THERMAL-SHOCK EXPERIMENTS WITH FLAWED CLAD CYLINDERS*
R. D. Cheverton, J . W. Bryson. D. J . Alexander
Oak Ridge, National Laboratory
Oak Ridge, Tennessee
T. S l o t , Consultant

CONF-8908125--1
DE89 016069

DISCLAIMER
This report was prepared as an account of work sponsored by an agency of the United States
Government Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

'Research sponsored by Knolls Atomic Power Laboratory under Martin
Marietta Energy Systems, Inc., Contract DE-AC05-840R21400 with the U..S.
Department of Energy.
The submitted manuscript has been authored by a contractor of
U.S. Government under Contract No. DE-AC05-84OR21400. Accordingly, the
U.S. Government retains a nonexclusive, royalty-free license to publish
or reproduce the published form of this contribution, or allow others to
do so, for U.S. Government purposes.

^

MASTER

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED

THERMAL-SHOCK EXPERIMENTS WITH FLAWED CLAD CYLINDERS
R. D. Cheverton, J. W. Bryson and D. J. Alexander
Oak Ridge National Laboratory
Oak Ridge, Tennessee
T. Slot, Consultant
1.

INTRODUCTION

The life expectancy of LWR pressure vessels is influenced by a
reduccion in fracture toughness that is the result of radiation
damage. As the fracture toughness decreases, the probability of propagation of preexisting flaws (sharp, crack-like defects) in the wall of
the vessel increases. The probability of propagation is also influenced
by the type of loading condition and the type of flaws that might
exist.
A loading condition of particular concern is referred to as
pressurized thermal shock (PTS), and a flaw of particular concern for
PTS loading conditions is a shallow surface flaw [1].
A sudden cooling (thermal shock) of the inner surface of the vessel
results in relatively high tensile stresses and relatively low fracture
toughness at the inner surface. In addition, the attenuation of the
fast-neutron fluence also results in relatively low fracture toughness
at the inner surface.
Under some circumstances, this combination of
high stress and low toughness at the inner surface makes it possible for
very shallow surface flaws to propagate (also referred to herein as
crack initiation). In general, shallow (small) flaws are more likely to
exist than deep (large) flaws, and thus the concern over shallow surface
flaws.
The PTS issue has been under investigation for quite some time, but
thus far possible beneficial effects, other than thermal resistance, of
the cladding on the inner surface of the vessel have not been included
in the analysis of flaw behavior [2,3]. If the cladding has and retains
sufficient toughness, the probability of propagation and extent of
propagation for subclad flaws and the extent of propagation for surface
flaws will be less than that for a surface flaw in the absence of cladding. However, the extent of the benefit of the cladding for subclad
flaws depends on (1) the amount of stretching of the cladding above the
crack and (2) the critical load for failure (breaching) of the cladding
relative to that for the base material. The greater the stretching, the
less the benefit; and if the critical load for the cladding is less than
for the base material, there is no benefit other than thermal.
Although much emphasis has been placed on surface flaws in the PTS
evaluations, there are circumstances that can result in a relatively low
probability of the existence of surface flaws compared to subclad
flaws. Thus, it is also important to understand the effects of cladding
on the behavior of subclad flaws. It may be that a better understanding
of the behavior of both surface and subclad flaws in the presence of
cladding will result in a longer permissible service lifa for LWR vessels.

Experimental evaluations of the behavior of surface flaws in the
presence of cladding, using mechanically loaded clad plates [4] and
beams [5], and irradiation of cladding [6] have been underway since
1981, and more recently (1984) the cladding-effects study discussed
herein was begun. This latter study included thermal-shock experiments
with a clad cylinder containing both surface and subclad flaws, the
development of associated analytical models, and materials characterization studies. A primary purpose of the study was to evaluate the adequacy of the analytical models for predicting the initiation behavior of
both subclad and through-clad (surface) flaws under thermal-shock loading conditions.
This paper briefly describes the analytical models,
discusses five thermal-shock experiments, and compares the analytical
and experimental results with regard to the beneficial effects of cladding. The study is ongoing, and thus this account must be considered as
preliminary.

2.

ANALYTICAL MODELS

The ORMGEN/ADINA/ORVIRT fracture analysis system, which performs
static analyses of brittle and ductile fracture in two-dimensional (2-D)
and three-dimensional (3-D) geometries, was used for predicting flaw
behavior. ORMGEN [7] automatically generates a complete 3-D finiteelement model of the cracked structure and creates data files that have
formats compatible with the ADINA [8] structural analysis program.
ORVIRT [9] acts as a post-processor of conventional ADINA stress
analyses.
The strategy employed in ORMGEN is to surround the crack
front with a core of special wedge-shaped crack-tip elements (Fig. 1)
and to model the remainder of the structure with conventional 20-node
isoparametric brick elements. The special crack-tip elements model the
appropriate singularity in the stress field. The nodes that initially
share the same locations at the tip (Fig. la) will separate with
increasing load to allow for blunting of the crack (Fig. lb). This feature permits stretching of the cladding above a subclad flaw, and this
stretching enhances the stress intensity factor (Kj) along the portion
of the crack front in the base material..
The special crack-tip elements indicated in Fig. 1 are applied to
the crack front in the base material for 2-D and 3-D surface and subclad
flaws and at the clad/base interface for 2-D subclad flaws. Because of
mesh-design complexities, crack-tip elements have not been applied to
the portion of the crack front at the clnd/base interface for 3-D subclad flaws. A correction to the base-material crack-front Kj values,
associated with stretching of the cladding, was based on results of two
2-D calculations, one with and one without tha crack-tip blunting feature.
A deformation-plasticity-material model was added to the ORNL version of ADINA that utilizes a multilinear, temperature-independent,
stress-strain curve.
It was also necessary to modify this ADINA

material model, as well as ORVIRT, to handle a second material (cladding). Because stresses in the cLadding tend to exceed the yield stress
during the thermal-shock experiments, all of the fracture analyses were
performed using the elastoplastic model.
The ORVIRT fracture-mechanics program utilizes a virtual-crackextension technique developed by deLorenzi [10] for isothermal applications and modified by Bass and Bryson [11] to account for thermal
strains in cracked bodies.

3.

EFFECTS OF CLADDING AND THE CALCULATED
BENEFIT FOR A SUBCLAD FLAW

By comparison with an unclad vessel, the presence of cladding (1)
reduces the severity of the PTS thermal shock (relatively low thermal
conductivity) and thus tends to reduce the potential for propagation of
flaws; and (2) introduces high thermal stresses near the surface (relatively high coefficient of thermal expansion) and thus tends to increase
the potential for propagation of surface flaws. For a subclad flaw, in
effect, the cladding provides a crack-mouth closing force (Fig. 2) that
reduces Kj relative to that for a surface flaw. The crack-mouth closing
force is essentially equal to the stress in the cladding times the
thickness of the cladding [12], and for severe thermal-shock loading
conditions this stress is the "yield" stress.
The benefit of the cladding for a subclad flaw can be defined in
terms of the reduction in Kj relative to some other specified condition
for analysis. One of these other conditions could be a surface flaw in
a clad vessel.
Calculations for the thermal-shock experiments to be
discussed later indicate that for the times of maximum Kj, the Kj value
for the subclad flaw is -342 less. If the yield stress of the cladding
were different from that assumed (b5 ksi), the benefit of the cladding
would be different by about the same percentage. For instance, if the
yield stress were 202 lsss (52 ksi), the cladding benefit would be -28%.

EXPERIMENTS

4.1

Concept and Design

The thermal-shock experiments were conducted with a large (39-in
OD x 48-in length), thick-walled (6 in), cylinder of typical LWR vessel
material (A508, class-2-chemistry steel). The inner surface was clad
with both 304L stainless steel (90° segment) and Inconel 600 (270° segment) (Fig. 3 ) , and both cladding materials were applied with the strip
weld (1-in strip), submerged-arc process (strips oriented in a longitudinal direction).
Two layers of cladding were applied, and final
machining of the clad inner surface reduced the thickness of the cladding to -0.18 in., relative to the initial surface, and 0.22 in. for the
total fusion zone.

The cylinder was in the as-quenched condition when the cladding was
applied. Following cladding and after final machining of the inner surface, the cylinder was tempered at 1150"F for 7 h to achieve rather low
toughness (RT N D T = 150 D F).
Multiple flaws, both subclad and through-clad (surface), were used
to (1) improve statistics, (2) include more than one type and size of
flaw, and (3) improve cost effectiveness.
Interaction effects were
determined to be acceptable.
Thermal-shock loading was used because it was the specific loading
condition of interest; it can result in propagation of shallow flaws;
and the radial posicive gradient in temperature permits crack arrest at
reasonable depths, allowing more than one experiment with the same
cylinder.
The two basic fracture parameters in the experiments were K-r and
the static crack initiation fracture toughness (Ky ) °^ t n e base
material. A comparison of the "calculated" value of KJ/KJ with unity,
the actual value corresponding to crack initiation, provides an indication of the validity of the analytical capability. Values of Kj and Kj
for a specific crack initiation event in the experiment were calculated
using the measured temperatures and Kj c data. These latter data were
deduced from similar previous thermal-shock experiments [1] and from
materials characterization studies associated with the present program. There is considerable uncertainty in the Kj data (±452). Mean
values equal to 1.8 times the ASME lower-bound curve [13] were used for
pre and posttest evaluations (Fig. 4 ) . This mean curve agrees well with
the data deduced from the previous thermal-shock experiments.
4.2

Experiment Techniques

4.2.1
Flawing: All flaws were created using the electron-beam (EB)weld, hydrogen-charge technique [14]. Subclad flaws were generated as
surface flaws before application of cladding and then clad over with a
cladding strip centered over the flaw (flaws 1-6, Fig. 3 ) . Two throughclad flaws were generated by penetrating the cladding with the EG weld
(flaws 7 and 8), and four others were generated by slitting the cladding
over a subclad flaw (flaws 2, 4, 5, and 6 ) , following previous experiments with the subclad flaws.
4.2.2
Thermal shock: The thermal-shock was achieved, as in previous
experiment* [15], by first heating the test cylinder to 200°F and then
effectively dunking the test-cylinder assembly in a tank of liquid
nitrogen (-320°F). The ends and outer surface of the test cylinder were
thermally insulated to confine the thermal shock to the inner surface
(Fig. 5), and the inner surface was coated with a thin layer of material
that supresses film boiling and promotes nucleate boiling. The thermal
conductivities of Lhe two cladding materials are essentially the same;
thus, the quench rate was uniform around the cylinder.
4.2.3 Instrumentation: Temperature distributions in the wall were measured at fifteen locations with through-wall thimbles containing twelve
thermocouples each [15]. Weldable strain gages were used to measure

surtace displacement above subclad flaws and crack-mouth-opening displacement for surface flaws (step changes in output from these gages
indicated the time of crack propagation) [15].
4.2.4
Posttest examination: Ultrasonic techniques were used to estimate flaw shape and size; dye-penetrant inspection was performed to
check for breaching of the cladding; and visual inspection was performed
for detection of stretch zones in the cladding above the flaws. Following the final experiment (TSE-11)s the cylinder was cut into pieces for
a more direct examination of the flaws (profiles and fracture surfaces).
4.3

Specific Experiments

Four thermal-shock experiments (TSE-8, TSE-9, TSE-IO, and TSE-11)
were conducted. The corresponding flaws are identified and defined in
Figs. 3 and 6 and Table 1.

Table 1.

Flaws for each experiment'

Flaw number
Exp
1

2

3

4

5

6

7

8

TSE-8

b

b

b

b

b

b

-

_

TSE-9

b

b

c

b

b

b

d

d

TSE-10

b

b

c

b

b

b

e

d

TSE-11

b

f

c

f

f

f

e

d

a

All flaws located at mid length of
test cylinder and oriented axially.
Subclad, 6/1 semielliptical, depth
from clad/base interface = 0.75 in.
c

Subclad, extended radially and axially
during TSE-8 (-2.8 x 40 in.)
Surface, semicircular,radius = 0.75 in.,
max depth = 0.95 in.
e
Suvface, •ixtended axially slightly
during TSE-9.

Surface, converted following TSE-10.

4.4

Results

4.4.1 Thermal transients: The thermal transients achieved for the four
thermal-shock experiments are indicated in Fig. 7. It is apparent that
the TSE-11 transient was substantially more severe than the others (the
result of small variations in the surface coating from one experiment to
another).
4.4.2 Events: Initiation/arrest events achieved are as follows:
TSE-8:
Flaw 3 experienced two initiation/arrest events (t = 142
and 219 s ) .
The length extended to -40 in. and the maximum depth
to -2.8 in. (measured from surface, Fig. 8 ) ; one bifurcation took place
near the lower end. There were obvious stretch zones in the cladding
(Fig. 9), but there was no breaching of the cladding. Flaws 1, 2, 4, 5,
and 6 did not propagate; however, slight stretch zones formed in the
cladding above all but flaw 1.
TSE-9:
Flaw 7 experienced a single event (t = 92 s). It
extended -0.25 in. on one end, tunneling under the cladding slightly.
Mo other flaws extended.
TSE-10:

No flaws propagated.

TSE-11: Ten initiation/arrest events took place during TSE-11 and
resulted in the subclad crack-extension pattern and approximate flaw
depths shown in Fig. 10. The cracking pattern was initially identified
by visual observation of stretch zones in the cladding, but the cladding
was not breached. The specific events are indicated in Table 2. It is
apparent that at 124 and 230 s one flaw triggered another, presumably as
a result of stress waves.

Table 2.

Events during TSE-11
Time (s)

86
Ea

2
3
4
5
6
a

event

124
E
E
E
E
E

192

230

390

E

E

E

E

E indicates initiation/arrest

5.

5.1

POSTTEST EVALUATION OF EXPERIMENTS

Comparison of Results from TSE-8, TSE-9, TSE-10, and TSE-11

A summary of the posttest calculated values of Kj/Kjc corresponding
to (1) initiation events and (2) the time at which the maximum value,
but not initiation, occurred are presented in Table 3. Corresponding
flaw sizes were determined by ultrasonic inspection and also by direct
observation of fracture surfaces following TSE-11 (fcr example,
Fig. 11). As mentioned in Sects. 2 and 4, the Kj values were calculated
using an elastoplastic model, temperature-independent properties, and
the measured temperatures; and Kj values were obtained from Fig. A
(mean curve), using the measured temperatures.
The K,/Kjj vaLues in Table 3 are maximum values along the crack
front and, f
for the surface flaws, correspond to a location in the basematerial heat-affected zone (HAZ) at the clad/base interface. There are
indications from the materials characterization program and the earlier
cladding-effects studies (5] that the HAZ may be somewhat tougher than
the adjacent base material. Furthermore, the loading history for the
semielliptical surface flaws might have elevated their effective fracture toughness some. If these trends actually exist (they have not been
verified), they would result in smaller calculated values of
for
T
one or both types of surface flaws.

Table 3. K-/Kj£ calculated values corresponding to
initiation events or time
off maximum
value
i
i
l

Flaw
Flaw 3
Shape
6/1
16/1
16/1
6/1
6/1
2/1
6/1
2/1

SC
SC
SC
SC
SC
S
S
S

Depth
(0.75)
(2.3)
(2.3)
(0.75)
(0.75)
(0.75)
(0.75)
(0.75)

Type
Cladding*

I
I
I
SS

I
SS

I
SS

Flaw/TSE
3/i3
3/11
3/9
1/8
2,4,5,6/8
7/9
2,4,5,6/11
7/10

Initiation?

K

Yes
Yes
No
No
No
Yes
Yes
No

I

Ic
0.8
1.0

1
1.0
1.0
1.3

1.5
1.3

a

Subclad (SC) and surface(S)
Inconel (I) and stainless steel (SS)

c

Maximura value on portion of crack front in base material

i'-fg . \i. .

[f the above trends do not exist or arc neglible, the deviations
from unity may still be explained by uncertainties and scatter in Kj c
[all of the "Kj " values deduced from TSE-8, 9 and 11 fall within the
scatter band of data from the previous thermal-shock experiments
(Fig. 4)].
However, other possibilities, indicated by the apparent
trend in Table 3, are that (1) the assumed values of K I c are too low for
all flaws and (2) the calculational model underestimates stretching of
the cladding (overestimates the crack-mouth closing force provided by
the cladding) above the subclad flaws and thus underestimates the Kj
values for the portion of the crack front in the base material.
The assumed "strength" of the cladding is an important parameter in
calculating the effect of the cladding.
For instance, reducing the
effective strength increases Kj for the subclad flaws and decreases Kj
(by a lesser amount) for the surface flaws. Thus, decreasing the effective strength of the cladding will tend to bring the calculated values
of KJ/KJ in Table 3, corresponding to events, closer together.
5.2

Comparison of Results from TSE-7 and TSE-9

TSE-7 was a similar experiment conducted in an earlier program [1].
The test cylinder was fabricated from the same heat of
material but was tempered at a higher temperature to achieve greater
toughness (RT^™ = 30°F). The flaw was a 0.75-in.-radius semicircular
EB-weld-induced surface crack similar to that for TSE-9, but there was
no cladding. The applied thermal shock was the same (200°F initial temperature, quench in liquid nitrogen), and in both cases crack initiation
took place. There were three initiation arrest events during TSE-7, and
as a result of the first (t = 92 s), essentially the entire surface
cracking pattern shown in Fig. 12 developed. The maximum crack depth
corresponding to the first event was 1.3 in., and the final depth was
2.3. By comparison, there was a single event during TSE-9 (t = 92 s),
and the extension was only 0.25 in. This is a convincing though qualitative demonstration of the benefit of cladding for a surface flaw that
initially extends into the base material. To quantify the benefit, it
would be necessary to conduct a severe enough TSE-9-type experiment to
achieve extensive propagation; this was not accomplished.

6.

DISCUSSION AND CONCLUSIONS

Subclad flaws tend to have a smaller potential for propagation into
the base material than through-clad (surface) flaws, but the extent of
the benefit depends on two factors: (1) the fracture resistance of the
cladding and (2) the amount of stretching of the cladding over the
flaw. If the cladding is breached at a "load" less than the critical

Miniature tensile-specimen stress-strain
cladding material were used in the analysis.

curves

for

the actual

load tor propagation of an otherwise similar through-clad flaw, a structural benefit of the cladding does not exist. If the cladding is not
breached, the benefit decreases with increasing stretching (decreasing
strength and thus decreasing crack-mouth closing force) of the cladding
for a given applied load. For this series of thermal-shock experiments,
the cladding was not breached, but calculated values of K J / K J C corresponding to initiation events indicate that stretching of the cladding
may have been somewhat greater than calculated.
Calculations performed as a part of this study (Sect. 3) indicate
that the benefit of the cladding for a subclad flaw relative to a
through-clad flaw is a reduction in Kj of -34%, and that if the yield
strength of the cladding were as much as 20% less than measured and used
in the calculation, the benefit would still be 28Z, which is considered
to be substantial.
Although the discrepancies between calculations and experimental
results could be attributed to uncertainty and scatter in the fracture
toughness of the base material and its HAZ at the clad/base interface,
some of the discrepancies could also be attributed to the anaytical
model.
A direct comparison of results from thermal-shock experiments with
and without cladding present (TSE-9 and TSE-7) indicates an advantage of
cladding for surface flaws: the presence of cladding requires a more
severe transient for extensive propagation.
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Fig. 1. Collapsed prism elements appropriate for
nonlinear analysis.
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test cylinder.
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Fig. 5. Liquid-nitrogen thermal-shock test facility.
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Fig. 9. Stretch zone in cladding above extended flaw 3
(center of stretch zone marked with pen after TSE-8).
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FLAW #6
Fig. 11. Fracture surface for flaw 6, indicating initial
flaw size (dark area) and machined slit in cladding that converted flaw from subclad to surface status following TSE-10.

Fig. 12. Developed view of inner surface of TSE-7
test cylinder showing final crack pattern.

