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FOREWORD

The work reported here was performed at Oak Ridge National Laboratory
(ORNL) under sponsorship of “he 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 |
“rogram, of which G. D. Whitman is manager. The NRC manager is C. Z.
Serpan.
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NOMENCLATURE

Depth of flaw
Crack velocity

Critical crack depth corresponding to a particular event or
condition

Thickness of vessel w (1

Mod I stress-intensity factor

KI value at time of crack arrest, based on static calculation
Static fracture toughness

Actual KI value while crack is running

Actual value of Ky at time of arrest (minimum value of KID that
can sustain crack propagation)

KI value at initiation assuming a sharp crack




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 A508 steel cvlinder [530 mm
OD x 150 mm wall x 910 mm long (21 in. x 6 in. * 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 anzlysis
iudicated that dynamic effects for the 12-mm extension vere
essentially negligible; thus the statically calculated acres*
toughness (Ky,) was a good approximation of Kim. Thi- K;p (Kla)
value (127 MN m'3/2) was 2%% less than Ky, at the samc tempera-
ture (131°C). The Kip value deduced from the dynamic analysis
of TSE-4 was 124 MN m_a/z' which is in good agreement with the
statically calculated value of Ky, at arrest (127 MN m~ /2y,

Researchers at BCL obtained several values of Kip for the
TSE-4-type material. However, data were insufficient {or de-
termining a laboratory value of Kyp, which could have been com-

pared to the TSE-4 Kim value. All values of Kyp obtained by
BCL were greater than Ky..

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 fracture behavior of pressurized-water reactor (PWR) pres- ‘
sure vessels when subjected to severe thermal shock. The thermal-type
loading could resuvlt from hypothetical loss-of-coolant or steam-line-
break accidents, wherein ‘:latively 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

B
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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to a LOCA-ECC thermal shock (maximum fluence =

reduction in temperature and the high fast-neutron fluence that accumu-

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

toughness (KIC) of the vessel material.

Because of the sensitivity of

fracture toughness to temperature and fluence, the positive gradient in

tenpera

grad _ent in toughness in the vessel wall.

[
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vre, and the attenuation of the fluence, there is a net positive
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If there is a flaw on the inner surface of the vessel wall, the high,
thermally induced tensile stre.s will result in an appreciable stress-
intensity factor (KI) at the ti, of the flaw, as indicated in Fig. 1. The
combined effect »f 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 proviie a mechanism for arresting the crack.

The ORNL Thermal Shock Program included experiments in which rather
large steel cylinde s [530 mm OD * 150 mm wall * 910 mm long (21 in. =
6 in. ¥ 36 in.)| (see Fig. 2) containing flaws on the inner surface were
subjected to severe thermal shock, with the coolant applied to the inner
surface. The experiments were designed so that both initiation and arrest
of specially prepared flaws presumably would take place. Four experiments

have been conducted and are discuss.d in detail cisewhere'~?

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 first opportunity to apply
a dynamic method of analysis tc a structure substantially larger than
arrest-toughness-type laboratory specimens.

A dynamic method of analyvsis for describing run-arrest events'®

and

a procedure for measuring crack-arrest toughness® have been under develop-
ment at Battelle Columbus Laboratory (BCL) for some time, and, as mentioned
above, ORNL has been conducting initiation-arrest experiments on large
specimens. To take full 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 in the laboratorv under mechanical loading condi-
tions with values deduced from experiments with much larger specimens under
thermal shock loading conditions. Side grooves are used in the laboratory
specimens 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

AL







large test cvlinders using laboratory crack-arrest -toughne : data and the
actual temperature gradients in the cylinder wall. Fulfi.l ent of these
objectives will help to establish the adequacy of the crack-arrest meth-

odology for safety analysis and design purposes.




2. THE BCL DYNAMIC METHOD OF ANALYSIS

Crack propagation (unstable) and arrest involve acceleration of
material surrounding tne crack; thus the run-arrest event is a dynami«
one.* "% The magnitude of the dynamic effect relative to a static anaiv-
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 used to measure arrest tough-
ness.'' If the crack jump is short enough, the dynamic effects will be
negligible, and a static analysis will suff.ce. However, it se¢1s that
a dynamic analysis would be required to determine the extent of the
dynamic effect in any particular structu.c.

The dyvnamic method of analysis being developed by FCL, which seeks
r is
described in detail in Ref. 4. Kalthoff et al.'' have shown that, during

to account for kinetic energy and inertia in the calculation of K

the early portion of crack propagation, the actual K value tends to lag

1
behind the statically calculated value, whereas, at later times and at

arrest, the actual value of K[ is greater than the statically calculated

value. This same trend is predicted with the BCL dynamic method of
analysis."

The actual instantaneous KI value while the crack is running is re-
ferred to as KID and may be dependent on crack velocity (a).5s1?

ably, there is a minimum value of K

Presum-

, referred to as K below which

ID Im’
crack propagation cannot be sustained; KIm may correspond to a minimum
value of a but not necessarilv zero veloc’ty. Possible KID vs a curves®
are shown in Fig. 3. In Fig. 3(a), K > K for all values of ; except

1D Ic

at zero velocity, where K. = K, = K. . This cordition has been observed
Im 1D Le

for a high-strength steel.!? Figure 3(b) illustrates a case for which
kID < KIc for low velocities, and KID > KIc for higher velocities. For

% » - ‘. ry > N
this case, Klm KIC and (a)hIm 0

The BCL analysis requires a description of the KID vs a and the KID

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

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

Q

may not b2 equal to ch’ depending on whether the initial flaw is sharp

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

Q L

T e T e 222w,
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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 -onditions as closely as possible, the
two test cylinders were fabricated frcm pressure-vessel grade A508 steel
and were ziven a quench-only heat treatment. This treatment reduces
toug ness and increases vield strength relative 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. . > -'cii ¢apetiments. These included static fracture tough-
ness tests and crack-arrest toughness measurements. Most of the ORNL
data are reperted in Ref. 3, and all the toughness data are summarized
in this report.

No systematic diffe-ences between the results for TSV-1 and TSV-2 or
associated distances from the surfaces were apparent. The yield and ulti-
mate strengths of the A508 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 KIc values measured by BCL
and the single value of arrest-toughness determined by the ORNL static
an:'vsis of the arrest event in TSE-4.

Laboratory crack-arrest toughness measurements were performed by BCL
on wedge-loaded duplex rectangular (DCB) specimens.‘ Two data sets were
obtained at each of two temperatures (78 and 126°C), which correspond
c.osely to the TSE-4 initiation and arrest temperatures. The measured KIa
and K__ values are shown in Table 1. As indicated i~ this table, only

1D
one value of KID and corresponding value of a are given for each specimen

506 018
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Table ]. BCL crack-arrest toughness measurements for TSE-4

- Test .
sp?bﬁmen tem?gé?ture (MNK;§3/2) (MNK;PS/Q) (ms:c—l)
OR-5 126 122 172 670
OR-6 126 125 173 700
OR=7 78 106 157 780
OR-8 78 0 149 710

tested, although a range of velocities, and thus KID valucs, exists during

the run event. For most of the crack time-of-flight, K__ and a are nearly

cnnstant,ll and these are the values reported. Data oflghls type are
sufficient for determining Klm’ provided that enough data points are
available for defining the minimum in the curve. In this particular case,
two values of K_. were not su!licient for determining K

1D Im
The static fracture toughn~ss values (Kla) reported by BCL were deter-

mined bv means of a static analysis of KI in accordance with a procedure
proposed by Materials Research Laboratory,'® and they effectively consti-
tute the static KI value at the time of arrest. as indicated in Sect. 2,

K should be less than K_ .
Ia Im
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4. RESULTS OF TSE-4

A summary of test conditions ftor 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 thermal loadings for the calculation of the
stress-intensity factors.

The TSE-4 test cvlinder initially contained an ll-mm-deep axial crack
that extended the full length of the cyiinder. During the thermal tran-
sient, crack initiation and arrest took place along the entire crack front
at 150 sec. Indications of the cracking are shown in Fig. 5, a photograph
of the inner surface of TSV-2 following TSE-4, and in Fig. 6, which shows
the fracture surfaces after removal from the cylinder.

The measured radial temperature profile, the calculated K_ distribu-

I
tion (assuming various crack depths), and the nominal KIC radial distribu-
tion (based on the K vs temperature curve in Fig. 4), all corresponding

Ic

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

Test specimen dimensions, m (in.)

($h] 0.53 (21)
ID 0.24 (9.5)
Length 0.91 (36)
Test specimen material A508, class 2
Heat treatment Quench only from 871°C
(1600°F)

Flaw Long axial crack
Initial depth, mm (in.) 11 + 1 (0.44 * 0.03)
Final (arrested) depth, mm (in.) 23 + 2 (0.91 * 0.09)

Temperatures (initial), °C (°F)

Wall 291 (555)
Coolant 40 wt 7 methyl alcohol,
60 wt 7 water
L i -
U Ul
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to 150 s¢-, are shown in Fig. 7. Tabulated values of KI 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.ud in these tables that the nominal
calculated value of KI corresponding to crack initiation (114 MN m~ /%) and
the average value of K. taken from Fig. 4 (108 MN m~?/?) agree within 6%,
which is well within the uncertainty in both numbers. The static KI value
corresponding to crack arrest (127 MN m"’/2 at 131°C) is 11% greater than

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

Table 3. TSE-4 initiation and arrest data

ORNL static BCL analvses,

Event Crack depth Temps{ature analyies' Ky
(mm) (°c) Ky Lz
(MN m-a/z) (MN m )

Initiation 11 ¢+ 1 77 = 3 114 + 2 112 *+ 11

Arrest 23 + 2 131 + 9 127 # 1 124 *+ 157

“Variztion associated with uncertainty in crack depth; does not
include uncertainty in K_ calculation, which is “*10Z.

; I
“Static.
JDynamic.
Table 4, TSV-1 and TSV-2 toughness data
Temperature KICrj Kip. .. Kia
o (°c) onom ) oN et e )
Initiation 77" 108 + 3 153 + 15 103 + 12
}
Arrest 1317 158 + 10 173 ¢+ 20 123 + 15

“Variation associated with uncertainty in crack depth in
TSV-2, and thus temperature. Uncertainty in KIC data (Fig. 4) is
v 20%.

k
“Krp and Ky, measurements were performed at 78 and 126°C,
respectively (BCL data).
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5. ANALYSIS OF TSE-4

ol |

A static interpretation of the TSE-4 initiation-arrest event is dis-
played graphically in Fig. 8, which is a plot of fractional crack depth
(a/w) corresponding to KI - KI«’ KI = KIa‘ and (Kl)m
transient. This plot is constructed using the (KI)
sections of the K and K

Ic

for different times i-

* . .
vs time in the
ax

va.ue and the inter-

max

Ia curves with the KI vurve (as shown in Fig. 7)
the

v »vief study of Fig. 8 is useful

transient.
in helping to determine whether the initial flaw was sharp and to determine

"dxl/dz = 0.

t WG /9 435aRr T
I ]

005

100

200 300

TIME

400 500 6500
Fig. 8. Fractional crack depth corresponding to K1 = KI" K. =K
and (K;)  vs time in transient for TSE-4. ‘
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the relationship between KIc and KIm' (it will be shown later in this

- = )
report that, for TSE-4, KIm KIa)

Carve b in Fig. 8 is based on the best pre-TSE-4 estimate of the KIc

vs temperature curve (KIc curve in Fig. 4), while curve a is based on the
actual results of TSE-4; that is, at i cime of initiation (and for the

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

Ic
for all other temperatures, KIc(actual) = KIC(}-g. 4) [KIC(actual)/

i\Ic(hg' A)Jinitiation'

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

In both cases, it was assumed that the initial

micrographs of test flaws prepared in an idertical manner and by the ob-
served crack behavior, as discussed below. If in actuality the TSE-4 flaw
were 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 delaved from
point 1 to point 2, the actual time of initiation, and *he K;c values would
be somewhat less than those corresponding urve a. /n extreme in this

regard would be for K, = K . (or K, ), in ~which rase the initial flaw

would have to be suffizient{y bluntITo delay the time of initiation fr
point 4 to point 2.

The crack jump that occurred in TSE-4 is represented by the vertical
distance from point 2 to point 3 in Fig. 8, and this particular event is
not inconsistent with the crack being either tharp or blunt. However, if
KIC = KIa‘ the crack would have continued to propagate along curve ¢, after
having arrested at point 3, until curve d was intercepted at point 5.
Instrumentation used to detect crack initiation and arrest gave no .ndica-
tion tha: this happened. If the initial flaw were blunt to the rxtent that
the KI = KIC curve passed between noints 3 and 6 (KIa < K!c)’ chere would
be a delay following the arrest event (3) and then a second initiation-
arrest eveut, but no such event was 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-

I Ie
initiation would not take place, even though KI > KIc after point 6,
) .15 .
because KI would be decreasing with time; also, perhaps (KI/I\IC)max

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

may have been the actual situatioa.




18

in conciusion, analysis of data from TSE-4 indicates that the KI = KIc

curve does not pass between points 3 and 6, implyine c(nat N < KI_. On
o

the other hand, the analysis and the uncertainty in the K Vs temperature

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

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

car2 that the initial flaw was sharp. Furthermore, the KIc values uased to

obtain curve a are only 6% above the average K o curve in Fig. 4. Thus all

I
the data are censistent with the inliial crack being sharp, with curve a

as the correct K, = K. curve in Fig. 8, and with KIa < K

1 Ic [c’

5.2 BCL Dynamic Analysis

Two dynamic calculations pertaining tc TSE-4 were made by BCL and are
reported in Ref. 1b. For both cases, the initial crack depth and the

stregss~intensity factor at the time of initiatica (K_.) were taken to be

2 J % Q -
11 mm and 112 M m~ /%% respectively; it was assumed that KID # f(a), and
thus Klm = KID'

it was fuarther assumed that Klm was only slightly less than KIc at the ini-

Vs temperature curve was approximated by

For the first calculation and as a first approximation,

tiation temperature, and the Klm
the linear relation identified as Case 1 in Fig. 9. Results of this cal-
culation indicated a 6-mm crack jump compared to the actual jump of 12 mm;
the dynamic stress-intensitv factor at the instant of arrest was nearly
equal to the static value, indicating that dynamic effects for a 6-mm crack

jump in TSE-4 werce small.

The calculated crack jump can be increased by denrcasing KIm; thus
for the second calculation, the KIm curve in Fig, 9 (Case 1) was shifted
to the right an arbitrary amount (“.58°C). This KIm vs temperature curve

referred to as Case II in Fig. 9. Tte 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 dvnamic effects for the 19-mm jump as well.

of 12 mm had essentially no dvnamic effc.t associated with it, and, thus,

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

*
Calculated by BCL for KI(static) at initiation.

506 (223
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in dvnemic analysis of TSE-4.

e nearly equal to the static arrest toughness (KIa) calculated |
“-=4, tor the given set of assumptions mentioned above, the value of
‘U required for a dvnamically calculated crack jump of 12 mm is

Mo T (determined by interpol.ation),17 which agrees very well with

vat i walue (127 MN m'g/z). The small difference that does exist is
d to differences in the two codes (0OXNL finite element and BCL
fitlerence) used to make the two calculations, as indicated by a

s of the calculated KI values at initiation {Table 3).
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6. DISCUSSION AND CONCLUSIONS

The application of the particular dynamic method of anmalysis to
TSE-4 indicates that the run-arrest event in TSE-4 was essentially void
of dynamic effe.ts at arrest. Thus the stress-intensity factors at
arrest calculated using the static and dynamic 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 iglue
obtained (v127 MN m~*/?) is associated with a temperature of 131°C and is
24% less than the KIc value deduced from TSE-4 for the same temperature.

A precise value of Klm was not determined from the laboratvory testing
of the DCB specimens because of insufficient data; this prevented a com-

parison of K. values obtained from DCB specimens and deduced from TSE-4.

Im
However, it is possible and of interest to compare the latter value with
KIa measured with the DCB specimens. The KIm value deduced fron TSE-4 at
131°C was 124 MN m-’/z. and the DCB K N value corrected to the same tem-

perature was 127 MN m"lz, both obtai;ed 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
probabie 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 encountered in the application of the dynamic

method of analysis to either the DCB specimens or TSE-4.
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