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FORLWORD

The work reported here was performed at Oak Ridge National Laboratory
(ORNL) under sponsorship of the U.S. Nuclear Regulatory Commission's (NRC's)

Heavy-Section Steel Technology (HSST) Program, which is directed by ORNL.
The program is conducted as part of the ORNL Pressure Vessel Technology
'' r o g r am , of which G. D. Whitman is manager. The NRC manager is C. Z.

Serpan.

This report is designated Heavy-Section Steel Technology Program
Technical Report No. 52. Prior reports in this series are listed below.
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SOMENCLATURE

a Depth of flaw

[1 Crack velocity

a particular event ora. Critical crack depth corresponding to
'

condition

w Thickness of vessel v (1

K Mod I stress-intensity factor

K K value at time of crack arrest, based on static calculation

K Static fracture toughnessg

K Actual K value while crack is running
g

K Actual .alue of K1 at time of arrest (minimum value of K thatg
can sustain crack propagation)

K K value at initiation assuming a sharp crack

,
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APPLICATION OF STATIC AND DYNAMIC CRACK ARREST
THEORY TO THERMAL SHOCK EXPERIMENT TSE-4

R. D. Cheverton
S. K. Iskander

ABSTRACT

A dynamic method of analysis developed by Battelle Columbus
Laboratory (BCL) for a crack run-arrest event was applied to
Oak Ridge National Laboratory (ORNL) thermal shock experiment
TSE-4, which was conducted on an A50S steel cylinder [530 mm
OD ^ 150 mm wall x 910 mm long (21 in. x 6 in. x 36 in.)]
with a quench-only heat treatment. In this experiment, a long
axial flaw with an initial depth of 11 mm propagated in a single
jump to a depth of 23 mm and arrested. The dynamic analysis
indicated that dynamic effects for the 12-mm extension <ere
essentially negligible; thus the statically calculated acrest

toughness (KIa) wag a good approximation of Kim. Thi K (Ela}Im
value (127 MN m_3/') was 2'; less than KIc at the same tempera-
ture (131 C). The K7n value deduced from the dynamic analysis
of TSE-4 was 124 MN m-3/2 which is in good agreement with the,

Ia at arrest (127 MN m-3/2).statically calculated value of K

Researchers at BCL obtained several values of K EE thID
TSE-4-type material. However, data were insufficient for de-

termining a laboratory value of K7n, which could have been com-
pared to the TSE-4 K value. All values of K79 obtained by7g
BCL were greater than KIc-

1. INTRODUCTION

The Jak Ridge National Laboratory (ORNL) Heavy-Section Steel Technol-
ogy (HSST) Thermal Shock Program was established to investigate means for

predicting the fratture behavior of pressurized-water reactor (PWR) pres-
sure vessels when subjected to severe thermal shock. The t he r ma l- t y pe

loading could result from hypothetical loss-of-coolant or steam-line-

break accidents, wherein ilatively cool water passes over the inner sur-

face of the hot pressure vessel wall. As shown in Fig. 1, for a typical
*double-ended-pipe-break LOCA-ECC, this rapid quenching of the inner sur-

face results in rather steep positive temperature grauients through the
wall and thus high tensile stresses in the inner portion of the wall. The

*
For brevity in this report, the loss-of-coolant accident followed

by injection of emergency core coolant is referred to as LOCA-ECC.

*
. < , .
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reduction in temperature and the high fast-neutron fluence that accumu-

lates over many years of reactor operation tend to reduce the fracture

toughness (Kg) of the vessel material. Because of the sensitivity of

fracture toughness to temperature and fluence, the positive gradient in

tempera cre, and the attenuation of the fluence, there is a net positive

grad' ant in toughness in the vessel vall.
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If there is a flaw on the inner surface of the vessel vall, the high,

thermally induced tensile strc cs vill result in an appreciable stress-

intensity factor (K ) at the tip of the flaw, as indicated in Fig;. 1. The
7

combined eftect of high stress-intensity factor and low fracture toughness

may result in propagation of the flaw. However, the steep positive gradi-

ent in toughness tends to provae a mechanism for arresting the crack.

The ORNL Thermal Shock Program included experiments in which rather

large steel cylindt [ 530 aa CD - 150 cm wall 910 rm long (21 in.'s

6 in. % in. ) ] (see Fig. 2) containing flaws on the inner surface were

subjected to severe thermal shock, with the coolant applied to tbc inner

surface. The experiments were designed so that both initiation and arrest

of specially prepared flaws presumably would take place. Four exper iments

lhave been conducted and are discuss <a in detail eisewhere -3 with regard

to test conditions and a static analysis of the da This report contains

a review of the static analysis and a dynamic analysis of the run-arrest

event in the fourth experiment (TSE-4), which was better suited than the

others to such an analysis. TSF-4 provided the iirst opportunity to apply

a dynamic method of analysis tc a structure substantially larger than

arrest-toughness-type laboratory specimens.

A dynamic method of analysis for describing run-arrest events''5 and
6a procedure for measuring crack-arrest toughness have been under develop-

ment at Battelle Columbus Laboratory (BCL) for some time, and, as mentioned

above, ORNL Eas been conducting initiation-arrest experiments on large

specimens. To take tull advantage of these efforts, the Nuclear Regulatory

Commission (NRC) established a cooperative program between the two labora-

tories. One of the objectives of the ongoing program is to compare arrest-

toughness values measured i.n the laborators under mechanical loading condi-

tions with values deduced from experiments with much larger specimens under

thermal shock loiding conditions Side grooves are used in the laboratory

7specimens in an attempt to cope with the size problem, but as Irwin

pointed out, "Use of deep face grooves to overcome testing problems in

the high toughness range introduces serious questions as to the applica-
bility of test results to natural cracks in heavy section structures."

Another objective of the program is to determine how accurately the

BCL dynamic method of analysis can describe a run-arrest event in the

I': )
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large test cylinders using laborato - ughnt' - data and the

actual temperature gradients in ti " II* Fulfi>1 ant of these-

objectives Will help to establish t;le adequacy of t! s rack-arrest meth-

odology r Safety analysis and design purposes,c
~ *

al(
-p1 *.

iu
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2. THE BCL DYNAMIC METHOD OF ANALYSIS

Crack propagation (unstable) and arrest involve acceltration of

material surrounding tne crac k; thus the run-arrest event is a dynamii

8-13 The magnitude of the dynamic effect relative to a static analv-one,

sis of the event will vary depending on the size of the crack jump rela-

tive to a body dimension, such as the uncracked ligament in a pressure

vessel wall or in a laboratory specimen u:;ed to measure arrest tough-

llness. If the crack jump is short enough, the dynamic effects will be

negligible, and a static analysis will suff ce, However, it sec ,s that

a dynamic analysis would be required to determine the extent of the

dynamic effect in any particular structu.a

The dynamic nethod of analysis being developed by FCL, which seeks

to account for kinetic energy and inertia in the calcalation of K is
7,

de ;c r ibed in detail in Ref, 4. Kalthoff et al.1 have shown that, during

the earls portion of cracs propagation, the actual K value tends to lag

behind the staticallv calculated value, whereas, at later times and at

arrest. the actual value of E is greater than the statically calculatedq
alue. This same trend is predicted with the BCL dynamic method of

analysis."
The actual instantaneous K value while the crack is unning is re-

terred to as K, and may be dependent on crack velocity ( [1 ) , 6'l2 Presum-

ably, there is a minimum value of K " "" *" 'ID' Im'
crack aropagation cannot be sustained; K may correspand to a minimum

[1 but not necessarily zero veloc~ty Possible K vs a cur"es"c
"alue 01

ID
are sbown in Fig. 3. In Fig 3(a), K > K for all values o f [1 except

ID Ic

at zerc velocity, ahere K =K = K This cordition has been observed
D k

3for a high-strength steel. Figure 3(b) illustrates a case for which

K '**"'l "" # "*'ID Ic ID Ic
.

( a ) y' I m
this case, K K and > 0.

Im Ic
.

The BCL analysis requires a description of the KID "" " "" 'ID

vs temperature curves and also requires as input the value of K at the

time of initiation. This latter value is referred to as K and may or

may not be equal to K depending on whether the initial flaw is sharp,

I t.
or not; if the flaw is blunted. K K During the dynamic calculation,

r. r- (yUu 1, ;i a
<

.t
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3. MATERIAL PROPERTIES FOR TSE-4 TEST CYLINDER

Two test cylinders (TSV-1 and TSV-2) were used in the series of

thermal shock experiments at ORNL, with TSV-2 being used for TSE-4. To

simulate postulated PWR fracture conditions as closely as possible, the
two test cylinders were fabricated frcm pressure-vessel grade A508 steel
and were given a quench-only heat treatment. This treatment reduces

tous ness and increases yield strength relatice to the standard quenched
and tempered condition changes which simulate irradiation effects to

some extent.

Most of the material property data for TSV-1 and TSV-2 were obtained
by ORNL, using prolongations of the two test cylinders; the data included
tensile, Charpv-V, and static fracture toughness (precracked Charpy and

compact-tension) data. A few material characterizations were conducted
at BCL and were performed on material taken from TSV-1 after completion

of the thei. . '. c.qrtimento Thew included static fracture tough-

ness tests and crack-arrest toughness measurements. Most of the ORNL

data are reported in Ref- 3, and all the toughness data are summarized

in this report.

No systematic diffe ences between the results for TSV-1 and TS\-2 or

associated distances from the surfaces were apparent. The yield and ulti-

mate strengths of the A50S material in the quench-only condition are nearly

independent of temperature in the range -73 to 260 C, and have average
values of 970 and 1170 MPa, respectively, which are quite high relative
to values for the normal tempered condition. The static fracture tough-

ness values, on the other hand, tend to be relatively low and are plotted
in Fig. 4 for t e measured temperature range of -196 to 149'c (-320 to

300 F). Also included in this figure are the g values measured by BCL
and the sing;1e value of arrest-toughness determined by the ORNL static

a n:'vsis of the arrest event in TSE-4.

Labora tory crack-arrest toughness measurements were performed by BCL

on wed;;e-loaded duplex rec tangular (DCB) specimens.' Two data sets were

obtained at each of two temperatures (7C and 126 C), which correspond

c.osely to the TSE-4 initiation and arrest temperatures. The measured K
la

and K values are shown in Table 1. As indicated in this table, only
g

one value of K and corresponding value of a are given for each specimeng

C O GJ[Ju Ur lu



() H N I ( r.ifi /H lii t < il

(ksi G.) (MN m-3/2)
_

0 ORNL T S V-1 AS RECEIVED PCC y

200 - O ORNL T S V-1 550*F FOR 24 hr O.394TCT
d ORNL T SV- 1 550 F FOR 24 hr iTCT

200 -

d ORNL T S V-1 550*F FOR 24 hr 2 TCT

O ORN L T S V- 2 550* F FOR 24 hr O.394 TCT

,
150 - 6 ORNL TSV-2 550* F FOR 24 hr iTCT g

150 - 8 ORNL T S V-2 55 0 * F FOR 24 hr 2 TC T d g
a BMI T S V- 1 550*F FOR 24 hr i TC T dg

d 6,o

f- -o K (TSE-4)s

100 - d
e'k b100 - d'
dO

d
O

50 -

50 -

G
y
C

i I I I I I I Ig3 g

( C) -250 -200 -l50 -100 -50 0 50 100 150

| I I i l i I I I

(*F) -400 -30 0 -200 - J O 100 200 300
,

s.

TEMPERATURE

Fig 4. K vs temperature for TSV-1 and TSV-2 material (A508 quench
Le

only).



10

Table 1, BCL crack-arrest toughness tr.easurements for TSE-4

_ _ _ _ _ _ ______ _. _ _

"
DCB KIa KID 1

temperature (MN, m_3/2) (MN, m_3/2) (msec _1)spt m.e n
(oL)

_ _ _ _ _ _ - _ _ _ _ _ _ . .__ _ _ _.___ _ _ __ _ _ _ _ _ _

OR-5 126 122 172 670

OR-b 12h 125 173 700

mR-7 78 106 157 780

OR-8 78 10 149 710
- _ - - - _ - _ . - __ _ - _ - - _- - - - - _ - - _ .

tested, although a range of velocities, and thus K values, exists during
D

the run event. For most of the crack time-of-flight, K ID "" "" "'" Y

constant,Il and these are the values reported. Data of this type are

sufficient for deternining A provided that enough data points areIm,
available for defining the mi: :um in the curve. In this particular case,

two values of K were not -ient for determining K .
ID

The static fracture toughness values (K ) reported by BCL were deter-

mined b:. means of a static analysis of K in accordance with a procedure
7

proposed by Materials Resea rch Laboratory,I" and they effectively consti-
tute the static K value c.t the time of arrest. as ind ica ted in Sect. 2

I

K should be less than K

) f.t >

}i,t . bLU
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4 RESl'LTS OF TSE-4

A summary of test conditions for TSE-4 is presented in Table 2. Data

retrieved from the experiment included the temperature distribution through

the wall as a function of time and indications of crack initiation and ar-

rest as detected by crack-opening-displacement gages and acoustic emission

instrumentation. At the completion of the experiment, the temperature dis-

tributions were used as the t herm il l oad ings for the calculation of the

stress-intensity factors.

The TSE-4 test cylinder initially centained an 11-mm-deep axial crack

that extended the full length of the cylinder. During the thermal tran-

sient, crack initiation and arrest took place along the entire crack front

at 130 sec. Ind ica t ion s of the cracking are shown in Fig. 5, a photograph

of the inner surface of TSV-2 f o l l ow in g TSE-4, and in Fig 6, which shows

the fracture surfaces after removal from the evlinder.

The measured radial temperature profile, th_ calculated K distribu-
7

tion (assuming various crack depths), and the nominal K radial distribu-

tion (based on the K vs temper.iture curve in Fig. 4), all corresponding

Table 2. Test conditions and material properties for TSE-4

_ _ _ _ . - - _ - - _ _ - . . _ - - _ _ _ . . _ _ _ - _ . _ _ . - _ - _ _ _ _ - _ _ - -

Test specimen dimensions, m (in.)

OD 0.53 (21)
ID 0.24 (9.5)
Length 0.91 (36)

Test specimen naterial A508, class 2

Heat treatment Ouench only from 871 C
(1600 F)

Flaw Long axial track

Initial depth, mm (in.) 11 1 (0.44 0.03)*

Final (arrested) depth, mn' (in.) 23 1 2 (0.91 1 0.09)

Temperatures (initial), 'C ( F)
Wal1 291 (555)
Sink -25 (--J 3 ) .

Coolant 40 wt ~ methyl alcohol,
60 wt ' water

_ _ _ _ - _ _ - _ . _ _ . _._ ._ - - . . _ _ - _ - _ _ - - .-

O -

.lut; Uni
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to 150 se are shown in Fig. 7. Fabulated values of K and temperature at,

150 sec for the two actual crack depths (depths determined posttest by de-

structive means) and the corresponding material toughness values are pre-

sented in Tables 3 and 4. It is obser'.ed in these tables that the nominal

calculated value of K corresponding to crack initiation (lla SIN m-3/~) and
the average value of K taken from Fig. 4 (108 MN m-3/2) agree within 6?,

which is well withir. the uncertainty in both numbers. The static K value
7

-3/2corresponding to crack arrest (127 3G m at 131 C) is 11: greater than

-3/2that corresponding to crack initiation (114 MN m at 77 C).

Tible 3. TSE -+ initiation and arrest data

. _ - - - - _ _ - . - - _ - _ _ _ - - - - - _ _ - - . - _ _ - _ _ _ - . _ _ _ - . -

ORNL static
BL,L analyses,

L,. r a e ,s d e p t h Tenperature analyses,
, k.E. vent

(mm) (oL, ) k.i-' _t(MN a 3/;)
- 3 '/2)(MN. m

_ _ . - _ _ . . - - - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ - _ _ _ - - . - _ _ _ _ - _ - _ _ _-

,

1 /, i 114 2 112 ll
'

Initiation 11 +

[5"Arrest 23 2 131 9 127 124 +
.

_ _ - - - - - _ _ _ _ _ - _ _ _ _ - _ - _ - . _ - - _ _ - - - _ - _ _ - _ _ _ _ _ _ . _ - .

'Va r iz: t i e n as,0ciated eith uncertainty in crack depth; does not
include uncertaints in K calculation, which is +102

7

S t a t i ,.
,

Dynamic.

Table 4 TSV-1 and TSV-2 toughness data

. - - _ _ _ _ _ . _ _ _ _ _ - - . - . - _ _ - -

'

Temperature Kic ''D KlaEvent -3/( C) (MN m ) OIN I/2) (MN m-3/2')
_ _ - _ _ . _ _ - _ _ _ _ _ _ _ _ _ - - - - - _ _ . - - - - - - . _ _ _

Initiation 77" 108 3 153 15 103 12+ + +

Arrest 131' 158 2 10 173 20 123 15+

- - - - - - - - - . _ - - _ _ _ _ __ _ _ - -- -- ---.- -

' Variation associated with uncertainty in c>ack depth in
TSV-2, and thus temperature Uncertainty in K data (Fig- 4) is

'
201

' KID and KIa measurements were performed at 78 and 12h C,
respectively (BCL data).

C (, ' roo
Jdu lj a 4
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5. ANALYSIS OF TSE-4

5.1 ORNL Ftatic Analysis

A static interpretation of the TSE-4 i n i t. ia t ion-a r r e s t event is dis-

played graphically in Fig 8, which is a plot of fractional crack depth
*(a/w) corresponding- to K =K K =K and (KI) max vs time in theI I t_, 1 Ia,,

transient. Thia plot is constructed using the (K ) value and the inter-

sections of the K and K curves with the K turve (as shown in Fig. 7)

for different times i- the transient. -ief study of Fig 8 is useful.s

in helping to de t .:rmine whether the initial flaw was stirp and to determine
- . _ _ - - - _ . .

dK /dt = 0.

. < <
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the relationship between K and K (It will be shown later in this

report that, for TSE-4, K aK ).
Carve b in Fig. 8 is based on the best pre-TSE-4 estimate of the K

Ic

vs temperature curve (K curve in Fig. 4), while curve a is based on the

actual results of TSE-4; that is, at t iie time of initiation (and for the

corresponding temperature), K =K (calculated), and it was assumed that

K (i.g. 4) [K (actual)/for all other temperatures, K (actual) =

KIc(Fig. 4)]initlation. In both cases, it was assumed that the initial. . .

flaw was sharp; the validity of this assumption was confirmed by photo-

micrographs of test flaws prepared in an ider.tical manner and by the ob-

served crack behavior, as discussed below. If in actuality the TSE-4 flaw

werc blunt, a curve to the left ef curve a, such as curve b, would be

appropriate. In this event, the time of initiation would be delayed fron

point 1 to point 2, the actual time of initiation, and *he K. values would
tc

be somewhat less than those corresponding ' urve a. /.n extreme in this

regard would be for K =K (or K ), in ahich case the initial flaw

would have to be sufficiently blunt to delay the time of initiation f1

point 4 to point 2.

The crack jump that occurred in TSE-4 is represented by the vertical

d is tance from point 2 to point 3 in Fig. 8, and this particular event is

not inconsistent with the crack being either harp or blunt. However, if

K K the crack would have continued to propagate along curve c, after=
,

having arrested at point 3, until curve d was intercepted at point 5.

Instrumentation used to detect crack initiation and arrest gave ne .ndica-

tion tha; this happened. If the initial flaw were blunt to the extent that

Ic), chere wouldthe K =K curve passed between noi.nts 3 and 6 (K. < K
I Ic la

be a delay following the arrest event (3) and then a second initiation-

arrest event, but no such event uas detected. These are further indica-

tions that the initial flaw was sharp.

If the K K curve passed to the right of point 6, presumably re-=

7

initiation would not take place, even though K > K after point 6,
7 g

because K would be decreasing with time;IS also, perhaps (K /K7c) maxI I

would be less than unity for the arrest crack depth, which, as indicated,

may have been the actual situatioa.

E fi O n .-
Juu ! ' _' /
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in conclusion, analysis of data from TSE-4 indicates that the K K=

curve does not pass between points 3 and 6, implyino enat K Onq
the other hand, the analysis and the uncertainty in the K vs temperatureg

data (Fig 4) allow the curve to lie anywhert between point 6 and curve a.

However, observed crack behavior and photomicrographs of test flaws indi-

cata that the initial flaw was sharp. Furthermore, the K values ased to

obtain curve a are only 6; above the average K curve in Fig. 4. Thus al1

the data are consistent with the inim tal crack being sharp, with curve a

is the correct K K curve in Fig. 8, and with K K=

7 g ,

5.2 BCL Dvnamic Analvsis

Two d y n a:.: i c calculations pertaining te TSE-4 were made by BCL and are

reported in Ref, 16. For both cases, the initial crack depth and the

stress-intensity factor at the time of initiatica (Kg) were taken to be
, , .

11 nm and 112 .'C m- '',, r e .,pe c t i ve l y ' it was assumed that K 4 f(a), and,

ID
K . For the first calculation and as a first approximation,thus K =

D

i. t was *arther assumed that K was only slichtly less than K at the ini-
1m

- -

Ic

tiation temperature, and the K ,, vs temperature curve was approximated by12
:he linear relation identified as Case 1 in Fig. 9. Results of this cal-

culation indicated a 6-mn crack jump compared to the actual jump of 12 mm;

the dynamic stress-intensity factor at the instant of arrest was nearly

equal to the static value, indicating that dynamic effects for a 6-mm crack

jump in FSE-4 wer; smal1.

The calculated crack jump can be increased by de c d ag K thusg,
tor the second calculation, the K curve in Fig. 9 (Case 1) was shifted

b
to the right an arbitrary amount (158 C), This K vs temperature curveg

referred to as Case II in Fig. 9. Il L result of this calculation was

a crack jump of 19 mm. Once again, the dynamic stress-intensity factor

at the instant of arrest was nearly equal to the static value, indicating

small dynamic effects for the 19-tm j ump as well .

The results of these two talculations show that the actual crack jump

of 12 cm had essentially no dynamic efft_t associated with it, and, thus,

*
Calculated by BCL for K (static) at in i t iat ion.

\ , ) 'OO'
E ') (n '

..) ) )
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as temperature from F i >; and s vs tenperature curves' r
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+

. Ine'c n ' . i c anal',m is ut- T S I.o .- .

:eirly equal to the static arrest touchness (K ) calculated.

r ,r the given set of assumptions mentioned above, t i.e value of

required for a dynamically calculated crack jump of 12 m is

(determined bv interpolation),*7 which agrees very well withT

;c (127 MN m-3!2). The small difference that does exist is

t., iif f erences in the two codes (OML finite eierent and isCL

'terence) used to 'u ke the two calculations, as indicated b; a

n .t the calculated K values at initiation (Table 3),

9% *% r.[*,r
- v . .- e
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6. DISCUSSION AND CONCLL'SIONS

The application of the particular dynamic method of analysis to

TSE-4 indicates that the run-arrest cent in TSE-4 was essentially void

of dynamic effects at arrest. Thus the stress-intensity factors at

arrest calculated using the static and dvnamic models should and do agree',

furthermore, this stress-intensity factor can be interpreted as K the,

crack-arrest toughness of the cylinder material. The particular value

obtained (%127 MN m-3/2) is associated with a temperature of 131 C and is
2 'J 1ess than the K value deduced from TSE-4 for the same temperature.

A precise value of K was not determined from the laboratory testing

of the DCB ipecimens because of insufficient data: this prevented a com-
parison of K values obtained from DCB specimens and deduced from TSE-4.

However, it is possible and of interest to compare the latter value with

K measured with the DCB specimens. The K value deduced frot TSE-4 at
la Im

-3 2131 C was 124 MN m and the DCB K value corrected to the same ten-,

Ia
~3/2perature was 127 MN m both obtained using the same BCL method of,

analysis.

Certainly all of the preceding analyses are subject to the effects

of uncertainties in the calculations and experimental data. The most

probable values were used in the analyses, and no attempt was made to
conduct a sensitivity analysis. (The estimated uncertainties pertaining

to the initiation and arrest event in TSE-4 and to the DCB data are in-

cluded in Tables 3 and 4.) It is important to note, however, that no

significant anomalies were encounternd in the application of the dynamic
method of analysis to either the DCB specimens or TSE-4

p
f i s 6
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