
for the design of reinforced openings appear to disagree. Moreover the
stress index values given in NB-33:8 for nozzles designed according to
one set of rules difter from those given in NB-3339 for nozzles designed
according to an alternate set of rules.

In order to provide the information needed to develop more consistent
rules, parameter studies of isolated nozzles were (are being) conducted
using the CORTES finite element comrater codes developed earlier for us
at the t'niversity of Calafornia." This program, along with various
modifications developed at Oak Ridge is an extremely efficient tool for
analyzing pressure vessels with a single standard ASME reinforced or un-
reinforced nozzle.

Features of the pregram include automatic mesh generation (with
options for manual setup or mesh modification), corplete graphics for
both pre- and post-processing, 8-node (modified) solid isoparametric
elements, improved accuracy by bilinear Causa point extrapolation, and
improved computer efficiency using a compacted matrix equation solution
algorithm. Leading capabilities include internal pressure, external
force and moment loadings en the nozzle, and thermal stresses. The

progran is fully validated and available to U.S. citizens through the
Argonne Code Center, Argonna National Laboratory, 9700 Cass Ave. ,
Argonne, IL 60439.
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CORTES-SA (the clastic analysis program) was fully validated 5 during

the pas'. year by comparison analyses of six rodels for which experimental
stress analysis data were available for internal pressure loading. This
act included two thin-walled cylinder-to-cylinder models without transi-
tion fillets: ORNL-1 (Ref. 6) and CLYL-3 (Ref. 7); an ANSI B16.9 tee,
ORNL-78 (Ref. 8); a thici-walled steal pressure vessel: HSST-ITV9 (Ref.
9); and two photoelastic presaure vesrel models tested at Westinghouse:
WC-12D and WC-100D (Ref.13). This group cf models ccver the parameter
ranges for diameter-to-thickness ratios of 4.5 1 D/T < 100, and nozzle-
to-vessel diameter ratios of 0.1 1 d/D 1 0.51. Comrarisons between the
experimental phetoelastic data ar.d finite element esults for WC-12D are
shown in Fig. 2 fcr internal pressure loading (p= 153.9 psi).

During the past year CORTES-SA was ased to conduct a study of 25
reinfr.ced nozzle c;11ndrical vessel models with dimensionless parameters
within the ranges 0.08 4 d/D E 0.5 and 10 8 D/T 5100 for internal pres-
sure loading. Six of the models were essentially unreinforced except for
the fillet reinfo< cement shown in Fig. 1(d) while the other 19 models
were fully reinforced (100% area re;1acement) in the noz:le: fourteen

with the so-called " standard" reinforcement like the detail shown in
Fig. 1(a) and 5 with 30* pad reinforcement like the detail shown in
Fig. 1(c). Complete sets of results are given in Ref 11 with tabu-
lated sumaaries of maximum stresses in the body of the text and nodal
point coordina6 .s. principal stresses and their direction cosines, stress

ir tensities, and displacements for ach nodal point on the outer and in-
ner surfaces of each of the models given on microfiche at the eno of the
report.

Maximum stressen f rom the paraseter :tudy, normalized to the strese
index formulation of the Code are shown in Fig. 3, along with the current
Code value (3.3) as a functiun of the dimensionless parameter ) = p(102X)
(D/T)-* where o - d/D /EE, and x = 0,1 depending on whether the nozzle
is untrinforced or 100% reinfarced. Triangular dats po!nts are for the
unreiaf orced models, square data points are for tbs 30* pad reinforced
models, and epen circles ate for the " standard" reiniorced models. These

results show that the Code index value (NB-3338) is conservative for noz-
zica with 100% of the required reinfcrcement in the nozzle wall,'out
unconservative for designs with all of the required reinforcement in the

336

%

g g Qg a . m a - - ' *I IA ^ ^^ - "

'b **



m.ows F F-siton

WOOC'. wCl2D, PRE $$URE O OCG.
'S

| . vo o

' - 7. 5
t .0 ~ ~- - g -

, ~

2 iwid A, ,,e o o , o o a
,

- 5.0 3=

I I ;; 0.5 o /,
o

/ -.-
, #_,__g__g...,,- . _ 2' 2.5

<

,i Ue _,,,. g. , ,

b '[e i
'

"

O ~,% |^ - O
,y.

.

- - 2.5
-o S

PFJTOCLASTIC CALCULATED
. = o. 3

p% E- 30 vo' esi
'

S --...--- s

\\ e, *

'\
s

x\

e

\

-r /
s s,

N
N

\
'

\
N

-t.o

| - -S O

o #s O
M I - 6 - a -4 -~'-o-- --in---o----% %

f % |
o--- ,'5.0 y

ru- r n
-e

*tOiAn F ", g,% ,_ our > a

f t0.0 gce
/ ww ,

E 2.0 h -
_ e5.0 h

s [/j
= i

i% go n
3.0

I i
25 0

4.0

Fig. 2. C.aparison between expericiental photoelastic and CCRTES-SA
finite element piagram calculated stresses for the longitudinal section
of cmdel WC-12D, ;nternal pressure = 153.9 psi.

337

',
_

e 4

815 .543



~-
e y.. c G.s' {t,,i

** '

.|.
s

Q[Cq ?-
- # t'

4[p;_}h >

CA% -NG 77-19062R

~-
~

10 0 ',

Eg OBCED. ,3. CODEr50 i

e STRESS tNDE X
-

ST RESS
INDEX [ _ swe -

i m NOZZLEgiAfORCEM2.0 - a

!.

' ' ' ' .'8 1
''

1.0
0.5 0 2 5 to 20

O.2
2, g(10 HD/Tr '

Tig. 3. Correlation of calculated axunt.::: stress intensities
(stress indices) for isolated pressure ve ne; m ztles under internal
pressure loads.

OM-OstG 77-19061H

2.0
NB3338

1 5 -----

'
1'0

8 ' ' - NB 3339
) ILJlL
M L, h-

0
0 1 2 3 4 5 6 7

(d, + d;)

2M

Fig. 4 Comparison of ASE Code rules for nozzle spacing with
calculated local membrane stress attenuatum distance.

338

...

815 344



vessel wall and a value of G greater than 0.8. A revision to the Code
rales restricting the use of the current indices to G values less than
0.8 or for designs with 100% of the requirtd reinforce =rnt in the nozzle
wall has been accepted by the ASME Boiler and Pressure Vessel Code Com-

mittee. The essential wording of the Code revision is given in Ref. 3.
Additional studies for moment loadings on the nozzles, and for noz-

zle-vessci designs witn part of the required reinforcecent in the nozzle
wall and part in the vessel wall are currently underway. Results from
these studies will be reported later.

Calculated membrane stress data from the parameter study,were also
used to assess the current Code requirements for nozzle spacing. (Re-
quired for use of the sinplified procedure of NB-33G3.) The results are
shown in Fig. 4 where the normalized distance between the inside edges F4

of adjacent oorzlee., Le/2dd, that is required for the local membrane
stress to damp out to a value equal ta 1.1 times the nominal membrane
stress, is shown as a function of the sum of the normalized nozzle diam-
eters. (d 3 + d )|2.'RT; R and T are the inside radius and wall thickness2

of the vessel respectivelS. Also shown for comparison are the Code re-
quirements for nozzle spacing from NB-3338 and from NB-3339. These re-
sults indicate that the Code rules are probably conservativa for small
diameter nozzles, i.e., (di + d )/243 < 2 but probably unconservative2

for larger nozzles. Further work, however, is required before these
results can be verified or alternate rules developed.

Closelv-Spaced Nozzles

During the past year we have continued the development of the finite
element computer program MUI.T-N0ZZLE12 to enable us to efficiently con-
duct paramo ter studies for cylindrical pressuro vessels with two or three
closely spaced nozzles under internal pressure and/or external force and
noment loadings on the nozzle (s). The program includes a pre processer
(FEMG) that will automatically setup a finite element model for vessels
with a single reinforced nozzle; with two identical reinforced nozzles
that are placed arbitrarily close together in either a longitudinal plane
f ong the length) or in a transverse plane (around the circumference) of
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the versel; or with three (,or fcur) reinforced nozzles. Figure 5 shows FS

a typical finite ele $ent model for two nozzles in a transver.sc plane of
the vessel. The model is setup with symmetric (or antisyssetric) boundary
conditions along the p?ane midway between the two nozzles so that only an

eightletection of the vessel needs to be considered. Figure 6 shows a typi- F6

cal finite element model for vessels with three (or four) nozzles. In this
case the modeled section of the vessel is assuned to have two nonider,tical

nozzles, one of which is in a transverse plane, with the other in a longi-
tudinal plane. Either nozzle may be the larger, and may be reinforced (or
unreinforced) according to tSe details given in Fig. 1.

The main frame (SAP 3M) of MULT-N0ZZLE is a modified version of the
SAP 3 finite element program with the addition of an 8 to 21 node solid
isoparametric element, bilinear Causs point stress extrapolation, and ccm-
pacted matrix equation solver. Boundary conditions for any of the desired
loading conditions are setup automatically, partly by FEMG and partly by
SAP 3M. Both pre- and post-proces. iog graphics are also available.

MULT-N0ZZLE was completely validated for the analysis of vessels with

two closely spaced nozzles under internal pressure loacing this year,12
and extended to analyze two nozzle vessels with force and/or moment loadings
and three nozzle vessels with internal pressure. Validation studies in-
cluded finite element analyses of several classical theoretical problems
(beams and thick walled rings) and analyses of four experimental models
that were tested with internal pressure loadings. The finitc-element
solutions to the classical problems generally agreed with the theoretical
solutions to within about 1% with a few cases being in error abou* 2%.
The experimental models that were analyzed include two photoelastic models10
each with two identical nozzles in a longitudinal plane (WC-12DD and WC-
100DD), one photoclastic modell3 with two nozzles in a transverse planc
(SH-23DD), and one steel mode 19 with an isolated nozzle (HSST-ITV9). The
agreement between the finite-element and experimental maxinum stresses was

within 10% for all four models. Details of the study as well as a rather
complete description of the MULT-N0ZZLE program are given in Ref. 12.

.
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Piping System Components

In contrast with the vessel design sections of the ASME Code, the

piping design sections (NB-360], NC-3600, and ND-3600) contain a negli-
gible amount of discussion concerning stress categories, allowable stress
values, and design criteria, but instead contain detailed design rules,

stress indices, flexibility factors, and equations for calculating

stresses which must be satisfied to qualify a given piping system design.

For several years we have been working to provide the technical data
needed to test and confirm the adequacy of the piping system design rules
and formulas. Most of the remaining work is on the behavior of elbows,

tees, fabricitad branch connections, and welded or flanged joints in

straight pipe. The year-end status of o. piping system work is described

below.

ANSI Standard Piping Tees

Over the past several years we have conductad rather excep61ve

elastic-resp'...e and fatigue-to-failure tests on ANSI Standard B16.9
tees to provide experimental verification for the detailed design rules

for Class 1 and Class 2 piping system tees. To date ten tees have been

tested. One series of five 12-in. tees was tested under subcontract at
Southwest Research Institute (SwRI) and a second series of five 24-in.
tees was tested at Combustion Engineering, Inc. (CE) at Chattanooga.

Each of the ten tees was instrumented with between 225 and 240
three-gage strain rcsettes located in two quadrants of the Lee on beth

the inside and outside surfaces. Pipe exter-ions were velded to each of

the three outlets, and each tee was tested ~nder elastic-response condi-

tions for 13 different loading conditions: internal pressure; six moments

(in-plane, out-of-plane, and torsion on both the branch and run pipe ex-
tensions); and six direct forces (axial thrust, and in-plane and out-of-
plane shear). During the elastic response tests strain-gage readings and
pipe extension displacements were recorded as a function of the opplied
load. These date were then reduced to stresses, stress indices, and flexi-
bility factors. Figure 7 st.ows a view of one of the 24 = 10 in. tee test

343

,

m

1

---u.. , ,, _ **'.w * . .

815~349



_

.= , c. =,.~,1m, *- > ss' c. s %w;%,,q, : , ,.e , . . e.' f. .a - ,: f.m' ' , '''*. n. m. * rN,, N ,. y>_ ;, \, y r .%
.r.,^

.g .~, 2.m ,', r
.. ~ .. e, , ....,;

*14
.'.

- M>Wy
.

18
u 7 -m~ . r%.w , w% w s,. . i,- M, y m &..%. a m d: ;w..';t ymw

~

w .s rw;1 D yn A . SW m Ms".p.~wm -

<

m~ - m; y%~;* y.*-i,c; . _ h % ' * % f.y h,n 'a y? '''p' b f w;,;ym y. - ?'}19
yg s, J ;d,: 3. .. >. p m-

: F: , + n. %yg:, - 95 '. .* y

e ,m: , -m. . w. , n> <.c ,,,- . m, . wp p; . . . m ,,.., s m,anm.~e w ,. m :yw _ w ,-.. .

s e y 'm.'v4w- yf g,|T mq 4;.; @' y% m .s n -r,
e- g.

:%;,;. . < . Q RA u g~ 1: c, * + - -h wh .r1

3; At- myg:a. jg. e%s,~v.- ,c. - .,A w f g
.gn 4v \ deNA g qpy d,fj, b pa JA pu we.n

f,- .,

g , m yv 3 ;g.dm,. ,:w pJ p Q,j p.,p +;,g g 4
.,

W y y y. %p Mqw. f. , mg. $ ~g j'-~ -

f gw;
.

: ,:- -

r q gs ._ um,y sm.y
~, , % s c .&"e;p. ,4

e , w;;u :

Q.k .. S..r.'- w.4 - w (c.L w
- a w y;g-i- V.'.m r ,. :. yb I

a %. . og s w, .a.% ;w e. M, m yp@W
< n,-

n , r.u+ n n.
::: . % L,p, ~1;- M .. n & l s|)

o y, . ,- ._s.v- , e L.:
'

s
'

h e.4 * x*+'; +s < 8 . M; *f. ',t y >r
w : . .g.p + ; 7 , g."U, ,' ,M #."?,;;gf

- '

ms m'* :
e >. .i_ y

l
c p.~,n w.",M *S. b. M J p-4 eP -

n.L7e
- i

y - y. n.~:y.
,,, x m. ,mfy:1,p. , &e .e & W. v -,.! ' y: w n,. ,

u u~. n m -

n m uc t- g '>..,.

m, i*@r,w . n* ;s. p ,- v ~. .e s ,. . -,. - s- '. - - % .. . . ,

f'i. {. .* , p4 y ** y +%) ,

- '.* *- '

- Y'. , .av ~ c. -w
3w:;__py;~tgm. ,%.s.j

. -c > n
w[,o.s, .v' oN ? J',y; w ,ny

w .n m - x
. T.sc, o +. h, : q>

n . 9.n -.>

a g y . m. s.s#,c. w *-- q vy e ,
x . , ,..

-
. y. m.+

n
*.r. :s,w. 1._

+
,

. . . n .u"g a -re h
y.. . &-.y: + = <a, : - g,.a . . w ;g, ,''.,

\. y , , ~h. 'n'*

.s .. - 6 4
. .-M_.m , . s,s, p,, g,

t w.<.
+ ~ < .

.3 9
.}

,
; - - w , , ,, y .a..

t .
A~. . ,

1 e -s a ,.c
- . . . .

n y 21 3 y
-' _% t, -p p d p .3.v".N#*y ,3 g;3 -WA,S gwn/, C

,

3 , +. ..- ,

' T , W( *} + n $ud -- s M .' ..
_ ;m.9. ..p w, m m

-. y >e .n.~ ,.;e,). ty
.

v h. w# +y% . .;. v v v..w.,y y, pe ,. , .ww
nJ 7 *

e J
. .p -v ,... #

-

< s . p , , s,
a , .::t , it%

- t
. m m , .1.- e % * P<,L . . . -- e

-

.'., r , 4. 9 ,~ . . uncayay sp ;
.t .

~

~,,.m
.~p,

4 4

p, M . .. ( ..
~r%.-L.

-

t,
- c _ L . ., ~ g ; ., .-,, ~,.1 a i _

.~ b .

> , # .

Q,~c 3 yh,
4

j , : g ,, $ w y
1',: ;: a

yqyg.ng
R '4 ~+ " R:'s q' . . &. 'e, . s" ' ':'Tu% +. g'* A *

,

,C -- -42 y-. _w r(s e 3 v' . ,
- :s. m ., .g f

' * y; ;~Jg;
. ~ . -

:-

n. - , ' . * , . . . ; 4
my;u.' h.i.$ ;,y -

3 '' t|
~ <-~:. - 'n -

. . ~ ~-#i;dY-
., . ,v.m. . . ,

}'e ;%s ..p ;i''
.,- q gy %

..:t .. \ s As , - , - .s x %_c w
..! s =->#.

.,- {n,.y .; . J x ,@y ' g' ,'.'^,:4 v .* n. "p . .
-

,
. .. e k -9 .- .,-.e.g.

-:sp :. m :z.- ) F -e. :% mag

. ,(f.. U f e,. w ~>
a 1j ,t4 v.r p . ;t' , ,x .

e 7 . .*, y -2 - 's'ie. ,/ ,
5.

~ , '' -|:? 4~

MshJ. :/T; . - g (s 'p)e.T g Tb<. : g & *y. A.'Vy?..M
L ' ? 'w .* g, **, - se v * -

%f
'

.
's 3 ; ,

.

d ". .a ',.; y#N.e. 2 ,D,1 - O > i * n , 0:e

. .f .
s, ,ca. A . 9.

r{ i > A F .y '
%%q

-)r . ,8 A-

,

a ---+d'a f. c. .g. e -
k

3 % w.
-

+

.s , . , . .
.,a g'.'?. -% ; . _ ' . _+ v,. W: :.e.O %

a m ~3v - - - _-,.Q a* n g , s ,. , n q; . , _>

3 w..).
, s.

2

., , . 4:

6' [m w'', ' "e, f . p [.'f -m h. -s . . , n.], =e :' ; .. . ' W w ? @, m";
.. ,. ,m. g*, -' , . - -.n ' .. .eg.

.'"4 g.

..

L
#

-) h4*,
_

*/
- e'_ g

'N* ( 9* f %.L i h.
.

s.. , g ,:,: 'V oe.

-

T.G.MgQ.4 . 1 -! t ge- . 1, y3. M-- i -.N p.D;
^ d-, , A f,g4f0fg;/,ph'. . .,

. 4s , m.. ea . 7-- .
*. .A.g 4.q* * -.

-

Fig. 7. View of a 24 = 10-in. ANSI B16.9 tee test assembly
with strain gage and LVDT intrumentation.
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assemblies with the attached strain gages and LVDT hardware for measure-

ing the strains and displacements.
Af ter the elastic response tests were completed each of the tees was

fatigue-tested to failure with either an alternating moment load on the
Resultsbranch (displacement controlled) or a cyclic internal pressure.

from the 24-in. tees tested at Cembustion Engineering. Inc., have been
summartred and compared with analytical predictions based on current
Code rules in an ASHE paper.I" The comparisons .how that, in general, the

Code rules are conserva ''.ve, but in need of minor revisions to conform

. better with the experimental evidence.
Summary reports which will include more complete evaluations of the

experimental data f rom all of the tees, and proposed Code revisions based
on these data are planned for next fiscal year.

.

Flanged Piping System Joints

A series of analytical studits on the structural behavior of flanned
I5 16, 17 published in 1976 culminated during the past yearpipe joints

in a number of - .,1ficant changes in the ASME Code rules. In Ref. 17
we developed a tomplete new set of proposed design rules for flanged

piping joints that use flanges, bolting, and gasket materials specified
in the ANSI B16.5 (1968) standard with the added stipulation that the

100'F.bolting material have a minimum design strength (S ) of 20,000 psi at
These new rules are considerably less cowplicated to use than the old
rules and at the name time effectively prohibit the use of the lighter
weight flanges and weaker bolting material.

Early thi a year the proposed new rules were accepted by the ASME Code
committee f or Class 1 piping and published in the Summer Addenda to the
Botter and pressure vessel Code. The proposed rules for Class 2 . lass 3

piping, however, wer rejected. The primary objection to the proposed
rules was that the requirement for stronger bolting materials and higher
fit up forces would seriously effect the design of many low temperature
water lines in Class 2 and 3 nuclear plant piping systems. Several options
were therefore added to the proposed rs'as that will allow the use of
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current design analysis methods shen they are adequate for the intended
service. When current methods are not adequate for the intended service
the designer will be required to specify the higher strength bol. ting
materials and use the proposed rules. We ex ect ASME to adopt these,

modified rules for Class 2 and 3 flanged paping joints during the coming
year.

Dimensional Control for Buttwelding Fittings

Early this year we completed and published a studyl8 of the
dimensional requirements and manufacturing practice for butt welding
pipe fittings made according to the ANSI B16.9 and ANSI B16.28 standards.

Tc tings studied included short- and lor.g-radius elbova, tees, concentric
reducers, and pipe caps. The mejor conclusion of the study was that the
requirements of the standards were not adequate to meet the intent of
the design qualification rules of the Code for Class 1 nuclear piping,
although they were probably adequate for Class 2 and 3 piping. As a
result we developed a preposed supplementary standard for fittings to
>e used in nuclear Class 1 piping systens that required (1) additional
controls and records for design qualtitcation proof tests. (2) additional
shape controle for elbows, tees, reducers, and caps, and (3) new dimen-
sional information for fittings needed by designers to calculate numeri-
cal values for the stress indices given in the ASME Code. The proposed
supplementary standard is included as an appendix in Ref. 18.

Reference 18 was approved by both PVRC and the Working Croup on
Piping of the ASME Code comittee and referred to the Manufactur s

Standards Society of the Valve and Fittinge Industry, who, in rn,

draf ted a new standard for buttwelding fittings for nuclear Class 1
piping applications. This new standard, MSS-SP-87 (Ref. 19) incorporates
essentially all the recomendations made in our report and proposed
supplementary standard. In addition !?-67 requires more strict
dimensional controls on wall thickness for a given nominal size fitting
that, was required under the ANSI standards. (We had recocnended weight
controls as veing potentially easier, but actually prefer the wall
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thickness cor trol.) MSS-SP-67 was approved by the ASME Vorning Group

on Piping, and is expected to be published by the Manufteturers Standards
Society in November.

Small Branch Connectiona

We also completed and published a study o.4 flexibility factors for
small, i.e., d/D < 1/3, f abricated branch connections under external
moment loadings 20 during FY-1977. The study is primarf.ly a reevaluation
of "old" information on the flexibility and displacements of piping bianch
connections in view of the changing t.eeds for better pipir.g system analyses.
The report does include, however, some data which were not available when
then current Code flexibility f actors (NB-3687.5) were formulated in about
l' ,9. These additional data establish quite firmly that the only signifi-

cant flexibility factors foi naall branch connections are the two

associated with bending the branch in the in-plane or out-of-plane

directions. (Theoretically there could be as many as 36 flexibf18ty

factors different from zero for a branch ccnnectio or tee.)
3 and k,3) whichThe study shows that the two flexibility factors (k

are currently in the Code are in reasonably Rood agreement with the]
A

available data, but they apparently do not properly inclade the' effects of
some types of local reinforcing. The " error" in the Code formulations
would tend to underestimate the flexibility of branch connections with

local reinforcing, and thus to overestimate the bending moments obtained

from a piping system flexibility analysis. This error is toward the

conservative side for static system behavior but could be nonconservative

for dynamic system behavior. An improved formulat:on is presented in the
report which is believed to be more accurate. Additional dats, however,
are needed to confirm this formulation before the new flexibility factors

are presented to the Code for adoption. We expect to obtain these data
from a finite element parameter study of isolated nozeles under external
moment loadings to be conducted during FY-1978.
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PI_ N OF RESEARCH FOR FUTURE YEARSA

Our plans for the near-term future (FY-1978. FY-1979) include
completion and publication of twenty-four topical reports on various

studies related to '.he structural behavior of reinforced nozzle
penetrations in pressure vessels and piping system components, and the
assessment and confirmation or improvement in the criteria and rules
whicn govern the design of nuclear power plants. An important part of
this work 4111 be to complete the development of analytical tools and

computer programs for calculating stresses in isolated and closely-
spaced nozzles in cylindrical pressure vessels, and to conduct the
needed parameter studies to support the development of improved design

rules. We will airo continue our close association with PVRC and the
ASME Boiler and Pressure Vessel Code Conmittee as one of the more
successful means for implementing needed cFanges in the Codes and
Standards.
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