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PRESSURE VESSEL FRACTURE STUDIES PERTAINING TO THE
PWR THERMAL-SHOCK ISSUE: EXPERIMENTS TSE-5,
TSE-5A, AND TSE-6

R. D. Cheverton S. E. Bolt
D. G. Ball* S. K. Iskander*
R. K. Nanstad

ABSTRACT

Thermal-shock experiments TSE-5, TSE-5A, and TSE-6 were
conducted for the purpose of investigating the behavior of
surface flaws under pressurized-water—reactor (PWR) overcool-
ing—accident conditions. These experiments were the fifth,
sixth, and seventh in a series of thermal-shock experiments
conducted with large steel cylinders (A 508 class-2 chemistry;
99]-mm OD by 76— and 152-mm wall by l.2-m length) as a part of
the Heavy—Section Steel Technology (HSST) Program for this
purpose.

For each of these experiments, the initial flaw was on
the inner surface and extended the full length of the cylin-
der. The thermal shock was applied to the inner surface only,
and this was accomplished by effectively dunking the test cyl-
inder, initially at ~93°C, into a large volume of liquid ni-
trogen.

Results of the experiments have confirmed that (1) linear-
elastic fracture-mechanics is valid for thermal-shock loading;
(2) crack arrest will take place in accordance with recently
developed crack—arrest concepts; (3) crack—-arrest toughness
values for rising and falling K; fields are the same; (4) warm
prestressing is effective in preventing crack initiation;

(5) thermal shock alone cannot drive a flaw all the way through
the wall; (6) dynamic effects for PWR-vessel thermal-shock
loading conditions are negligible; (7) in the absence of clad-
ding and under severe thermal-shock loading conditions, finite-
length flaws will extend on the surface to become very long;
and (8) there can be very large scatter in small-specimen
fracture-toughness data.

1. INTRODUCTION AND SUMMARY

TSE-5, TSE-5A, and TSE~6 were the fifth, sixth, and seventh in a
series of thermal-shock experiments conducted with heavy-walled steel
cylinders under the auspices of the Heavy—Section Steel Technology (HSST)

*Computing and Telecommunications Division.



Program, which is sponsored by the U.S. Nuclear Regulatory Commission.
The purpose of these experiments was to investigate the behavior of sur-
face flaws under thermal-shock loading conditions similar to those that
in principle would be encountered during certain pressurized-water re-
actor (PWR) postulated accidents, such as a large-break loss—of-coolant
accident (LBLOCA). The first four experiments1 were concerned with the
behavior of shallow flaws [fractional crack depths (a/w) < 0.2], while
TSE~5, TSE-5A, and TSE-6 were designed specifically for the purpose of
investigating the behavior of deep flaws ga/w > 0.4).

Results from a continuing analysisz_ of PWR postulated transients
have indicated that PWR vessels containing low concentrations of impuri-
ties (primarily copper) are not likely to experience propagation of pre-
existing flaws. However, vessels with relatively high concentrations of
copper experience a greater radiation-induced reduction in fracture
toughness and as a result may experience deep penetration of pre-existing
flaws during a severe thermal transient. Many of the PWR vessels in op-
eration today contain high enough concentrations of copper to be of con-
cern; thus, the integrity of PWR vessels during postulated overcooling
accidents must be examined very carefully.

A problem with regard to performing a fracture-mechanics analysis
for thermal-shock loading conditions is that several fracture-mechanics-
related features are involved that had not been adequately examined ex-
perimentally (e.g., equal biaxial stresses, steep gradients in stresses
and toughness through the wall, variations in these parameters with time,
crack arrest in a rising K; field, warm prestressing, and others that
will be mentioned later). Therefore, experimental investigations into
the behavior of flaws under severe thermal-shock loading conditions were
appropriate.

The most severe thermal shock postulated for a PWR is the result of
the LBLOCA. During this transient, emergency core coolant at a rather
low temperature (~20°C) is injected into the pressure vessel through main
coolant lines and passes over the inner surface of the vessel wall, as
illustrated schematically in Fig. l.l1. Initially, the wall is at a rela-
tively high temperature (~290°C), and, thus, contact between the emer-
gency core coolant and the wall results in a severe thermal shock. As
shown in Fig. 1.2, this rapid quenching of the inner surface results in
rather steep positive temperature gradients through the wall and, thus,
high tensile stresses in the inner portion of the wall. The reduction in
temperature and the high fast-neutron fluence that accumulates over many
years of reactor operation tend to reduce the fracture toughness (KIC) of
the vessel material. Because of the positive gradient in temperature,
the attenuation of the fluence, and the sensitivity of fracture toughness
to temperature and fluence, there is a net positive gradient in toughness
in the vessel wall.

If there is a flaw on the inner surface of the vessel wall, the
high, thermally induced tensile stress will result in an appreciable
stress-intensity factor (Kj) at the tip of the flaw. The combined effect
of high stress—intensity factor and low fracture toughness may result in
propagation of the flaw. However, the steep positive gradient in tough-
ness tends to provide a mechanism for arresting the crack. Figure 1.2
illustrates these features for the case of a high-copper vessel with a
long, axially oriented flaw.
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Fig. l.1. Schematic cross section of PWR vessel showing path of
coolant.

Figure 1.2 corresponds to a specific time in the thermal transient
and shows that for certain times in the transient, both shallow and deep
flaws that extend a considerable distance on the surface can initiate
(incipient propagation). The deep flaw may be the result of an earlier
initiation—arrest event, and at the time represented by Fig. 1.2, will
jump a distance equal to ~10% of the wall thickness. The shallow flaw,
which is much more likely to exist as an initial flaw, will jump a much
greater distance (~307 of the wall thickness) before arresting. Thus,
the experimental investigation of flaw-propagation behavior must include
long, as well as relatively short, crack jumps. TSE-5 and TSE-5A were
intended to include short jumps only, while a long crack jump was to be
included in TSE-6.
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Fig. 1.2. Typical instantaneous temperature, stress, fluence,
stress—intensity factor, and fracture-toughness distributions through
wall of PWR vessel during LBLOCA (long axial flaw; "high" copper,
nickel, and fluence; t = 4 min).

The calculated behavior of a flaw during a transient can be por-
trayed by plotting the crack depths corresponding to initiation and ar-
rest events (KI = Kio and Ky = KIa) and other conditions of interest as a
function of the times in the transient at which they occur or exist.
Curves of this type are referred to as critical-crack-depth curves and
are illustrated in Fig. 1.3 for the case described in Fig. 1.2.

The dashed lines labeled a and b in Fig. 1.3 show possible sequences
of events corresponding to three different initial flaw depths. Flaws
with a/w = 0.0l and 0.10 would initiate at ~l1.5 min and would arrest at
a/w = 0.15, while both a slightly shallower flaw and a deeper flaw
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(a/w = 0.01 and 0.22) would initiate later at ~4.0 min and would arrest
at a/w = 0.32. Moments later, the flaws would reinitiate and arrest.
As indicated by the dashed lines, this process would continue until the
crack penetrated at least 907 of the wall. Complete penetration presum-
ably would be prevented by the steep negative gradient in K; for a/w > 0.9
(see Fig. 1.2).

A phenomenon referred to as warm prestressing may prevent reinitia—
tion at depths less than the final arrest depth indicated by Figs. 1.2
and 1.3. This particular warm prestressing phenomenon can be described
in the following way: according to Irwin® and recent experimental re-
sults,9 it appears that a flaw will not initiate when Ky is decreasing

with time even though Ky = K;.. As shown in Fig. l.4, Ky for a given
crack depth first increases and then decreases with time during a LBLOCA,
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but Ky, decreases as long as the temperature continues to decrease.

Thus, it is possible that for some crack depths K; will be decreasing
with time when Ky first becomes equal to Ki.+ This situation is depicted
in Fig. 1.3 by plotting the times for each of the different crack depths
at which K; reaches its maximum value. This curve is referred to in Fig.
1.3 as K = (KI)max' For times less than those indicated by this curve,
Ky is always increasing with time, but for greater times K is always
decreasing with time. Thus, for the case represented in Fig. 1.3, if
warm prestressing is effective, crack propagation would be limited to

a/w = 0.47. A somewhat deeper final arrest point (a/w = 0.5) would be
obtained if the final initiation point fell just below the incipient warm
prestress point.

Another quantity of interest with regard to warm prestressing is the
calculated maximum value of KI/KIc for cracks that presumably would not
initiate because K; is decreasing with time. The curve in Fig. 1.3 la-
beled (KI/KIc>max indicates the times at which (KI/KIc)max is achieved

for various crack depths, and for several of the crack depths, values of
(KI/KIc)max are indicated. The value corresponding to incipient warm
prestressing is ~2.8, and values for deeper cracks are less. In an ex-
periment designed to demonstrate warm prestressing, it would be desirable
to achieve (KI/KIc)max = 2.8.

A sensitivity study was conducted as part of the thermal-shock pro-
gram to determine for a LBLOCA the effect of reasonable ranges in emer-
gency core coolant temperature, maximum fast-neutron fluence, and the
initial value of the nil-ductility reference temperature (RTNDT). The
results of this study, which are reported in Ref. 7, indicate that for
most cases the maximum penetration of the wall would be <50%, provided
that warm prestressing, as described above, is effective.

The warm prestressing phenomenon has been investigated9 experimen—
tally in connection with the thermal-shock program, using notched beams
under load-temperature conditions that simulated to some extent those
calculated for a LBLOCA. As mentioned above, these experiments indicated
that initiation would not take place while Kj is decreasing with time

even though K; = Kio.+ However, warm prestressing is another facet of
fracture mechanics that must be thoroughly investigated under thermal-
shock loading conditions in a large test cylinder. An objective of TSE-5
and TSE-5A was to demonstrate warm prestressing under such conditiomns.
The analysis of the LBLOCA was performed using linear—elastic frac-
ture mechanics, without consideration for the existence of upper-shelf
properties and without regard for the proximity of the crack tip to the
back surface. The validity of this approach depends to some extent on
the maximum calculated values of Ky corresponding to initiation and ar-
rest events and the final crack depth. According to results of the above
sensitivity analysis, warm prestressing presumably would limit the final
crack depth to ~50% of the wall, and the maximum Ky value corresponding

to initiation and arrest events would be ~240 MPas/m (Figs. 1.3 and 1.4)
and, thus, reach the upper transition region. Therefore, at least for
these extreme conditions, it was suspected that the method of analysis
might not be appropriate for a LBLOCA, and, with regard to the thermal-



shock experiments, it was considered desirable to achieve a maximum
critical Ky value of ~240 MPas/m.

Calculations for the LBLOCA indicate, as mentioned above, that even
if the effects of warm prestressing are ignored, a long crack will not
completely penetrate the wall but will arrest close to the outside sur-
face because of a steep negative gradient in Ky near the back surface
(see Fig. 1.2.) 1In this case the proximity of the crack front to the
outside surface raises questions about the accuracy of the analysis.
Furthermore, if warm prestressing is ignored and some liberties are taken
with regard to the time at which crack initiation takes place, it is pos-—
sible that deep penetration of the wall will be the result of a rather
long crack jump, as illustrated in Fig. 1.3 by the dashed-line c. Be-
cause of this and because there was concern that warm prestressing might
not be effective under some circumstances, it appeared prudent to deter-
mine experimentally whether a crack would actually arrest very deep in
the wall following a long crack jump. TSE-6 was designed for a long
crack jump with arrest deep in the wall.

The multiplicity of the initiation—arrest events illustrated in Fig.
1.3 introduced the possibility of anomalous behavior of the crack during
propagation. Irwin® had suggested that crack-tip blunting may occur as a
result of a run—arrest event. This would tend to increase the effective
value of Ky, and during an experiment might give a false indication of
warm prestressing, if the blunting prevented reinitiation following an
arrest event. Irwin made reference to experiments conducted by Ripling,
who, in a later discussionl® with the author, indicated that the observed
increase in K1, was small (<25%) for the particular materials he had
tested.

Because of the uniqueness of the multiple initiation—arrest events
calculated for the LBLOCA, a similar series of events was to be included
in the thermal-shock experiments. The possible blunting effect would be
compensated for by making (KI/KIC)max associated with incipient warm pre-
stressing large enough to offset crack-tip blunting and otherwise permit
an acceptable demonstration of warm prestressing.

A situation of interest with regard to crack arrest is illustrated
in Fig. 1.5, which is a plot of K; vs a/w, with time as a parameter, for
the LBLOCA case described in Fig. 1.2. Included in this figure are the
first three initiation-arrest events described in Fig. 1.3. It is ob-
served that for each of the three events, arrest is predicted to take
place in a rising K; field (dKI/da > 0). There has been some concern
that arrest behavior in a rising Ky field might be different from that in
a decreasing Ky field, and most available experimental data have been ob-
tained under the latter conditions. 1In one of the earlier HSST thermal-
shock experiments (TSE-4) (Ref. 1), arrest took place when dKI/da reached
zero after having been positive. It appeared that further investigations
were warranted; thus, one of the objectives of subsequent thermal-shock
experiments was to demonstrate arrest in a rising K; field.

The LBLOCA analyses that were conducted as a part of the HSST
thermal-shock program were based on a reference calculational model that
in many respects represents a typical present-generation 1000-MW(e) PWR.
Characteristics of the reference calculational model are summarized in
Table 1.1, and various analyses are discussed in Refs. 1 and 7. Although
finite-length flaws have been considered to some extent, most of the



Table 1.1. Reference calculational model for
HSST thermal-shock program

Vessel dimensions, m

Qutside diameter 4.8
Wall thickness 0.22
Cladding® 0.0
Neutron fluence (E > 1 MeV), neutrons/cm? 4 x 10!9 exp (—0.0094 Ar)b’c

Thermal shock (LBLOCA)

Coolant temperature (mot a function Zld
of time), °C
Heat transfer coefficient (not a 1700
function of time), Wem—2.°C~!
Wall temperature (initial), °C 288
Pressure (gage) 0
Fracture toughness
Kie (source)} ASME Code, Sect. XI,
Kia (source) Appendix A and Ref. 11

RTNDT (unirradiated), °C —18°¢
ARTNDT vs fluence and copper con- = £(Cu,P,F) (Ref. 12)f
centration (source) = f(Cu,Ni,F) (Ref. 13)9

—— e,

Copper and nickel concentrations,h
wt %
Copper 0.25
Nickel 1.0
Residual stresses Assumed zero

INeither thermal nor stress effects of cladding were included be-
cause these two effects tend to compensate for each other.

bAr is the radial distance into the vessel wall measured from the
inner surface (mm).

Cp range of 2 to 6 X% 1019 neutrons/cm2 for Ar = 0 was used in the
sensitivity analysis.

dA range of 21 to 54°C was used in the sensitivity analysis.
°A range of —40 to +4°C was used in the sensitivity analysis.

sted for sensitivity studies [Cu = wt 7 copper, P = wt %
phosphorus, F = fast-neutron fluence (neutrons/cm?)].,
dysed for analysis represented by Figs. 1.2 and 1.3.
ARTNDT = 0.56 (38 + 470 Cu + 350 Cu Ni) (F x 10719)0.27 °¢

where Cu = wt % copper,
Ni wt 7 nickel,
F = fast-neutron fluence (neutrons/cmz).

0

h

A range of values used in sensitivity analysis.
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Fig. 1.5. Ky vs a/w for LBLOCA (conditions same as for Fig. 1.2).

calculations were made for long axial and, to a lesser extent, continuous
circumferential flaws, both of which are represented by two-dimensional
models. The two-dimensional axial model tends to be conservative because
it does not include the effect of end restraints (heads) or the axial
gradient in toughness (fluence), and both the two-dimensional axial and
circumferential models tend to be conservative from the point of view
that long flaws are not likely to exist. On the other hand, the analysis
of short flaws indicates that under severe thermal-shock loading condi-
tions, such flaws may grow in length to effectively become long flaws.
Thus, there was a need to include long flaws in the thermal-shock experi-
ments.

Another point in favor of using the two-dimensional model is that it
is readily amenable to accurate analysis. This is particularly important
with regard to the interpretation of experimental results, and for this
reason, too, long flaws were particularly appropriate for the thermal-
shock experiments.

Analysis of the two-~dimensional reference calculational model indi-
cated that as long flaws penetrate the wall beyond a/w = 0.1, the net
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bending moment associated with the thermal stress tends to open the crack
and, thus, enhances Ky, compared with an analysis that does not include
the bending. The bending is illustrated in Figs. 1.6 and 1.7 for the
axial and circumferential flaws, respectively. The effect on Ky is shown
in Fig. 1.8, which compares the results of calculations that do and do
not include the bending effect for the two long flaws. It is apparent
that the bending effect contributes to the deep penetration of a flaw and
that the effect is substantially greater for the axial flaw than for the
circumferential flaw. Thus, it appears that the axial crack has a
greater potential for penetrating deep into the wall.

For the preceding reasons the thermal-shock program has been ori-
ented toward the two-dimensional axial flaw. The initial flaws for TSE-5,
TSE-5A, and TSE-6 extended the full length of the test cylinders, and the
cylinders were of sufficient length and the loading conditions were such
that the two-dimensional analytical model could be used for calculating
K1 with sufficient accuracy.

ORNL-DWG 75—4133R

Fig. 1.6. Thermal-shock-induced bending of the wall of a cylinder
containing a long axial flaw.
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Fig. 1.7. Thermal-shock-induced bending of the wall of a cylinder
containing a continuous circumferential flaw.

The bending effect in a cylinder wall under thermal-shock loading
conditions is a function of the flexibility of the wall or the diameter-
to—wall-thickness ratio (D/w); increasing this ratio increases the flexi-
bility and, thus, increases the bending effect. Other than to influence
the value of Ky, the bending presumably has no unique effect on crack be-
havior. Even so, it was desirable to have a substantial bending effect
in TSE-5, TSE-5A, and TSE-6, and from a practical point of view, it was
necessary in order to obtain the desired crack propagation. In the first
four thermal-shock experiments (TSE-1, TSE-2, TSE-3, and TSE~4) the value
of D/w was so small that there was very little bending effect. For this
reason it was not possible in those experiments to demonstrate deep pene-
tration, multiple events, arrest in a rising K; field, or warm prestress-
ing. However, with the larger cylinders specified for TSE-5, TSE-5A, and
TSE-6, and with appropriate material properties and loading conditions,
these things could be done, at least in principle.

In the earlier thermal-shock experiments a modified reactor-grade
A 508 class-2 chemistry material was used for the test cylinders. The
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Fig. 1.8. Kj vs a/w for long axial and continuous circumferential
flaws with and without the bending effect included (conditions same as
for Fig. 1.2).

modification consisted of a quench-~only heat treatment, as opposed to
tempering at about 700°C, and provided to some extent the toughness prop-
erties that would exist in high-copper PWR vessels after many years of
exposure to radiation. This suited the purpose for those experiments,
but at the same time, the material was somewhat unique. For TSE-5 and
TSE-5A there was a desire to use the same type of material with a conven-
tional heat treatment.

The higher toughness associated with the "conventional” heat treat-
ment and the test objectives required a more severe thermal shock than
that used for the earlier experiments. Much earlier in the thermal-shock
programl“ (prior to TSE-1), an experiment similar to TSE-5 was proposed,
and liquid nitrogen was considered for the quench medium. At that time
there did not appear to be a reasonable way of coping with film boiling,
which tends to insulate the test specimen from the liquid nitrogen and
prevents a rapid quench. More recently, a possible method for suppress-
ing film boiling was suggested by the French, !5 and several years of a
modest development effort1®~22 at 0ak Ridge National Laboratory (ORNL)
resulted in its practical application to TSE-5, TSE-5A, and TSE~-6. The
method consists of applying a thin layer of insulating material to the
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surface that otherwise comes in contact with the liquid nitrogen. By
this means the temperature of the surface in contact with the liquid ni-
trogen is very quickly reduced to the point where transitional nucleate
boiling 1s established. The net gain in overall heat transfer coeffi-
cient is substantial and sufficient.

The maximum effectiveness of the coating is limited to an initial
test—cylinder temperature of ~130°C. An initial temperature of ~95°C was
found to be adequate for TSE-5, TSE~5A, and TSE-6 and was sufficiently
removed from the uncertain limiting condition.

A summary of test conditions for TSE-5, TSE-5A, and TSE-6 is pre—
sented in Table 1.2, and the test facility is illustrated in Fig. 1.9.
As indicated by Fig. 1.9, the TSE-5, TSE-5A, and TSE-6 thermal shocks
were achieved by effectively dunking the test specimen in a tank of lig-
uid nitrogen after heating the test cylinders to the desired initial
temperature., Only the inner surface was exposed to the liquid nitrogen,
and this was done in such a way as to produce a very uniform and severe
quench,

Table 1.2. Test conditions specified for TSE-5, TSE-5A, and TSE-6

Thermal-shock experiment

TSE-5 TSE-5A TSE-6
Test-cylinder TSC-1 TSC-2 TSC-3
designation
Test-cylinder
dimensions, m
Outside diameter 0.991 0.991 0.991
Inside diameter 0.682 0.682 0.838
Length 1.22 1.22 1.22
Test-cylinder A 508, class-2
material chemistry
Test-cylinder heat Tempered at 613°C Tempered at 679°C Tempered at 613°C
treatment for 4 h for 4 h for 4 h
Flaw Long axial sharp Long axial sharp Long axial sharp
crack, a = 15 mm crack, a = 11 m crack, a = 7.6 mm

Temperatures, °C

Wall (initial) 93 93 93

Sink —196 -196 —196
Coolant Liquid nitrogen Liquid nitrogen Liquid nitrogen
Flow conditions Natural convection Natural convection Natural convection
Coating on quenched Rubber cement Rubber cement Rubber cement

surface (3M-NF34) (3M~34 and (3M-34 and
3M-NF34) 3M-NF34)

Coating surface 350 270 241

density, g/m?
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During the design phase of TSE-5, it was decided that a toughness-—
vs—-temperature curve similar to that obtained for HSST plate 02 (Ref. 23)
would be appropriate, and it was assumed that the flaw would behave in
accordance with a mean curve through the lab toughness-vs—temperature
data. A material characterization program, using the TSE-5 test-cylinder
prolongation as an appropriate source of material, was undertaken to de-
termine the precise tempering temperature; eventually a tempering tem-
perature of 613°C was selected.

The final pretest analysis for TSE-5 indicated that three initiation-
arrest events would take place and that a fourth initiation would be pre-
vented by warm prestressing. The final crack depth would be in the range
of a/w = 0.5 to 0.7, and the first two arrest events would take place in
a rising K; field.

During TSE-5 there were three initiation-arrest events, and the
final fractional crack depth near midlength was ~0.8. Calculated K;
values for the first two initiation events agreed well with the design
toughness curve, but the corresponding value for the third initiation
event, which took place at a substantially higher temperature, was much
less than expected on the basis of pretest material-characterization
studies. Because of this appareunt discrepancy, additional material-
characterization studies were conducted, and they indicated that the
material had not been adequately characterized prior to TSE-5. The addi-
tional testing of the material revealed greater scatter in fracture
toughness (+50%) with lower lower-bound values.

As a result of the lower—than-expected fracture toughness associated
with TSE-5, conditions for arrest in a rising K; field were not achieved,
and warm prestressing was not demonstrated satisfactorily. However, in
addition to achieving multiple events with deep penetration, an unex-
pected long crack jump occurred. It appears that the second initiation
event was delayed somewhat by relatively high effective toughness, re-
sulting in the long crack jump. The existence of this long jump per-
mitted an analytical assessment of dynamic effects, and the results indi-
cated that dynamic effects were negligible.

Another unexpected event during TSE-5 was the exteunsive propagation
of a very short circumferentially oriented crack, which originated in the
electron-beam weld that was used to generate the long axial flaw. The
small cross crack was not intentional, but its propagation was a convinc—
ing demonstration of the ability of a short flaw to extend in length to
effectively become a long flaw and tended to justify our concern over the
behavior of long flaws during severe thermal shock.

Because some of the objectives of TSE-5 were not met and because it
appeared that they could be met by simply increasing the effective tough-
ness of the material, another attempt was made to achieve the objectives
of TSE-5, and the experiment was referred to as TSE-5A. In preparation
for TSE-5A, a very extensive material~characterization program was con-
ducted for the purpose of obtaining appropriate Ky and mean Ky curves.
The tempering temperature finally selected was 679°C.

The final pretest analysis for TSE~5A, using the actual TSE-5 ther-
mal transient and the above lab toughness data, indicated that four
initiation-arrest events would take place and that a fifth initiatiomn
event would be prevented by warm prestressing. The final crack depth
(a/w) would be in the range of 0.45 to 0.65, and the corresponding range
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in (KI/KIc)max would be 2.2 to 1.7. Furthermore, the first two arrest
events would take place in a rising Ky field. Following TSE-5A, a more
precise analysis, using the actual thermal transient and the same tough-
ness curves as before, indicated essentially the same behavior with a
calculated final crack depth of 0.54 and a corresponding value of
(KI/KIc)max of 2.0.

During TSE-5A there were four initiation—arrest events, warm pre-
stressing prevented a fifth initiation event, and the final crack depth
was 0.54. A final analysis of TSE-5A, based on experimental results, in-—
dicated that (KI/KIC)maX for the final crack depth was 2.3, providing a
very convincing demonstration of warm prestressing. The first arrest
event took place in a rising Ky field.

TSE-6 was designed to demonstrate that, under severe thermal-shock
loading conditions only, and following a long crack jump, a long axial
flaw could not fully penetrate the wall but, rather, in accordance with
calculations, would arrest deep in the wall. To achieve the long crack
jump, it was necessary to reduce the wall thickness to one-half that used
for TSE-5 and TSE-5A (for increased wall flexibility) and to use the
relatively low fracture toughness associated with TSE-5. During TSE-6,
there were two initiation-arrest events, the second constituting a long
crack jump with arrest taking place deep in the wall as predicted. The
first event involved a relatively short crack advance with arrest in a
steeply rising Ky field.

To briefly summarize, it can be stated that nearly all of the ob-
jectives of TSE-5, TSE-5A, and TSE-6 were met, and there were a few bonus
events and revelations as well. Specific pertinent accomplishments are
listed below:

l. a series of initiation-arrest events with deep penetration of the
wall in good agreement with "predictions"” (TSE-5, TSE-5A, TSE-6);

2. warm prestressing with K_ < 0 (TSE-54A);

3. arrest in a rising Ky field (TSE-5A, TSE-6);

4. long crack jump without significant dynamic effects at arrest (TSE-5,
TSE-6) .

5. extensive surface extension of an initially very short and shallow
flaw in agreement with calculations (TSE-5);

6. demonstration of inability of flaw to penetrate outer surface after
long crack jump (TSE-6);

7. "discovery" of large scatter in small-specimen K; data (material-
characterization studies for TSE-5);

8. "discovery” of ability of arrested long flaw to exhibit unusually
high fracture toughness (TSE-5, TSE-6); and

9. confirmation that for critical values of K; < 150 MPa+/m, linear-
elastic fracture mechanics is appropriate for severe thermal-shock
loading conditions associated with LBLOCA.

It was not possible during the thermal-shock experiments to achieve
critical values of Ky > 150 MPa*Ym. The significance of not being able
to achieve the desired maximum value of ~250 MPa<Vm was, of necessity,
relegated to a later experimentzL+ that would combine both pressure and
thermal-shock loading to achieve larger values of Ky.
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2. PURPOSE AND SCOPE OF TSE-5, TSE-5A, AND TSE-6

The purpose of TSE-5 was to examine the behavior of a long axial
surface flaw under a set of conditions that would result in essentially
the same type of flaw behavior as that calculated for a PWR large-break
loss-of-coolant accident (LBLOCA), assuming "high” concentrations of cop-
per and nickel and a fast-neutron fluence corresponding to the end of
plant life. The calculated behavior for the LBLOCA is summarized graphi-
cally in Figs. 1.2—1.5. Considering these results and the intended pur-
pose of TSE-5, the scope of TSE-5 included (1) a series of initiation-
arrest events involving both shallow and deep flaws, (2) termination of
the series of events by warm prestressing deep in the wall (0.4 < a/w <
0.7), and (3) arrest in a rising K; field. A long crack jump was to be
relegated to a later experiment.

As mentioned in Chap. 1, some of the specific objectives of TSE-5
were not met, and some of the results that were obtained indicated new
trends that needed to be investigated further. Thus, an additional ex-
periment, TSE-5A, was planned, the purpose and scope of which were essen-
tially the same as for TSE-5.

Analysis of the LBLOCA indicates that if warm prestressing were not
effective, a long axial flaw would penetrate deep into the wall (a/w =
0.9) but would not go all the way through. Furthermore, if crack initia-
tion did not take place until fairly late in the transient, a long crack
jump could precede the deep arrest event and might introduce dynamic ef-
fects that, contrary to the static analysis, would allow the flaw to
penetrate the wall. TSE-6 was designed to confirm the inability of a
long axial crack to penetrate the wall following a long crack jump.

The basic analytic tool used for calculating the behavior of flaws,
when plasticity effects are not large, is linear—elastic fracture mechan-
ics. Thus, a specific purpose of the thermal-shock program has been to
examine the validity of linear-elastic fracture mechanics for analyzing
surface flaws in thick-walled cylinders subjected to severe thermal-shock
loading conditions.

Linear—elastic fracture mechanics makes use of two basic variables:
the crack-tip stress—intensity factor and the material fracture tough-
ness, The primary question regarding the validity of linear-elastic
fracture mechanics for thermal-shock loading has been whether ¥y, and
Ki,, as measured in the lab with small specimens, agree well with
critical values of Ky corresponding to initiation and arrest events oc-
curring during the thermal-shock experiments. An accurate comparison of
these data requires that Ky for the flaws in the thermal-shock test cyl-
inder be accurately known and that appropriate lab data be available.
Thus, the scope of the thermal-shock program has also included (1) devel-
oping accurate methods for calculating K; for flaws in the test cylinder
and (2) obtaining Ky, and Ky, data for the test-cylinder material. This
latter effort also included a determination of appropriate tempering tem-
peratures to obtain the desired toughness curves for the experiments.
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3. METHODS OF ANALYSIS FOR CALCULATING Kp FOR TWO- AND
THREE-DIMENSIONAL INNER-SURFACE FLAWS

Details of the methods developed for calculating the Mode I stress-
intensity factor, Ky, for the thermal-shock program are discussed in
Refs. 1-4. 1t suffices to say here that for the two—-dimensional surface
flaws strain-energy release-rate techniques were used and for three—
dimensional flaws stress and displacement techniques were used. The
stresses and displacements required for the calculations of Ki for both
flaw geometries were obtained using a finite-element code? developed
specifically for this purpose. A typical finite—element mesh for the
long, axial, two~dimensional flaw is shown in Fig. 3.1.

The two-dimensional mesh shown in Fig. 3.1 is the result of numerous
mesh convergence studies that were conducted in an effort to obtain ade-
quate accuracy in Kg without excessive computer costs. Eventually, as

described in Refs. 3 and 4, influence coefficients were derived and used
in conjunction with superposition techniques to calculate Ky for the two-
dimensional flaws. This permitted a substantial investment in very ac-—
curate influence coefficients because subsequent calculations of Ky
values would be almost trivial. It is believed that the calculation of
Ky for a given set of two-dimensional conditions for the thermal-shock
test cylinders is accurate within x5%. Of course, the overall accuracy
of the calculated value of Ky depends on a number of experimental fac-
tors, including the accuracy of the measurement of temperatures and crack
depth and the extent to which the problem deviates from two—dimensional
conditious.

The most recent version of the fracture-mechanics codes described in
Refs. 3 and 4 is a code referred to as OCA-P.® This code was used for
the most recent posttest analyses for TSE-5, TSE~-5A, and TSE-6.
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4. PRETEST ANALYSIS AND SPECIFICATION OF TEST CONDITIONS

4.1 Preliminary Selection of Test Conditions

4.1.1 Test-cylinder dimensions

As discussed in Chap. 1 and Ref. 1, the ratio of wall thickness to
diameter for the PWR vessels is small enough that local bending of the
wall contributes significantly to K; for long deep flaws. From a prac—
tical point of view, the diameter of a test cylinder must be much smaller
than that for a PWR vessel. Thus, to retain the same degree of wall
flexibility, the test—cylinder wall thickness must also be much smaller.
However, there are conflicting requirements because reducing the wall
thickness reduces the severity of the thermal shock and also reduces the
radial distance that a flaw can propagate without being affected by the
proximity of the outside surface of the cylinder. Corten? suggested that
the effect would be negligible if (w — a)/ry > 10, where (w — a) is the

uncracked ligament and r_, is the radius of the plastic zone at the tip

of the crack. Assuming maximum flaw depths of interest for TSE-5 and
TSE-5A to be ~65% of the wall thickness (a/w = 0.65), the wall thickness
required to satisfy Corten's suggestion was ~150 mm and was calculated as
follows:

10 x ry
¥ ST =0y T 0 mm
where3
2
1 KIC
r =2|——2=) =5,3 mm ,
y énr ©
ys
and where
K, = 165 MPas/m
Ic assumed consistent values
g = 520 MPa for TSE-5.
vs

Selection of a wall thickness on the basis of thermal-shock severity
considerations is much more complicated but evolved from a preliminary
parametric analysis that included both the heat transfer and fracture me-
chanics for the proposed experiment. The results indicated that a 150-mm
wall thickness would be satisfactory.

Studies! conducted early in the thermal-shock program indicated that
an outside diameter of ~1 m in conjunction with a 150-mm wall thickness
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would provide adequate flexibility of the wall for deep penetration

(a/w > 0.5) of a long axial flaw and that for times of interest, dKI/da
would be positive throughout most of the inner half of the wall. The
effect of bending on KI for a long axial flaw (two-dimensional model)

and for these dimensions and a typical thermal shock is illustrated in
Fig. 4.1, which compares Ky vs a/w curves calculated with and without the
bending effect included. As indicated, the bending effect is substantial
for a/w > 0.1, and the slope of the curve is positive for 0 < a/w < 0.5.
Aside from other considerations to be discussed later, these conditions
were considered to be acceptable for TSE-5.

The length of the test cylinder needed to be great enough so that a
two—~dimensional analysis of a long axial flaw would be acceptable. Ini-
tially, the appropriate length was estimated using the thin-shell rela-
tion"

2.2 1/u
% > om | —E2 ¥ = 1,2 m ,
3(1 — v2)

where
£ = required minimum length of test cylinder,
r = radius of test cylinder = 420 mm,
w = wall thickness = 152 mm,
v = Poisson's ratio = 0.3.
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Fig. 4.1. K; vs a/w for long axial flaw with and without wall bend-
ing included in analysis (typical TSE-5 conditions with t = 3.5 min).
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Eventually, a three-dimensional analysis was performed that confirmed

the acceptability of this particular length, and the results are summa-
rized in Fig. 4.2. The three-dimensional calculations were made for cyl-
inder lengths of 686 mm, 914 mm, 1220 mm, and infinity (two-dimensional
model), assuming a full-length, uniform~depth axial flaw with a frac-
tional depth (a/w) of 0.5 and considering a specific time in a typical
thermal transient. The results in Fig. 4.2 are presented in terms of
[K; — Ky(& = ®)]/K;(% = @) vs axial position. As indicated, all three
finite lengths considered resulted in high values near midlength relative
to the two—-dimensional model (10 to 15%) and much lower values near the
ends. Only the 1220-mm length resulted in a reasonably flat region over
a substantial length of the cylinder. For this cylinder length, K; was
within 10% of the two-dimensional value over a length of 860 mm or 70% of
the length of the cylinder. This was considered to be acceptable.

It was recognized that the relatively low values of K; near the ends
of the test cylinder would result in less crack penetration near the ends
than elsewhere (as experienced in previous thermal-shock experiments)5
and that for very deep cracks this nonuniformity in crack depth could af-
fect the Ky value for the central (deepest) portion of the crack. How-
ever, for the reason discussed below, no attempt was made to effectively
eliminate this possibly significant variation by extending the length of
the cylinder beyond 1220 mm.

The test-cylinder length also influences the axial uniformity of
heat removal from the inner surface of the test specimen during the
thermal-shock transient. Liquid nitrogen removes heat from the inner

ORNL-~-DWG 85-4402 ETD
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Fig. 4.2. K;p (normalized) for long axial flaw in finite-length cyl-
inder (990-mm OD by 152-mm wall) vs axial distance from midlength of cyl-
inder for 2/2 = 343, 457, 610, and = (TSE-5 loading, a/w = 0.5).
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surface by boiling, and because the bulk liquid is at the saturation tem-
perature, the vapor rises in the form of bubbles without condensing.
Therefore, the vapor fraction increases with increasing height in the
cylinder and, thus, with increasing cylinder length. This is beneficial
from the standpoint of increasing the natural convection flow rate, but
it can decrease the heat flux in the upper region of the cylinder if the
vapor density becomes excessive. This tendency for axial asymmetry is
also a function of quench rate (heat removal rate) and characteristics of
the inner-surface coating that is used to suppress film boiling. The
problem is quite complicated. However, after a considerable coating de-
velopment effort, the results of heat transfer experiments with the full-
size test cylinder finally indicated that the 1.22-m length could result
in symmetrical heat removal, a condition necessary for preserving the two-
dimensional nature of the experiment.

4.,1.2 Test-cylinder material

Typical light-water reactor pressure-vessel material was specified
for TSE-5, and this specification included the heat treatment as well as
the chemistry. The choices of material were A 533 grade B class 1 and
A 508 class 2 steels.

In earlier thermal-shock experimentslsS A 508 with class-2 chemistry
and a quench—-ouly heat treatment were specifieds This heat treatment re-
duced the fracture toughness, simulating to some extent the effects of
radiation damage, but at the same time resulted in a rather unique mate-—
rial. It was decided that for TSE-5 a normal tempering heat treatment
would be more appropriate, provided that an adequately severe thermal
shock could be achieved by practical means.

The toughness curve (K;. vs temperature) selected for the prelimi-
nary design analysis of TSE-5 was an average curve for HSST plate 02
(Ref. 6). It was assumed that the test cylinder would behave in accor-
dance with average rather than lower-bound toughness values, and it was
believed that the plate 02 properties could be achieved for the TSE-5
test cylinder by appropriate selection of tempering conditions. To in-
clude a consistent Ky, Vs temperature curve in a more advanced stage of
the design analysis, the Kie and Ky, curves in Sect. XI, Appendix A of
the ASME Code’ were used with RTNDT = —34°C. The K;. curve so obtained
is essentially the same as the average HSST plate 02 curve used earlier
(Fig. 4.3 referred to as TSE-5 design curve elsewhere in report). The
low value of RTNDT was required in the (ode equations because those equa-
tions represent lower-bound rather than average-toughness values, and
RTNDT for plate 02 was approximately —18°C. On the basis of pretest
material-characterization studies, it appeared that a tempering tempera-
ture of 613°C was appropriate, even though this temperature was recog-
nized as being low relative to the usual tempering temperature for class
2 material. This situation is discussed further in Chap. 7.

The fracture toughness desired for TSE-5A was about the same as
that specified for TSE-5. However, the results of TSE-5 and post-TSE-5
material-characterization studies indicated that the fracture toughness
of the TSE~5 test cylinder was considerably less than specified. Thus,
a higher tempering temperature was required for TSE-5A, and the value
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finally selected was 679°C. The corresponding lower-bound K; and mean

Ky, curves obtained for this material using small compact specimens (see

Chap. 7) and used in the pretest analysis of TSE-5A are shown in Fig. 4.4.
The fracture toughness required for TSE-6 was the same as the actual

toughness for the TSE-5 test cylinder, and, thus, a tempering temperature

of 613°C was specified. The toughness curves used for the pretest analy-

sis were based on K;, and Ky, values deduced from TSE-5 and are shown in

Fig. 4.5 (refer to Chap. 8 for a discussion of the TSE-5 data).
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4.1.3 Influence of existing forgings on specification
of test-cylinder characteristics

At the time TSE~-5 was being planned, there were economic and schedule-

related reasons for wanting to use a 992-mm—0D X 152-mm-wall X 1.22-m-
length A 508 class—2 chemistry test cylinder. Three rough-cut forgings
and their prolongations from which test cylinders of these dimensions
could be machined and metallurgically characterized were on hand. The
preliminary analysis indicated that these forgings would be suitable, and
the above dimensions were eventually specified for the final design of
TSE-5 and TSE-5A. The TSE-6 test cylinder was the same except it had a
thinner wall.

4.1.4 Severity of thermal shock

The objectives of TSE-5, TSE~5A, and TSE-6 required a thermal shock
more severe than that used in the earlier thermal-shock experiments.® In
these earlier experiments an alcohol-water mixture at high velocity and a
temperature of —24°C were used for the thermal-shock medium, and the ini-
tial temperature of the test specimen was 288°C. The required thermal
shocks for TSE-5, TSE-5A, and TSE-6 were achieved using (1) liquid nitro-
gen as the heat sink (—197°C), (2) a special surface coating to enhance
the liquid-nitrogen fluid-film heat transfer coefficient, and (3) a test-
cylinder initial temperature of ~93°C. Details regarding the specific
thermal-shock technique are discussed in Chap. 6.

4.2 Final Pretest Analysis

40201 TSE-S

Test conditions assumed for the final pretest analysis of TSE-5 are
listed in Table 4.1, and the results of the analysis are presented in
Figs. 4.6 and 4.7. Figure 4.6 shows a set of critical-crack-depth curves
that indicates the expected behavior of the long axial flaw during TSE-5.
It includes the initiation curve (KI = KIC), the arrest curve (KI = KIa)’
the warm prestress curve [KI = (KI)max]’ and the maximum K-ratio curve
[KI/KIC = (KI/KIc)max]’ Also included in Fig. 4.6 are temperatures cor-
responding to several points along the initiation curve and several
values of (KI/KIc)max along the maximum K-ratio curve.

The dashed lines in Fig. 4.6 represent the possible behavior of the
flaw during TSE-5, assuming (a/w)initial = 0.10. 1If warm prestressing
were not effective and if the crack front remained reasonably uniform in
depth (retained its two-dimensional nature), it is apparent that the flaw
would penetrate ~90% of the wall. However, if warm prestressing were ef-
fective, the maximum penetration might be limited to ~56%. Deeper pene-
tration could result, even with warm prestressing effective, if the
dashed curve happened to hit the Kj = K;, curve just below the poiat of
incipient warm prestressing, in which case the penetration would be ~70%.
The least penetration would occur when the dashed line hit the Ky = K;.
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Table 4.1. Test conditions for TSE-5 pretest analysis

Test cylinder TSC-1
Test-cylinder dimensions, m

Qutside diameter 0.991

Inside diameter 0.686

Wall thickness 0.152

Length 1.22
Test-cylinder material A 508 class-2 chemistry
Test—cylinder heat treatment Tempered at 613°C for 4 h
Kic and Ky, curves used in ASME Sect. XI, Appendix A
TSE-5 final design analyses RTNDT = —34°C
Flaw (initial) Long axial sharp crack,

a =15 mm

Temperatures, °C

Wall (initial) 93

Sink —196
Fluid-film heat transfer h¢ vs T curve based on liquid-
coefficient nigrogen development studies
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Fig. 4.6. Critical-crack-depth curves for pretest analysis of TSE-5.
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curve just above incipient warm prestressing. For this case the penetra-
tion would be limited to ~507%. Thus, the nominal range of predicted
final crack depth for TSE-5 was 50 to 70%.

In Fig. 4.6 the area circumscribed by the K; = K, curve and the
KI = (KI)max curve represents a zone in which flaws with higher-than-
anticipated effective toughness could initiate. The result of the higher
toughness could be an increase in the crack-jump distance, as illus-
trated in Fig. 4.6, assuming an initial flaw depth (a/w) of 0.1 and tak-
ing the dashed-line path b as opposed to a. In this hypothetical case,
crack initiation would be delayed from t = 3.4 min to 6.8 min, and the
crack would extend in a single jump from a/w = 0.1 to 0.56 instead of to
a/w = 0.23.

It is also of interest to note in Fig. 4.6 that a long crack jump
can also be obtained with a very shallow, sharp flaw, that is, with flaw
depths represented by the lower portion of the Ky = Ky, curve. Because
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of the inadvertent inclusion of such a flaw in TSE-5, this is an impor-
tant observation.

The (Ki/Kj.)pax curve in Fig. 4.6 represents a measure of the degree
of assurance that Ky will actually become equal to Ky, during the experi-
ment. It is important that this condition exist for the experiment to be
successful; that is, initiation of flaws with depths less than that cor-
responding to incipient warm prestressing must take place. Furthermore,
to adequately demonstrate warm prestressing, there must be no doubt that
the actual value of (KI/KIc)max for the final flaw depth is greater than
unity. Thus, the nominal calculated value of (KI/KIC)max must be large
enough to accommodate all reasonable uncertainties in this ratio and,
thus, result in (Ky/Kj.)pax > 1+ For the TSE-5 initial flaw, the nominal
calculated value of (KI/KIc)max was ~2.3, and for the deepest final flaw
(a/w = 0.7) it was 1l.7. These values were considered to be adequate for
TSE-5.

Figure 4.7 is a plot of Ky vs a/w for several values of time in the
transient. This type of plot is used to determine whether arrest will
take place in a rising K; field. The predicted path (Kg vs a/w and t) for
the first three initiation-arrest events is shown with the dashed lines
and is based on data taken from Fig. 4.6. As indicated, the first two
initiation-arrest events take place with positive values of dKI/d(a/W),
while the third arrest event takes place with a negative value of
dKI/d(a/w). Thus, the predicted behavior for the first two arrest events
is consistent with the objective of demonstrating arrest in a rising Ky
field.

It is observed in Fig. 4.7 that the K; values corresponding to ini-
tiation and arrest events are in the range of 70 to 130 MPa*Ym. As
mentioned in Chap. 1, it was hoped that a maximum critical K; value near

250 MPa*Ym could be achieved. With this exception, the results of the
final pretest analysis indicated that all of the objectives for TSE-5
could be met.

4.2.2 TSE-5A

Because the scope of TSE-5A was the same as that for TSE-5, the pre-
test calculated behavior of the long axial flaw for the two experiments
was similar. However, there were differences in the assumed thermal
transients, toughmness curves, and initial flaw depths, and these differ-
ences resulted in somewhat different calculated behaviors for the flaws.

Test conditions assumed and/or specified for TSE-5A are shown in
Table 4.2 and include a thermal transient equal to that actually achieved
during TSE-5 (more severe than used in the TSE-5 pretest analysis),
toughness curves based on very extensive material-characterization
studies (lower-bound Ky and mean KIa)’ and an initial crack depth (a/w)
equal to 0.075 as compared with 0.10 for TSE-5.

Results of the final pretest analysis for TSE-5A are shown 1n Fig.
4.8. As indicated by this set of critical-crack-depth curves, the flaw
would penetrate deeper than 907 of the wall without warm prestressing but
only 45 to 65% with warm prestressing. The range of (KI/KIC)max for the

latter range of final crack depths is 2.2 to 1.7, and, thus, presumably
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Table 4.2. Test conditions for TSE-5A pretest analysis

Test cylinder TSC-2
Test-cylinder dimensions, m
Outside diameter 0.991
Inside diameter 0.686
Wall thickness 0.152
Length 1.22
Test-cylinder material A 508 class-2 chemistry
Test-cylinder heat treatment Tempered at 679°C for 4 h
K{. and Ky, curves used in design Lower-bound Kj and mean Ky, data

from ORNL and BCL TSE~5A material-
characterization studies (see

Fig. 4.4)
Flaw (initial) Long axial sharp crack, a = 11 mm
Temperatures, °C
Wall (initial) 93
Sink —196
Fluid-film heat transfer he vs T curve from TSE-5

coefficient

an adequate demonstration of warm prestressing could be achieved. Assum-
ing warm prestressing to be effective, there would be four initiation-
arrest events, and the longest crack jump (Aa/w) would be the last and
equal to 0.20.

Figure 4.8 includes a curve referred to as Ky = (KI)max(a/w)’ which
represents the crack depth for which dKI/da = 0 for different times in
the transient. If arrest takes place at a depth less than that corre-
sponding to the Ky = (KI)max(a/w) curve, it will do so in a rising Ky
field. Thus, according to the pretest analysis, the first two arrest
events would take place in a rising Ky field.

Another point of interest illustrated in Fig 4.8 is that the Ky
values corresponding to initiation and arrest events cover a range from
~70 to 140 MPa°/a, that is, the lower to midtransition region. This
range is similar to that calculated for some PWR large-break loss—of-
coolant accident cases, but the maximum value is still less than desired
(250 MPa*Ym ). With this exception, the results of the final pretest
analysis indicated that the objectives of TSE-5A could be met.

4.2.3 TSE_6

A long crack jump with arrest deep in the wall was specified for
TSE-6. To achieve this without the initial flaw having to be very shal-
low or blunted, it was necessary to use a thinner wall (76 mm) for TSE-6
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than that used for the TSE-5 and TSE-5A test cylinders (152 mm) and to
use the same low fracture-toughness properties actually obtained for the
TSE-5 test cylinder (see Table 4.3 for test conditions used in pretest
analysis). This combination resulted in a set of calculated critical-
crack-depth curves with nearly vertical sections of the initiation and
arrest curves (Fig. 4.9). The dashed lines in Fig. 4.9 represent the ex-
pected behavior of the flaw and indicate a single long crack jump from
a/w = 0.1 (initial flaw) to a/w = 0.95. Reinitiation would not be likely
because of warm prestressing or (KI/KIc)max < 1. TFor the initial flaw,
(KI/KIc)wps = 1.36, which was large enough to ensure initiation prior to
warm prestressing. Furthermore, Kt values all along the initiation and
arrest curves were below upper-shelf toughness values.

The expected inability of the flaw to completely penetrate the wall
under thermal-shock loading conditions only is illustrated in Fig. 4.10,
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Table 4.3. Test conditions for TSE-6 pretest analysis

Test cylinder TSC-3
Test-cylinder dimensions, m
Outside diameter 0.991
Inside diameter 0.838
Wall thickness 0.076
Length 1.22
Test—-cylinder material A 508 class—2 chemistry
Test—-cylinder heat treatment Tempered at 613°C for 4 h
Ki. and Ky, curves used in design  Toughness curves deduced from TSE-5
(see Fig. 4.5)
Flaw (initial) Long axial sharp crack, a = 7.6 mm

Temperatures, °C

Wall (initial) 93
Sink -196
Fluid-film heat transfer hf vs TS deduced from TSE-5A
coefficient

which is a plot of K and Ky, vs a/w at approximately the predicted time
of crack propagation (t = 1.7 min). This figure shows the tendency for a
steep negative gradient in K; near the outside surface, with Ky dropping
below Ky,. This tendency for linear-elastic fracture mechanics to pre-
dict that K; will approach zero is the result of (1) a limited extent of
crack-surface rotation associated with the net thermal bending moment,
(2) the resistance of the cylinder wall to bending, and (3) a compressive
load on the free-body remaining ligament (see Fig. 4.11). As the crack
tip approaches the back surface, the crack—-surface rotation and the com-
pressive load approach their maximum values, while the bending moment at
the ligament approaches zero. The result is a substantial compressive-
stress component in the ligament, and, thus, presumably the crack could
not completely penetrate the wall.

The resistance of the wall to bending decreases with an increase in
the ratio of cylinder radius to wall thickness (r/w). As shown in Table
4.4, the ratio is much larger for a typical PWR vessel than it is for the
thermal-shock test cylinders. Thus, there is a greater tendency for deep
propagation of a flaw in the PWR vessels than in the test cylinders.
However, a linear-elastic fracture-mechanics analysis of the PWR vessel
indicates that for this case, too, a long axial flaw could not fully
penetrate the wall under thermal-shock loading only (see Chap. 1). Thus,
if during TSE-6 the flaw did not breach the wall, this would be consid-
ered an adequate demonstration.
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Table 4.4. Comparison of radius-to-wall
thickness ratios for PWR vessels and
ORNL thermal-shock test cylinders

Cylinder ry/w?
PWR vessel 2180/216 = 10
Test cylinders
TSE-6 419/76 = 5.5
TSE-5, TSE-5A 346/152 = 2.3
TSE-1, TSE-2, 114/152 = 0.8
TSE-3, TSE-4

9Inside radius (r;)/wall thickness
(w), dimensions in millimeters.
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5. TEST-CYLINDER FABRICATION DETAILS AND ASSEMBLY

5.1 Test-Cylinder Configuration and Dimensions

Dimensional details for the test cylinders used for TSE-5, TSE-5A,
and TSE-6 are shown in Fig. 5.1, and the rationale for selecting the par-
ticular dimensions for the test cylinders is discussed in Chap. 4. The
complete test-cylinder assembly, including instrumentation attached
thereto, is discussed in Chap. 6.

5.2 Test-Cylinder Fabrication and Heat Treatment

The three test cylinders used for TSE-5, TSE-5A, and TSE-6 and pro-
longations of these cylinders that were used for characterizing the mate-
rial were taken from the same forging (Fig. 5.2). Prior to heat treat-
ing, the original, single, long forging was rough machined and divided
into three cylinders, each having sufficient length for a test cylinder
and its prolongation. The heat treatment applied before shipment of the
oversized cylinders to ORNL consisted of normalizing at 930°C for 8 h,
austenitizing at 860°C for 9 h, and quenching in water at ~10°C. After
the test cylinders and prolongations were received at ORNL, the test cyl-
inders were machined to final dimensions and were then subjected to a
tempering heat treatment. For TSE-5 and TSE-6, the tempering temperature
was 613°C, and for TSE-5A it was 679°C. The hold time at these tempera-
tures was 4 h, and subsequent cooling was in room-temperature air.

As indicated in Fig. 5.2, the test cylinders were oversized for the
initial portion of the heat treatment. This was done for two reasons:
(1) the quench-in-water treatment results in very high residual compres-
sive stresses near the surface (Fig. 5.3) and (2) the gradient in quench
rate normal to the surface results in a significant gradient in fracture
toughness, even after tempering! (Fig. 5.4). Both of these conditions
were undesirable for the thermal-shock experiments and were essentially
eliminated by removing appropriate amounts of material from the cylindri-
cal and end surfaces, following the quench-in-water treatment. Residual
stresses were measured in the prolongations prior to the thermal-shock
experiments to confirm that they were negligible once the final radial
dimensions for the test cylinder were achieved. Also, Charpy specimens
were used to confirm the absence of significant radial gradients in frac-
ture toughness.

5.3 Test-Cylinder Material

The type of material specified for the test cylinders was SA 508
with class-2 chemistry. The actual chemistry is shown in Table 5.1.
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Table 5.1. Chemical composition for TSE-5, TSE-5A,
and TSE-6 test cylinders

Composition
(wt %)
C Mn P S Si Cr Ni Mo \

Heat analysis® 0.23 0.77 0.008 0.006 0.27 0.39 0.81 0.63 0.63
Check analysis

Top 0.23 0.79 0.009 0.006 0.28 0.41 0.82 0.63 0.63

Bottom 0.18 0.76 0.007 0.004 0.29 0.40 0.79 0.63 0.03
ASME specification 0.27 0.50 0.012 0.015 0.15 0.25 0.50 0.55 0.05

SA 508 class 2 1.00 0.40 0.45 1.00 0.70

ANational Forge Heat 41-5655.

bSingle values are maximum.
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Variation with depth in plate of representative me-
chanical properties for central region of a 3.05-m x 6.10-m x 305-mm
plate of ASTM A 533 grade B class 1 steel.

5.4 Generation of Initial Flaw

The initial flaws for TSE-5, TSE-5A, and TSE~-6 were sharp, uniform—
depth cracks that were oriented in the longitudinal (axial) direction and

extended the full length of the test cylinder (Fig. 5.1).

Each flaw was

generated by means of the electron~beam (EB)-weld technique, which is

discussed in detail in Refs.

2 and 3.

A typical setup of a test cylinder

in the EB-weld vacuum box is shown in Fig. 5.5.
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6. EXPERIMENTAL TECHNIQUE, EQUIPMENT, AND INSTRUMENTATION

6.1 Technique for Achieving Thermal Shock

The required severe thermal shock for TSE-5, TSE~-5A, and TSE-6 was
achieved by heating the test specimen to a specified elevated temperature
(~93°C) and then exposing the inner surface of the test cylinder to liq-
uid nitrogen. Required high heat transfer rates were achieved by apply-
ing a thin coating of rubber cement to the inner surface.l!”10 The pres—
ence of this coating suppresses film boiling, which has a rather low heat
transfer coefficient, and promotes nucleate boiling, which has a rela-
tively high heat transfer coefficient. The heat transfer coefficient so
obtained is a function of surface temperature (Fig. 6.1), and, within
limits, the desired h vs temperature curve can be achieved through proper
selection of coating thickness and the surface density of nucleation
sites on the coating. Removal of nitrogen vapor from the vicinity of the
surface was assisted by natural convection of the coolant through the
central cavity of the cylinder.

Quenching of the test cylinder in liquid nitrogen was accomplished
by effectively dunking the test cylinder in a large tank containing
~4500 L of liquid nitrogen. A schematic of the test facility is shown in
Fig. 6.2, and a photograph of a test-cylinder assembly being lowered into
the tank is shown in Fig. 6.3.

The outer surface and ends of the test cylinder were insulated to
prevent significant heat removal from these surfaces during the thermal-
shock experiment and also during the heating operation that preceded the
dunk., Granular material (Vermiculite) was used for the insulation, and
as shown in Fig. 6.2 it filled the annular space between the test cylin-
der and a surrounding lightweight steel jacket. A slight overpressure of
nitrogen gas was applied to the annular space during the experiment to
prevent in-leakage of cold nitrogen.

The actual dunking operation consisted of lowering the test specimen
with the building overhead crane to a submerged position in the tank.
During this operation, a top cover plate (Fig. 6.2) sealed the upper
opening in the test cylinder and thereby trapped a gas bubble within the
cavity. The bubble was fed from an external source of nitrogen gas to
compensate for decreasing gas temperatures and increasing head (pressure)
as the test-cylinder assembly was lowered into the liquid nitrogen. By
this means, the liquid nitrogen was kept out of the test-cylinder cavity
until the cylinder was fully submerged. Upon suddenly raising the top
cover plate (with a pneumatic cylinder), the cavity flooded rapidly, and
a natural-convection loop was established up through the central cavity
and down around the exterior of the test-cylinder assembly. Nitrogen
vapor escaped through the top of the tank, and liquid nitrogen makeup was
provided as required through an opening in the bottom of the tank. Using
this procedure and technique, it was possible to obtain a very uniform
quench over the inner surface.

Prior to each of the three thermal-shock experiments (TSE-5, TSE-5A,
and TSE-6) the respective test cylinders, unflawed, were subjected to a
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Fig. 6.1. Heat transfer coefficients deduced from thermal-shock ex-
periments conducted as a part of surface-coating development effort.

thermal shock in the test facility to check on the adequacy of the inner-
surface coating in terms of providing the desired temperature distribu-
tions in the wall. For these tests the cylinders were equipped with a
full array of thermocouples for measuring the temperature distributions
in the wall, and they were in the quench-only heat-treated condition to
prevent yielding at the inner surface.

Following these tests, the coating was removed from the inner sur-
face of the cylinder, and the cylinder was given an appropriate tempering
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heat treatment. When the new inner-surface coating was then applied, ad-
justments in the coating were made, if necessary, based on the results of
the previous experiment.

6.2 Heating of Test Cylinder Prior to Thermal Shock

Prior to dunking the test cylinder in the liquid nitrogen, the cyl-
inder was heated slowly over a 24-h period to its desired initial tem-
perature (~93°C). This was done after the inner-surface coating was
applied and with the test cylinder completely assembled with the outer
insulating jacket, the pneumatically operated top cover plate, and all
instrumentation. Heat was applied to the inner surface by means of a
forced-air bayonet-type heater that entered the central cavity through
the bottom end, as shown schematically in Fig. 6.4. The heating rate was
such that the temperature difference through the wall did not exceed
15°C, thus limiting the thermal stress to ~25 MPa. To protect the rub-
ber-cement coating, the temperature of the outer surface of the heater
and of the circulating air was not allowed to exceed 150°C.

At the completion of the heating operation, the test-cylinder assem-
bly was lifted off of the heater and immediately transferred to the liq-
uid nitrogen tank. The heater station was located adjacent to the liquid
nitrogen tank to minimize transfer time and the length of the instrumen-
tation cables. All instrumentation and other leads were permanently con—
nected prior to heating the cylinder.

6.3 Data Acquisition

Experimental data collected from the TSE-5, TSE-5A, and TSE-6 test
cylinders during the thermal-shock experiments included (1) temperature
distributions through the wall, (2) crack-opening displacement (COD) at
the inner surface of the test cylinder, (3) crack-opening rate during a
crack jump, (4) crack depth, and (5) indications of crack—-initiation and
arrest events, all as a function of time in the thermal-shock transient.
The measured temperature distributions were used as thermal-loading in-
puts to the posttest fracture-mechanics analysis. Knowing the times at
which initiation—-arrest events took place and the corresponding crack
depths, it was then possible to determine K1 values corresponding to the
initiation and arrest events.

Temperature gradients in the wall of the test cylinder were measured
at 15 different locations around and along the length of the test cylin-
der to check on the spatial uniformity of quenching. At each of the 15
locations, 10 (TSE-6) or 12 (TSE-~5 and TSE-5A) thermocouples, incorpo-
rated in a special thermocouple thimble, were used to measure the tem-
peratures and temperature gradient in the wall. The 180 thermocouples
were scanned at the rate of 10% s_l, and complete sets of output were re-
corded on tape every 2 s for the duration of the experiment. Locations
of the thermocouple thimbles are shown in Figs. 6.5-—6.7, and design de-
tails of the thimbles are given in Appendix A.
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Crack-opening displacement was measured at nine locations along the
length of the flaw with weldable strain gages that straddled the flaw as
shown in Figs. 6.2, 6.5—6.8. The output from six of these gages was re-
corded continuously on chart recorders so that an initiation-arrest
event, which was indicated by a step change in output, would be recog-
nized immediately. Output from these six and one additional gage was re—
corded on tape along with the temperatures mentioned above. The other
two gages (3 and 5) were used for measuring COD rate following crack ini-
tiation. Output from these gages was recorded with fast—-phenomena in-
strumentation. This information was used to estimate crack speed during
a run—arrest event. Details pertaining to the COD gages are included in
Appendix B.

Ultrasonic (UT) instrumentation was used to measure crack depth be-
fore, during, and after the experiments. Before and after the experi-
ments, measurements were made all along the length of a test cylinder;
the UT crystal was applied to the outer surface directly opposite the
flaw so that the crystal looked directly at the tip of the flaw along a
radial line. During the experiments, several axial locations were moni-
tored continuously by crystals that were permanently attached to the
outer surface. Output from these UT crystals was displayed on a scope
during the thermal-shock experiments and was also recorded on tape. Lo-
cations of the permanently installed crystals are shown in Figs. 6.5—6.7
and 6.9.
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Crack depth was also estimated using the measured COD data in con-
junction with the posttest calculated relation between COD and crack

depth,

and crack velocity was estimated in a similar manner using the

measured COD rate rather than COD.
An attempt was made to use acoustic-emission instrumentation as an-

other
outer
(Fig.
vals,
6.6).

event indicator. For TSE-5, three transducers were cemented to the
surface of the test cylinder directly opposite the crack front
6.5). TSE~5A made use of four transducers located at 90° inter-
alternating top and bottom and straddling the flaw plane (Fig.

For TSE-6, four transducers extending from top to bottom of the

cylinder were located on a line offset from the flaw plane by a small
amount (Figs. 6.7 and 6.8). Data were recorded continuously during the
experiments on charts and tape. Unfortunately, for a variety of reasons,
including malfunctioning of the acoustic—emission instrumentation, essen-
tially no usable data were obtained. Thus, the acoustic-emission results
are not discussed in this report.
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7. CHARACTERIZATION OF TEST-CYLINDER MATERIAL

As indicated in Chap. 5, a prolongation from each of the three test
cylinders was used as a source of material for characterizing the test
cylinders. The material properties measured included the tensile prop-
erties, hardness, Charpy V-notch (CVN) impact data, drop-weight NDT
(Ref. 1), and fracture toughness, which included Kie (Ref. 2), K; (Ref. 3),

and Kia (Ref. 4). Values of K; were calculated using the relation K§ =

EJ (Ref. 3), where the J integral, J, was based on the energy to maximum
load, and E = Young's modulus.

Most of the material property data were obtained as a function of
tempering temperature to determine the appropriate tempering temperature
for each thermal-shock experiment. The prolongations (TSP-1, TSP-2, TSP-3)
from each of the test cylinders (TSC-1, TSC-2, TSC-3) were cut into sec-
tions before tempering so that different tempering treatments could be
considered. The test cylinders for TSE-5 and TSE-6 (TSC-1, TSC-3) were
tempered at the same temperature, and thus the material-characterization
studies performed for each of these cylinders apply to both. 1In all
cases the tempering temperature was maintained for 4 h, and this was fol-
lowed by cooling at room temperature.

The material-characterization studies for each test cylinder are
discussed briefly in the remainder of this section, and additional re-
lated information, primarily tables of materials property data, is in-
cluded in Appendix C.

7.1 TSE-5 and TSE-6

Tensile data from TSP-1, corresponding to different tempering tem-
peratures, are plotted in Fig. 7.1, and hardness data are included in
Table 7.1 (see Fig. 7.2 for explanation of specimen orientation). These
data indicate an increase in strength with increasing tempering tempera-
ture up to ~600°C, with a steep decline thereafter. The data also indi-
cate that the yield strength at temperatures of interest (<£100°C) would
be no less than 550 MPa for tempering temperatures <680°C. This was a
point of interest because the maximum unperturbed thermal stress for the
experiments was expected to be ~550 MPa, and it was preferred that the
yield strength be at least this high.

Following TSE-5, tensile properties were obtained for the TSC-1 ac-
tual tempering temperature (613°C), using both TSP~1 and TSC-1 material.
These data are plotted in Fig. 7.3 as a function of test temperature.

Pretest hardness, CVN, and fracture-toughness data as a function of
tempering temperature are presented in Table 7.2 and Figs. 7.4 and 7.5.
The orientations for the CVN and drop-weight specimens are indicated in
Fig. 7.2, and the orientation for the compact specimens (CS) is shown in
Fig. 7.6. As indicated by the CVN and drop-weight data in Table 7.2 and
Fig. 7.4, there is a slight decrease in toughness with increasing temper-
ing temperature up to ~600°C and then an abrupt increase, the same trend
observed in the tensile data.
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Fige 7.1. Effect of tempering temperature on the room-temperature
tensile properties of TSP-1 after tempering for 4 h and cooling in air.

The fracture-toughness design curve in Fig. 7.5 represents the ASME
Sect. XI lower-bound K, curve corresponding to a nil-ductility refer-
ence temperature® (RTNDT) of —34°C. Based on an evaluation of the Kic
data that were used to obtain the ASME Sect. XI lower-bound Ki. curve,
this value of RTINDT translates to about —10°C, if the design of the ex-
periment were based on average rather than lower-bound toughness, and it
was. With reference to Table 7.2, it is apparent that to achieve RINDT =
—10°C would require a tempering temperature in excess of 700°C.
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Table 7.1. Rockwell C hardness
of TSC-1 prolongation (TSP-1)
at various tempering

temperatures
Temperinga
temperature Hardnessb
(°C)
As quenched 23.9
704 12.2
677 20.7
649 22.4
593 26.1
448 24.2
371 24,1

Held at temperature for
4 h, then cooled in air.

Average of six measure-
ments.

ORNL-DWG 79-5921 ETD
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Fig. 7.2. Specimen orientation notation for tensile, CVN, and drop-
weight specimens.
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Table 7.2. CVN and drop-weight properties of TSP-1

Temperature
o
a (°0) Upper-
Tempering 0.89-mm shelf
temperature 68-J (35-mil) 50 Drop—c energy
(50 ft—%b) Lateral Shear weight RTNDT J)
Energy NDT
expansion
As quenched 96 88 79 24 362 108
371 85 85 77 18 52d 102
449 102 91 82 29 69 99
593 102 91 88 29 693 98
649 66 54 60 24 33d 102
677 35 32 41 0 2 118
704 —-9 —1 24 —-6 -6 153

Held at temperature for 4 h, then cooled in air.
bCT-oriented specimens.
CAT-oriented specimeuns.

dControlled by Charpy values.



65

ORNL-DWG 79-5922A ETD

120

100 o o _
53 AQ o o o
= 80| i
0@
= ]
%
< 60 [ -
w
o
g 40
a0l B
o a
3 oL 0 68—J ENERGY i
= A 0.89—mm LATERAL
S EXPANSION

0+ [u] -
o
20 l | 1
0 200 400 600 800

TEMPERING TEMPERATURE (°C)

Fig. 7.4. CVN energy and lateral expansion for TSP-1 after temper-
ing for 4 h and cooling in air.

ORNL-DWG 79—-6222A ETD

250 T T T T T
— DESIGN CURVE (TSE-5)
O 595°C S
00 O 600°C L4 B
O 650°C
L J
FILLED POINTS NOT VALID
PER E399-78
£ 150 — —
©
o
2
Z,
¥ 100 — —
50 — —
0 | ] | I ]
-150 —100 -50 0 50 100

TEST TEMPERATURE (°C)
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Because of the peculiar trends indicated in Figs. 7.1 and 7.4, there
was a tendency to disregard the RTNDT data and rely more on the 1T* com-
pact-specimen data for selecting an appropriate tempering temperature for
TSC-1. Furthermore, because all of the invalid specimens represented by
Fig. 7.5 experienced very little ductile tearing (<0.25 mm) before cleav-
age fracture, all data points in Fig. 7.5 were considered essentially
valid. Based on this approach and believing that the design of the ex-
periment should be based on a mean K;. curve, a tempering temperature of
613°C was selected for the TSE-5 test cylinder, even though the corre-
sponding indicated value of RTNDT from Table 7.2 was ~66°C.

Once the tempering temperature was selected, static crack-arrest
data were obtained using wedge-loaded, compact, crack—-arrest specimens
(25 x 150 x 150 mm), and the orientation of these specimens, relative to
the test cylinder, was the same as that for the KJ compact specimens (see
Fig. 7.6). The Ky, measurements were made by Battelle Columbus Labora-
tories (BCL), and the data obtained by BCL” are presented in Fig. 7.7.

Following TSE-5, it was apparent that the fracture toughness of the
test-cylinder material above 0°C was substantially less than expected.
Suspecting that the pretest data were insufficient in number because of
the indicated large scatter in K; data and that the flaw in the test
cylinder behaved in accordance with the lower bound rather than the mean,

*

Standard compact-tension specimen2 with a thickness, T, of 25.4 mm.
Other values of T mentioned in this report are 50.8 mm (2T-CS) and 10.0
om (0.394T-CS).



67

ORNL-DWG 85-4415 ETD

350 T l I

O 1T7-CS, TSC-3
« 10 17-CS, TSP-1
J

Y 27—cs, TsP-1

A 17—cs, TsP-3

300 — d —
{. 25X150X150—mm WLCS, TSP—1
@ 25X 150X 150 ~mm WLCS, TSP-3
a (K,)__ FOR2T-CS EF
b (K,). FOR1T-CS 3
250 |— 8 g —]
: o B

o
I

é 200 }— éz (]
5 0:
8 A2 d
g 5 8 og
E’ o 8 0 O Eﬁ’)WER—
P BOUND
: c& ;
S A g
= pr—— ———
100 — ﬁ g:g‘*~g§_ 2 —
£ A8 g 2 ve
S = a0
% Az — ¢ —]

50 :__é:)}d

0
~100 —50 0 50 100 200
TEMPERATURE (°C)

Fig. 7.7. Kj and Kia data for TSP-1, TSP-3, and TSC-3, each tempered
at 613°C0

a relatively large number of additional compact specimens was tested, in-
cluding 2T and 0.394T, as well as 1T specimens. The 1T and 2T-CS data
are included in Fig. 7.7, and the 0.394T compact-specimen data are pre-—
sented in Fig. 7.8.

Figure 7.7 shows large scatter in the K; data (ratio of upper-to-
lower bound =3) extending over the full range of temperatures (—80 to
+80°C). The scatter for the 1T and 2T specimens is about the same, and
both of these specimen sizes yielded about the same lower bound. There
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Fig. 7.8. K; data from 0.394T compact specimens of TSP-1 after
tempering at 613°C.

is also rather large scatter in the relatively few valid data points
(valid in accordance with ASTM Standard E399—78).2 As discussed in
greater detail in Chap. 8, the flaw in the TSE-5 test cylinder tended to
behave more in accordance with the lower bound than the mean of the Ky
data because the lower bound is more representative of truly valid data.
Figure 7.8 indicates that (1) the scatter in the K; data obtained
from the 0.394T compact specimens is somewhat greater than that for the
IT and 2T specimens and (2) for temperatures less than 0°C, the lower
bound of the 0.394T data coincides with that for the 1T and 2T data.
Also, as indicated by the data corresponding to a test temperature of

—18°C, there was no significant gradient in toughness through the wall
of the cylinder.
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Although a tempering temperature of 613°C was not appropriate for
the intended purpose of TSE-5, it was for TSE-6, and since the two test
cylinders came from the same heat of material, only one overlapping test

temperature was used for the TSP-3 pretest K; data.

The remainder of the

pretest TSE-6 KJ data were obtained at lower temperatures, consistent

with the requirements for TSE-6.

Following TSE-6, the test cylinder, TSC-3, was used as a source of

material for further characterization studies.

K; data were obtained

with 1T compact specimens at temperatures of —32 and 66°C, and CVN data
were obtained over a temperature range of —73 to 149°C at depth locations
The Ky data for TSC-3 and also the Kj and BCL
K;, (Ref. 8) data for TSP-3 are included in Fig. 7.7, while the CVN data
As indicated in these latter two

(d/w) of 0.08 and 0.42.

are presented in Figs.

7.9 and 7.10.
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expansion and
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figures, the lowest temperature at which the 68-J and 0.89-mm lateral ex-
pansion criteria in Ref. 6 are satisfied is ~100°C. Thus, in accordance
with Ref. 6, RTNDT = 67°C, which is in good agreement with the value ob-
tained for TSP-1.

An examination of all the data in Figs. 7.3 and 7.7—7.10 indicates
that (1) there are no significant differences between TSP-1, TSP-3, and
TSC-3; (2) a rather large number of compact specimens (>10 at any one
test temperature) is required to define the lower-bound Ky curve in the
transition region, even if the specimen is capable of measuring a valid
value (KIC); and (3) the scatter in K;, data points appears to be less
than that in the K; data, although the number of data points may be too
small for an accurate comparison.
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7.2 TSE-5A

The fracture—-toughness curves spec1f1ed for TSE-5A corresponded to
the ASME Sect. XI Ky and Kia curves® with RTINDT = —18°C. Furthermore,
considering the resuits of TSE-5, it was believed that the TSE-5A flaw
would behave more in accordance with the lower bound of the small-specimen
Ky data than the mean.

Based on the results of the TSE-5 materials—-characterization studies,
trial tempering temperatures of 677 and 707°C were selected for TSE-5A,
and only 1T compact specimens were used for obtaining the K; data. Al-
though 1T compact specimens were not expected to yield valid (KI ) values
[in accordance with the size requirements in ASTM E399-78 (Ref. 2)], it
was believed that their lower—-bound values would be adequate for select-
ing an appropriate tempering temperature.

In addition to using standard 1T compact specimens and standard
loading conditions, 207 side—grooved specimens with standard loading con-
ditions and standard specimens with spring loading were used in an effort
to reduce the scatter in data. ORNL performed the standard K; tests, BCL
tested the side—grooved specimens,9 and the United States Naval Ship Re-
search and Development Center (USNSRDC) conducted the spring-loaded
tests.10 BCL also obtained all of the Kia data.lls

The ORNL Ky data for the two tempering temperatures are shown in

Figs. 7.11 and 7.12, and the BCL and USNSRDC data are included in Fig.
7.11. As indicated in Fig. 7.11, it is not apparent that side grooving
or spring loading had any significant effect on the scatter or lower
bound of the Ky data. It was not really expected that spring loading
would have an effect because very few of the standard tests resulted in
fracture after maximum load.?!3

The design toughness curves for TSE-5A are also included in Figs. 7.11
and 7.12. As indicated, if one assumes that Kie values would be somewhat
less than the lower bound of the K; data, a tempering temperature of
~677°C would be about right, and 707°C would be too high. Based on this
information, a tempering temperature of 679°C was specified.

The X, data at the higher tempering temperature were obtained from
four different radial positions in the wall of TSP-2. This provided
another opportunity to check on radial gradients in fracture toughness,
and as indicated in Fig. 7.12 (by perhaps too few data points) there is
no apparent gradient. This is consistent with the indications obtained
for TSP-1 with the larger number of 0.394T compact specimens (see Fig.
7.8).

Following TSE-5A, the test cylinder (TSC-2) was used as a source of
material for 1T compact specimens. The K; data obtained from these
specimens are included with and are consistent with the TSP-2 data in
Fig. 7.11.

The Ky, data in Fig. 7.11 appear to be divided into two groups, and
in fact, they are divided by the size of the crack-arrest specimen and by
the location, within TSP-2, of the material from which the specimens were
made. A separate study by Rosenfield et al.® tends to rule out specimen
size as a factor in the difference shown in Fig. 7.11. Thus, it appears
that inhomogeneities may have existed in TSP-2. However, this was not
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apparent in any of the K; data; for this reason, it is believed that sig-
nificant inhomogeneities did not actually exist.

It is of interest to note at this point that the several values of
Ky and Ky, deduced from TSE-5A fell very close to the design curves in
Fig. 7.11. These results are discussed in detail in Chap. 8.

Because of the large scatter in small-specimen Kjy data, we were
prompted to determine if the same scatter existed in CVN data. The re—
sults of extensive CVN testing for TSP-2 are shown in Fig. 7.13. It is
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apparent that the scatter is about the same as that for the K; data. Fol-
lowing TSE-5A, CVN data were also obtained for the test cylinder (TSC-2),
and these data are included with the TSP-2 data in Fig. 7.14. As indi-
cated, the two sets of data are consistent, indicating once again that
the test cylinders and their prolongations have the same properties.

The drop-weight NDT for TSP-2 tempered at 677°C for 4 h was deter-
mined, using P-3 drop-weight specimens1 with a CA orientation (see Fig.
7.2), to be 10°C. At a temperature 33°C higher (43°C), the CVN energy
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and lateral expansion were greater than 68 J and 0.89 mm, respectively,
as indicated in Fig. 7.13. Thus, in accordance with Ref. 6, RTNDT is
10°C. This is only slightly higher than the value measured for TSP-1
using an AT-oriented specimen and the same tempering temperature (see
Table 7.2).
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8. TSE-5 RESULTS

8.1 Heat Transfer

During TSE-5, the initial long axial flaw in the test cylinder ex-
perienced three major initiation-arrest events. The measured radial tem—
perature distributions in the wall of the test cylinder corresponding to
the times of these events are shown in Figs. 8.1-8.3, and temperatures
for additional times are included in Fig. 8.4.

Each of the data points on the curves in Figs. 8.1—8.3 represents
the average of 15 measurements obtained from the 15 thermocouple thimbles
described in Chap. 6. The axial and azimuthal variations in the indi-
cated temperatures close to the inmer surface were only +6°C at the time
of the three events. Near—surface measured temperatures as a function of
time in the transient for all five thermocouple thimbles in one axial
plane are shown in Fig. 8.5, and the good agreement among thimbles is ap-
parent. As illustrated in Fig. 8.6, the transient was somewhat more se-—
vere than nominally specified, and it was also more severe than antici-
pated on the basis of the pre-TSE-5 thermal-hydraulic experiment. How-
ever, this had little bearing on the outcome of TSE-5.

The inner-surface thermal conductance, which includes both the fluid-
film and rubber—cement—coating conductances, was obtained as a function
of surface (metal) temperature for the thermal-shock experiments, using
the measured inner—-surface temperature as a boundary condition in a one-
dimensional (radial) transient thermal analysis. A trial and error solu-
tion in the form of a computer code! was performed to obtain the approp-
riate surface conductance for each of many small successive time steps.
The results for TSE-5 are shown in Fig. 8.7.
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8.2 Events During TSE-5

In addition to the three initiation-arrest events associated with
the long axial flaw, there were one or more initiation-arrest events as-—
sociated with a cross crack that initially resided in the EB weld that
was used to generate the axial flaw. It appears that this latter crack-
ing (referred to as secondary cracking) had no significant influence on
the behavior of the primary (axial) flaw, and thus the events associated
with the primary flaw will be discussed separately. The secondary crack-
ing is discussed in Sect. 8.6.

The trace of the COD-gage output (Fig. 8.8) illustrates graphically
the primary-flaw events that took place during TSE-5. As indicated,
initiation-arrest events took place at 1,75, 2.95, and 3.42 min, with all
gages* indicating each of these events. Four of the seven gages survived

*
Gages 4 and 6 were recorded elsewhere.
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Fig. 8.8. COD output during TSE-5, indicating three major initia-
tion—arrest events.

the 3.42-min event and indicated no further events during the remainder
of the 30-min test. Prior to the event at 1.75 min, a few relatively
small events took place but were not indicated by all gages.

8.3 Crack Depths

Estimates of crack depth prior to the test and at the time of each
of the three events were obtained from three UT transducers secured to
the outer surface of the test cylinder directly opposite the tip of the
flaw. Once the test was completed and the outer-surface insulation was
removed, UT instrumentation was used to obtain a detailed description of
the final crack depth. Finally, a pie-shaped section of the cylinder
wall containing the primary flaw was removed from the cylinder and was
cut into several lengths to expose cross sections of the flaw at several
positions along the length of the cylinder (Fig. 8.9). Once the cross
sections were examined, the fracture in each block was completed under
mechanical loading conditions at cryogenic temperatures to reveal the
fracture surfaces. The cross sections and fracture surfaces revealed the
initial crack depth, first crack-arrest depth, and final crack depth, but
the second arrested crack depth was not discernible. A typical cross
section and fracture surface are shown in Figs. 8.10 and 8.11, and all
depth measurements are shown in Fig. 8.12.

The data in Fig. 8.12 show good agreement between crack-depth mea-
surements and indicate that crack penetration in the central portion of
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the test cylinder was greater than near the ends. This behavior was ex-—
pected because of the variation in K; along the length of the test cylin-
der, as shown in Fig. 4.2. The initial crack depth, as determined by
posttest fracture-surface measurements was uniform along the entire length
of the cylinder and was equal to 15 mm (a/w = 0.10). At midlength of the
cylinder, the crack depths for the first, second, and third arrest events
were 30 mm (a/w = 0.20) (fracture-surface measurement), 97 mm (a/w = 0.63)
(UT measurement), and 122 mm (a/w = 0.80) (fracture-surface measurement).

8.4  Fracture—Mechanics Analysis of Primary Flaw

8.4.1 Posttest analysis based on design toughness curve

The TSE-5 pretest fracture-mechanics analysis indicated that three
initiation—arrest events would take place during TSE-5, and indeed that
is what happened. However, a comparison of the estimated and actual
times for the events shows that the latter times were significantly
earlier due in part to the greater severity of the actual thermal shock.
Thus, before additional comparisons could be made, it was necessary to
conduct a posttest fracture-mechanics analysis using the measured tem—
perature distributions. The corresponding critical-crack-depth curves,
assuming that the TSE-5-design KIC vs temperature curve was appropriate,
are shown in Fig. 8.13. Superimposed on these curves is the "actual”
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path of events, using the measured midlength crack-arrest depths. As in-
dicated, the first two initiation events agree well with the calcula-
tions, but the very long second crack jump [A(a/w) e 0.4] resulted in ar-
rest at a much greater depth and temperature than expected. Thus, the
toughness at the higher temperature had to be much less than indicated by
the design-—-toughness curve.

8.4.2 KIC and KIa values deduced from TSE-5

The calculated Ky vs time and Ky vs a/w curves for the actual ther-
mal shock are shown in Figs. 8.14 and 8.15 with the initiation-arrest
events superimposed. As indicated in these figures, the K; values cor-
responding to the three initiation-arrest events are 79, 111, and 115
MPae/m for the initiation events and 86, 104, and 92 MPas/m for the ar-
rest events. Corresponding temperatures obtained from Figs. 8.1—8.3 are
—9, —3, and 79°C for the initiation events and 36, 82, and 89°C for the
arrest events. All of these data are summarized in Table 8.1.
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Table 8.1. Summary of data corresponding
to the events for the long
axial flaw (TSE-5)

Initiation-arrest

Parameters event
1 2 3

Time, s 105 177 205
Crack depth,? a/w

Initiation 0.10 0.20 0.63

Arrest 0.20 0.63 0.80
Temperature, °C

Initiation —9 -3 79

Arrest 36 82 89
Kie» MPas/m 79 111 115
Kia» MPas/m 86 104 92
Duration of experi- 30

ment, min

“Max1imum depth (midlength of test
cylinder).
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8.4.3 Posttest analysis based on Kic and K;,

curves deduced from TSE-5

A comparison of the KIc and Kia values deduced from TSE-5 and the
TSE~5 design curve for K;. vs temperature is shown in Fig. 8.16. It is
apparent from this comparison that the material toughness for tempera-
tures above 0°C was considerably less than specified. Assuming that a
more realistic K curve over the temperature range of interest is a
straight line drawn through the first and third initiation values (dashed
line) and that an appropriate Ky, curve could be obtained by shifting
this K1, curve 56°C, another posttest calculation was made. The corre-
sponding set of critical-crack-depth curves is shown in Fig. 8.17 with
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the path of actual events superimposed (detailed digital output for this
case is included in Appendix D). It is observed in Fig. 8.17 that the
second initiation event falls far to the right of the initiation curve,
indicating that the effective toughness for that event was greater than
would be expected. (This situation would be expected to result in a long
crack jump, and, as indicated, that is what happened.) It may be that
the effective toughness was high as a result of crack-tip blunting due to
the preceding arrest event, but this was not observed for the third ini-
tiation event. Another possible explanation is a radial variation in
toughness that is not associated with unusual crack-tip conditions. How-
ever, such a gradient presumably would affect arrest behavior as well,
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but it is observed in Fig. 8.16 and implied by Fig. 8.17 that the arrest
toughness for the first arrest event was not relatively high.

The indicated relatively high toughness associated with the second
initiacion event might also be explained by the existence of low—toughness
sites, as suggested by Landes.? If the density of these sites is such
that a crack front may or may not coincide with a low-toughness site and
if the effective toughness of these sites varies substantially, there can
be considerable variation in the effective toughness from one initiation
event to another, and the lowest-toughness sites will establish a lower
bound for Kie» provided the local toughness is not less than Kyge Fur-
thermore, the arrest toughness would not be influenced by the low-
toughness sites because presumably arrest takes place in accordance with
the relatively high toughness of the bulk of the material. It might be
expected that a structure such as the TSE-5 test cylinder with a very
long flaw (1.22 m) would behave in accordance with lower—bound toughness
because of the likelihood of the long crack front coinciding with a lower-
bound toughness low-toughness site. However, this may not always be the
case and if not would explain what happened during TSE-5.

8.4.4 Evidence of large scatter in lab K; data

The apparent discrepancy between the specified and actual toughness
curves for TSE-5 prompted additional material-characterization studies.
They were carried out on the TSE-5 and TSE-6 test-cylinder prolongation
material following TSE~-5 in preparation for TSE-6. The results of all Ky
and Ky, measurements are shown in Fig. 8.18 (same data as that in Fig.
7.7). 1t is observed that the upward scatter in the K; data relative to
the lower bound is quite large (as much as 3007), while the scatter in
the smaller sampling of lab K;, values is much less.

The lower-bound K curve in Fig. 8.18 represents the lower bound of
some valid (K;.) data at temperatures below ~30°C and the lower bound of
nonvalid data above that temperature., Thus, at temperatures above ~30°C
a valid lower-bound curve could be somewhat lower. Of course, any lower-
bound curve is only the lower bound of a particular set of data and does
not preclude the existence of even lower data points, valid or otherwise.
With this in mind, it is of interest to compare the three Kie values de-
duced from TSE-5 with the lower-bound K; curve and the upper-bound K
curve in Fig. 8.18, and such a comparison is made in Fig. 8.19. It is
apparent that the first two Ky, values are well above the lower-bound K;
curve (55 and 109%), while the third value is slightly less than the
lower bound. It is also observed that the first K;. value is midway be-
tween the small-specimen K;. scatter bands, while the second value is
close to the upper bound. Thus, even a very large specimen (l.22-m-long
crack front) can exhibit large scatter in Kie data, at least when arrest
and reinitiation events are involved.

A comment should also be made about rather special and not well-
defined conditions that exist at the tip of the initial flaw. As men-
tioned in Sect. 5.4, the initial flaw was generated by means of the EB-
weld process. Cracking of the EB-weld fusion zone to create the initial
flaw presumably is the result of high residual tensile stresses in the
fusion zone as well as very low fracture toughness, both of which are the
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result of very rapid quenching of the fusion zone moments after the zone
is created. Cracking of the fusion zone, which normally takes place
sometime later during hydrogen charging and at room temperature, relieves
some of the residual stress, and the crack arrests near the tip of the
fusion zone. Thus, the initial flaw has a residual Ky value equal to the
room-temperature value of K, pear the tip of the fusion zone, and the
toughness of the material at the tip of the flaw presumably is lower than
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that for the surrounding material. Because of these conditions and pre-
sumed very steep gradients in the residual stress and fracture toughness
beyond the tip of the flaw, very small "early” crack jumps would be ex-
pected during a thermal-shock experiment until the crack tip extends to
the edge of this small region. At the time of the first relatively large
crack jump the residual Ky value and the deviation in fracture toughness
due to the EB weld should be negligible. Furthermore, the extension of
the flaw prior to the first major event should also be negligible. Even
so, it is of interest to note that, although small, the effect of the
residual stress and the extended crack length is a larger K; value and a
higher crack-tip temperature at the time of the first major event than
that calculated on the basis of the initial flaw depth and the applied
loads.
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The average of the lab K;, values included in Fig. 8.18 is about 20%
less than the TSE-5 K values, and the lowest K; values in the tempera-
ture range —20 to 40°C are 287 less than the TSE-5 Kj. curve constructed
in Fig. 8.16. It is also observed that, in this temperature range, the
smallest lab K; values are about equal to the 1lab Kya values. At a tem—
perature of ~80°C, the Ky, values are somewhat less than those deduced
from TSE-5.

8.4.5 Implications of two—dimensional analysis of flaw

The critical K; values calculated for TSE-5 and included in Table 8.1
and Fig. 8.19 are based on a two—-dimensional analysis of the flaw; that
is, the flaw was assumed to be uniform in depth and infinitely long, the
depth being that at the central portion of the test cylinder. Thus, the
calculated Ky values do not reflect the restraining effect of the actual
flaw shapes that developed during the experiment, nor do they include the
effect of the finite length of the cylinder.

As discussed in Sect. 4.1, the free—-end effect results in relatively
low values of K; near the ends of the cylinder for a uniform depth flaw,
and this was responsible for less propagation of the flaw near the ends
than elsewhere. The resultant flaw shape tends to result in lower Ky
values at the deepest point relative to that calculated for a two-
dimensional flaw of the same depth. However, the three-dimensional Ky
value at midlength of a uniform-depth flaw is somewhat greater than the
two-dimensional value. Thus, the effects of the finite length of the
cylinder and of the actual flaw shape for the extended flaws tend to com-
pensate near midlength of the cylinder.

As a check on the adequacy of the two-dimensional analysis, a three-
dimensional analysis was performed for the final flaw shape in TSE-5,
using the temperatures that corresponded to the final arrest event. The
flaw was modeled as shown in Fig. 8.20, and the results of the analysis
indicated good agreement with the two—dimensional analysis for the cen-
tral portion of the cylinder. Toward the ends of the cylinder, the
three-dimensional Ky values were somewhat higher (K10%), and this, to-
gether with the lower toughness (lower temperature) associated with the
shallower portion of the crack front, introduced the possibility of a
higher critical value of Ky and a corresponding lower value of the tem-
perature than those values included in Table 8.1 and Figs. 8.16 and 8.19,
at least for the final crack configuration.

The accuracy of the three-dimensional analysis near the ends of the
cylinder was not expected to be better than 10%., Thus, an additional
method for estimating the distribution of K; along the crack front was
considered. If the assumption is made that the entire crack front ar-
rests at exactly the same time, it can be concluded that K; at that in-
stant must decrease toward the ends of the cylinder. This is because at
the instant of arrest, K; = Ky, all along the crack front, and Ky, de-
creases toward the ends of the cylinder [result of decreasing crack depth
(Fig. 8.12) and thus decreasing crack-tip temperature]. If reinitiation
takes place shortly after the arrest event, the K; distribution would be
nearly the same as that at arrest. A detailed analysis of this type in-
dicated that the decline in K; toward the end of the cylinder was quite
small (<10%). Thus, it was concluded that the two-dimensional analysis,
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using the midsection flaw depth, was appropriate for estimating critical
values of Kp corresponding to initiation and arrest events.

8.4.6 Dynamic effects at arrest

The long crack jump that took place during TSE~5 introduced the
possibility of dynamic effects that might have resulted in a signifi-
cantly longer crack jump than that predicted with the usual static analy-
sis. The possible existence of significant dynamic effects can be judged
in at least two ways. First, it is assumed on the basis of the results
of TSE-4 (Refs. 3 and 4) that the first and third crack jumps were short
enough to have not been influenced by dynamic effects. The next step is
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to compare the three crack depths at which the three arrest events took
place, and this is done simply by adjusting the arrest curve in Fig. 8.17
so that it passes through the first and third arrest points. When this
is done, it is apparent that the actual crack jump for the second event
is less than predicted with the static analysis. Thus, a dynamic effect
is not discernible and is presumed to be small.

The second method used to determine if the static analysis was ade-
quate was to simply compare the KIa values deduced from TSE-5, using a
static analysis, with Ky, values measured in the lab. As indicated in
Fig. 8.18 and 8.19 and mentioned inm Sect. 8.3.4, the lab Ky, values are
less than those deduced from TSE-5. Use of the lab K;, data in an analy-
sis would result in deeper calculated crack-arrest points. Thus, this
comparison of lab Ky, data and K;, values deduced from TSE-5 not only in-
dicates no dynamic effects but also indicates a discrepancy between TSE-5
and lab Ky, data. In this regard, it is of interest to note that dynamic
effects in the lab specimen, if unaccounted for in the calculation of the
critical value of Ki» tend to result in low estimated values of Kias that
is, low compared with a situation for which dynamic effects are less.

One other clue to the possible extent of dynamic effects during the
second crack jump is derived from knowledge of the crack velocity during
the crack jump. As discussed in Sect. 8.5, an attempt was made to mea-
sure crack velocity during the second crack jump. Tt appears that the
maximum velocity was ~100 m/s, which is much less than the average ve-
locity for the cracks in lab crack-arrest specimens (>500 m/s). The
lower velocity indicates less dynamic effect.

8.4.7 Warm prestressing

With regard to warm prestressing, the results in Fig. 8.17 show that
use of the "actual™ toughness curve in the posttest analysis results in a
much greater crack depth for incipient warm prestressing [(a/W)IWPS = (0.80]

than calculated with the design-toughness curve [(a/w)IWPS = 0.45] (see
Fig. 8.13), and the corresponding value of (K{/Ki.)pax is only 1.16.
Thus, although warm prestressing may have prevented a fourth initiation
event, conditions were not favorable for a convincing demonstration of
warm prestressing during TSE~5.

8.4.8 Arrest in a rising K; field

The low toughness of the TSE-5 test-cylinder material also prevented
a demonstration of arrest in a rising K; field during TSE~5. This is
illustrated in Fig. 8.15, which shows that the first arrest event took
place with dKI/d(a/W) ~ 0, and for the second and third arrest events
dKy/d(a/w) was negative.

8.5 Estimate of Crack Depth from COD Data

The COD measurements can be used to obtain estimates of crack depth
by calculating the relation between COD and crack depth. This relation
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was obtained from the two-dimensional fracture-mechanics analysis of TSE-5,

and the results are shown in Fig. 8.21 for times corresponding to the
three initiation-arrest events. COD-gage output was converted to actual
COD by calibrating typical COD gages in a testing machine. The calibra-
tion factor was constant over the full range of the gage, was essentially
independent of the temperature range of interest (93 to —196°C), and was
equal to 25-mm COD/c (see Appendix B).

Fractional crack depths (a/w) derived from the COD data and as mea-
sured directly are presented in Table 8.2. The COD values used were the
averages of gages 5 and 7.

The differences observed in Table 8.2 are probably within the ac-
curacy of the measurements and calculations. However, the general trend
of the differences is consistent with the three-dimensional effect that
developed as the flaw propagated deeper into the wall, increasing the
nonuniformity in crack depth (shallower near the ends). The nonuni-
formity tends to decrease the COD for a given crack depth, and this ef-
fect is not included in the two-dimensional analysis. Thus, a three-
dimensional analysis would tend to increase the a/w values derived from
the COD measurements above those shown in Table 8.2, the effect increas-
ing with increasing crack depth.
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Table 8.2 Crack depths
derived from COD data
and from direct
measurements

Fractional crack

Time depth (a/w)
(s)
Direct COD

106 0.104 0.12
106 0.20% 0.21
178 0.209 0.22
178 0.63% 0.55
206 0.630 0.55
206 0.80% 0.72

AFracture-surface
measurement.

bUT measurement.

8.6 Crack-Velocity Measurements

An attempt was made to determine crack velocity during TSE-5 by mea-
suring the crack-opening rate at the surface of the test cylinder with
two of the nine COD gages. These two gages (gages 4 and 6, Fig. 6.5),
located near midlength of the test cylinder, were recorded on fast-—
phenomena recorders. The effort was developmental in nature and was
prompted by future plans for a long crack jump experiment.

Because of difficulties encountered with the fast recorders during
TSE-5, only the second crack jump was recorded properly. COD vs time for
this event is shown in Fig. 8.22. The slope of the steepest portion of
the curve (initial straight-line segment) is

6 x 4200 pe
2.2 X 215 ps

€
= 5302_8' ’

and application of the COD-gage calibration factor (25-mm COD/e) yielded
the maximum COD rate:

(COD)maX = 5203 x 25 = 1.33 m/S .

The slope of the COD vs a/w curve in Fig. 8.21 at a/w ~ 0.2 is 0.0113
ACOD/Aa. Thus, the estimated maximum crack velocity is

a = 1.33 m/s X 118 m/s .

1
max 0.0113
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It is of interest to note that this velocity is considerably less than
that obtained during the lab Ky, measurements (>500 m/s) for the TSE-5
material.

8.7 Secondary Cracking

As discussed in Sect. 5.4, the long axial flaw was generated by the
EB-weld technique, wherein, following the welding process, hydrogen
charging of the weld was used to promote cracking of the weld. While de-
veloping the technique specifically for TSE-5, it was observed during the
hydrogen—charging phase that numerous circumferential cracks (cross
cracks), confined in length to about twice the width of the EB-weld
fusion zone (~5 mm), formed prior to the formation of the axial flaw. A
post—-TSE-5 view of a cross crack and a short portion of the axial crack
at a depth of ~8 mm in the TSE-5 test cylinder are shown in Fig. 8.23.
The abrupt discontinuity in the axial crack at the cross crack indicates
that the cross crack developed first and that the axial crack developed
in segments, the cross cracks terminating each segment. [Access to the
8-mm depth was gained by machining a narrow slot (~5 mm) to that depth
following TSE-5.]

A pre-TSE-5 cursory examination of the cross cracks indicated that
they were too small to propagate during TSE-5. However, because of the
lower—-than—expected fracture toughness, one of the cross cracks did
propagate extensively during TSE-5, extending from one of its ends in a
circumferential direction and then branching as shown in Fig. 8.24. Many
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of the branches turned in an axial direction and terminated at or near
the ends of the cylinder. Several circumferential branches effectively
extended ~360°, terminating at or near the long axial (primary) flaw.
Thus, TSE-5 demonstrated the ability of a very short crack to grow in
length to become a much longer flaw.

The TSE-5 fracture-mechanics analysis (see Fig. 8.17) shows that
flaws (both axial and circumferential) with depths as shallow as 1 mm
could initiate during TSE-5. The time for initiation of the shallowest
flaw would be ~5 min, and the temperature would be about —130°C. These
shallow—crack events correspond to the lower portion of the initiation
curve in Fig. 8.17, and thus a single, long crack jump might be expected.
Long circumferential cracks and finite-—length axial cracks would not jump
as far as indicated by Fig. 8.17, and indeed the maximum fractional depth
of the secondary cracking is only about 0.40.

The timing of secondary-crack propagation relative to primary-crack
propagation is important because of the possible effect of the former on
the latter. Three pieces of evidence indicate that the secondary crack-
ing took place after propagation of the primary crack was completed.
First of all, it is observed in Fig. 8.24 that while the secondary-
cracking circumferential branches extend nearly a full 360°, axial
branches did not form within the 120° segment centered about the primary
axial flaw, even though in an unperturbed field axial flaws are more
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likely to propagate deep than are circumferential flaws. This indicates
that prior to propagation of the secondary crack, deep penetration of the
primary flaw relieved the circumferential stresses locally, thus prevent-
ing the formation of axial flaws adjacent to the primary flaw. Deep pene-
tration of the primary axial flaw would not relieve the axial stresses,
and thus circumferential flaws could propagate up to the primary flaw.

The second piece of evidence is the observation that the circum-—
ferential cracks, with the exception of the initial cross cracks, do not
extend across the primary flaw, indicating that the final flaw depth for
the primary flaw existed prior to propagation of the secondary cracking.

The third bit of evidence comes from an examination of the fracture
surfaces and from the fact that much branching took place. The branching
indicates high crack velocity, and the fracture surfaces are very flat;
both the high velocity and flat fracture indicate a low fracture tempera-
ture (toughness). By contrast, crack velocity for the primary flaw was
relatively low, and, with the exception of the fracture surface corre-
sponding to the first crack jump, the fracture surfaces were quite ir-
regular and rough. Thus, it appears that the fracture temperatures for
the secondary cracking were much less than those for the primary crack-
ing, and this implies a later time in the transient for propagation of
the secondary cracking.

Although it seemed very clear on the basis of these arguments that
the secondary cracking occurred after the events associated with the long
axial flaw, an analysis was performed to determine the effect that the
secondary cracking could have on the long axial flaw if the secondary
cracking had taken place earlier. Fracture-mechanics calculations were
made with seven and nine secondary axial flaws in addition to the primary
flaw. The secondary cracks were spaced about 30° apart (as shown in
Fig. 8.25) starting 180° from the primary flaw. The fractional crack
depth for these cracks was 0.35, and, for the primary crack, two depths
were considered: a/w = 0.1 and 0.8. All calculations were made for a
time of 7 min in the TSE-5 transient, because the COD for the primary
crack was a maximum at this time. The calculational model was two-—
dimensional finite—element linear-elastic fracture mechanics.

Introduction of the secondary axial cracks tends to relieve the ten-
sile stress in the inner portion of the wall and thus would tend to re-
duce the primary—-crack COD. However, the existence of the secondary
cracks also reduces the stiffness of the wall, and this reduction tends
to increase the primary-crack COD.

Results of the analysis are shown in Table 8.3. For a primary
crack depth (a/w) of 0.1, the introduction of seven secondary cracks de-
creases the COD by only 3%Z. For a crack depth of 0.8, the introduction
of seven secondary cracks increases the COD by 10%, and the introduction
of nine secondary cracks reduces the COD by 5%Z. Thus, even if the sec-
ondary cracking occurred during the propagation period for the primary
crack, the effect of the former on the latter would be very small.
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Fig. 8.25. Model used for two—dimensional analysis of secondary
cracking effects during TSE-5.

Table 8.3. Calculated CODs for the TSE-5
primary crack with and without the
existence of secondary cracking
and with a/w (secondary) =
035 and t = 7 min

Primary-crack CoD
TOtal number depth Prima ry Crack
of cracks
(a/w) (mm)
1 0.1 0.170
8 0.1 0.166
1 0.8 1.91
8 0.8 2.11
10 0.8 1.82
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9. TSE-5A RESULTS

9.1 Heat Transfer

The thermal shock for TSE-5A was intended to be somewhat more severe
than that corresponding to TSE-5, and, as shown in Fig. 9.1, the quench
rate achieved during TSE-5A was, in fact, somewhat greater than that for
TSE-5. Furthermore, the quench was very uniform over the inner surface,
and, thus, the thermal two—dimensional nature of the problem was preserved.

Measured temperature distributions through the wall of the TSE-5A
test cylinder at times corresponding to the four initiation—arrest events
that took place during TSE-5A are shown in Figs. 9.2-9.5, and additional
temperature distributions are shown in Fig. 9.6.

A combined heat transfer coefficient for the coolant fluid film and
the rubber-cement coating was determined for TSE-5A and is plotted as a
function of inner-surface (metal) temperature in Fig. 9.7. The method of
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Fig. 9.1. Comparison of inner~surface (a/w = 0.0083) quench rate
for TSE~-5 and TSE-5A.
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surface temperature.

obtaining the coefficient from the measured temperatures is discussed in
Sect. 8.1.

9.2 Events During TSE-5A

The trace of COD output shown in Fig. 9.8 indicates that four
initiation-arrest events took place during TSE-5A and that the times of
these events were 78.5, 90.5, 123.0, and 184.5 s. There was an earlier
event (74.5 s) that was indicated by a single COD gage and, thus, was
very localized. Because the area involved was so small, this first event
had no bearing on the overall behavior of the flaw and will not be re-
ferred to hereafter.

The first and second major initiation—arrest events during TSE~-5A
were not identified by all COD gages, indicating that these events also
did not extend the full length of the test cylinder. For the first event,
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Fig. 9.8. COD data for TSE-5A.

gages 8 and 9 (see Figs. 6.6 and 9.9) gave essentially no response, indi-
cating that the first arrest event covered the upper two-thirds of the
cylinder. For the second event, there was essentially no response from
gages 1 and 2, indicating that the second arrest event covered only the
lower two-thirds of the cylinder. 1In the central portion of the cylin-
der, the first and second arrested crack fronts apparently overlapped
each other, in which case gages 3, 5, and 7 should have indicated all
four events, and they did. A graphic description of this progressive na-
ture of the long axial flaw during TSE-5A is shown in Fig. 9.9.

Evidence of four initiation-arrest events was also obtained from an
examination of the TSE-5A fracture surfaces. Following the TSE-5A ex—
periment, a full-length section of the wall containing the flaw was re-
moved from the cylinder and was then divided into eight nearly equal-
length subsections (see Fig. 8.9 for a typical cutting pattern). These
sections were then cooled in liquid nitrogen and the fractures completed
by forcing a wedge into the crack. Each plece was immediately placed in
alcohol to prevent discoloration of the surface and was photographed
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Fig. 9.9, Schematic cross section of TSE-5A test-cylinder wall,
showing four-step progression of long axial flaw as deduced from frac-
ture surfaces.

shortly thereafter. A composite photograph of the entire fracture sur-
face is shown in Fig. 9.10 along with an enlarged view of one section.
Figure 9.9 was constructed by obtaining measurements of crack depth from
photographs of this type.

Figure 9.10 shows a clear indication of an additional event just
ahead of the final arrest event. This event was not detected with the
COD gages but, rather with the UT instrumentation, as were the four major
events. According to an analysis of the UT data, the time between the
final arrest event and the preceding arrest event was only 900 ps. This
short period of time suggests that the additional event was the result of
dynamic effects that created an oscillation in Kye When K¢ dipped down,
arrest took place, but immediately thereafter initiation took place as Kr
increased. Such oscillations have been observed in 1lab K a tests,1 and
dynamic analyses of the lab specimens indicate such behavior.? A dynamic
analysis was also attempted for TSE-5A; it did not indicate that a momen-
tary arrest event would take place.3

9.3 Crack Depths

Crack depths were determined from the COD and UT data and also from
direct observations of the fracture surfaces., The COD data were analyzed
in the manner described in Sect. 8.5, and the calculated relation between
COD and crack depth for times of interest during TSE-SA is shown in Fig.
9.11. Crack depths based on COD and UT data and obtained from examina-
tion of the fracture surfaces are presented in Table 9.1 for the central
portion of the test cylinder. As indicated, the agreement is reasonably
good.
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Table 9.1l. Estimated crack depths near midlength
of test cylinder for TSE-5A

Crack depth

Event Time (mm)
Event

No. (s) Fract

CoD cture  yr
surface

1 Initiation 78.5 12 12 11
Arrest 21 23 17
2 Arrest 90.5 30 30 31
3 Arrest 123.0 48 48 4]
Arrest 184.5 81 81 81
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A comparison of crack depths based on COD and fracture surface ap-
pearance for the full length of the test cylinder is shown in Fig. 9.12,
and once again the agreement is quite good. Also included in Fig. 9.12
is the final crack depth based on UT measurements made posttest at ~25-mum
increments along the length of the cylinder. The agreement in this case
is quite good also.

Crack depths determined by means of the COD measurements are gen-—
erally considered to be more accurate than the UT values. This is be-
cause the COD values represent local averages for a possibly irregular
crack front, while the UT measurements tend to be very localized, allow-
ing crack-tip irregularities to introduce false readings relative to an
effective local average crack depth.

As explained in connection with TSE-5, the tapering off of crack
depth near the ends of the test cylinder is the result of end effects
that result in lower values of Ky near the ends. End effects, however,
do not explain why the first initiation-arrest event was not symmetrical
about midlength.

There are several possible explanations for the axial asymmetry as-—
sociated with the first initiation-arrest event; they involve axial varia-
tions in crack sharpness, fracture toughness, and quench rate. Variations
in crack sharpness do not seem to be a reasonable explanation because
crack initiation undoubtedly is a very localized event, and once initi-
ated, the fast-running crack will be sharp. Also, variations in tempera-
ture (quench rate) do not appear to be a reasonable explanation because
temperature measurements indicate very little axial variation, and the
small variation that did exist corresponds to higher rather than lower
temperatures in the upper portion of the cylinder where the first event
took place. Thus, the remaining possible explanation is an initial small
axial variation in toughness. However, as indicated in Chap. 7, a com-
parison of fracture-toughness data (1T-CS and CVN) for the test cylinder
and prolongation did not reveal significant axial variations.,

9.4 Fracture-Mechanics Analysis

9.4.1 Posttest analysis based on design toughness curves

The number of initiation-arrest events taking place during TSE-5A
agrees with the pretest analysis (Fig. 4.8), but the times at which the
events actually took place were earlier than calculated. This indicated
that the thermal shock was more severe than that used for the pretest
analysis and/or that the actual material toughness was less than that
used in the pretest analysis. As planned (Fig. 9.1), the thermal shock
was more severe than that assumed for the pretest analysis (that achieved
during TSE-5), and, apparently, the toughness was less than assumed, as
discussed below.

The toughness curves used in the pretest analysis are shown in Fig.
9.13. The Ky, curve represents the lower bound of fifty 1T-CS data

points, while the Ky, curve is a mean curve through six data points ob-

tained from 25 x 151 x 151-mm, wedge-loaded, crack-arrest specimens (also
refer to Fig. 7.11).
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Posttest analyses of TSE-5A were conducted using the measured test-
cylinder temperatures shown in Figs. 9.2-—9.6., The results of such an
analysis, based on the toughness curves in Fig. 9.13, are shown in Fig.
9.14, which is a set of critical-crack-depth curves that includes the ac-—
tual path of events. 1t is observed that the initiation and arrest
events fall to the left of their respective initiation and arrest curves,
indicating that the actual crack-initiation and crack-arrest toughness
values were below the curves in Fig. 9.13.

9.4.2 KIc and KIa values deduced from TSE-5A

Critical values of K; corresponding to the four initiation and ar-
rest events during TSE-5A are shown in Table 9.2, and these values are
compared with the experiment—design toughness curves in Fig. 9.15. It is
obvious that the Kye and Ki, values deduced from TSE-5A are substantially
less than the values assumed for the design of the experiment on the
bases of the lab data. Of course, this was to be expected insofar as
crack initiation is concerned because none of the lab initiation data
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ness curves in Fig. 9.13,

Table 9.2. Summary of critical data for TSE-5A

Time K Temperature
(s) Event a/w (MPaEVED (°C)
78.5 1st initiation 0.076 70 -11
90.5 2nd initiation 0.138 85 12
123.0 3rd initiation 0.198 108 13
184.5 4th initiation 0.316 135 21
7845 lst arrest 0.138 76 22
90.5 2nd arrest 0.198 86 38
123.0 3rd arrest 0.316 107 51
184.5%  4th arrest 0.535 130 67

aKI/KIc reached a maximum value of 2.3 at ~14 min.



118

ORNL-DWG 81-1650A ETD

290 I T | |
200 p—
LAB DATA
® TSE-5AK,
= TSE-BA K
£ 150 — A 'a
S
2
¥‘_"‘
o 100 —
:
50 —
o | l 1 1 |
-200 -150 -100 -50 0 50 100

TEMPERATURE (°C)

Fig. 9.15. Comparison of K;, and Ky, values deduced from TSE-5A
with laboratory data presented in Fig. 9.13.

points was valid. However, as indicated below, the lab data were ade-
quate for designing the experiment; that is, all objectives of TSE-5A
were achieved.,

9.4.3 Posttest analysis based on K. and Kg,

curves deduced from TSE-5A

The dashed curves in Fig. 9.15 represent a best fit of the Ky, and
Kia data points deduced from TSE-5A. These curves were used in a second
posttest analysis, and as one would expect, the agreement between actual
and "predicted” flaw behavior is much better than when using the solid
curves in Fig. 9.15. Results of the second posttest analysis are shown
in Fig. 9.16, and a complete set of digital output is included in Appen-
dix E.

9.4.4 Warm prestressing

Figure 9.16 indicates that a fifth crack-initiation event was pre-
vented by warm prestressing, and the maximum value of KI/KIc for the
final crack depth was 2.3. This maximum value was reached ~9 min after
the time of incipient warm prestressing, and the corresponding crack-tip
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temperature was —45°C (RTNDT = 10°C). The maximum value of K; for the
final crack depth was 152 MPa*/m, and, of course, it occurred at the time
of incipient warm prestressing (~5 min).

The value of 2.3 for (Ky/Ky.)pax 15 large enough, relative to unity,
to compensate for all uncertainties in the experiment and related post-
test analysis, and the crack-tip temperature corresponding to this value
was well below RTNDT. Thus, even though the value of (K{), ., for the
final crack depth was substantially less than that predicted for the PWR
LBLOCA, TSE-5A provided a convincing demonstration of the ability of warm

prestressing to prevent crack initiation.

9.4.5 Arrest in a rising K; field

The pretest analysis for TSE-5A (Sect. 4.2.2) indicated that the
first two arrest events would take place in a rising Ky field, that is,
with K; increasing with crack depth. As shown in Fig. 9.17, which is a
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plot of Ky vs a/w for the times corresponding to the four initiation-
arrest events and with the path of actual events superimposed, it appears
that only the first arrest event took place in a rising Ky field. Fur-
thermore, as illustrated in Fig. 9.18, the gradient (dKI/da) was small
compared to those calculated for two rather severe PWR overcooling acci-
dents (LBLOCA and PTS transients*). Even so, the gradient is substan—
tially greater than that for lab crack-arrest specimens, which have nega-
tive gradients. Thus, the TSE-5A data point provides an opportunity to
compare Ky, values measured in rising and falling Ky fields.

*
The particular LBLOCA and PTS (pressurized thermal shock) tran-—
sients considered are described in Refs. 4 and 5.
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10. TSE-6 RESULTS

10.1 Heat Transfer

The thermal shock for TSE-6 was intended to be at least as severe as
that for TSE-5A, and, as indicated in Fig. 10.1, the two inner-surface
(metal) temperature transients were essentially the same up to the time
that the TSE-6 test cylinder was withdrawn from the liquid nitrogen. Ra-
dial distributions in temperature for TSE~-6 at the two times that events
took place are shown in Fig. 10.2, and distributions for additional times
are shown in Fig. 10.3. As was the case with TSE-5 and TSE-5A, the indi-
cated temperatures throughout the cylinder for times and crack depths of
particular interest were very uniform (approximately +5°C).
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Fig. 10.1. Comparison of TSE-5A and TSE-6 inner-surface (metal)
temperatures.
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times at which events took place.

10.2 Events During TSE-6

As indicated in Fig. 10.4, which shows the final profile of the flaw
near midlength of the test cylinder, the TSE-6 flaw penetrated very deep
(>90%) into the wall of the test cylinder but did not extend all the way
through, consistent with predictions. The COD data and a photograph of
the full length of the fracture surface (Fig. 10.5) indicate that there
were three initiation—arrest events involved. Two of these events, the
first and last, were detected with COD gages that were connected to
"slow" recorders, and the recorded output of the gages is shown in Fig.
10.6. The second event was detected with two COD gages that were con—
nected to a fast—-phenomena recorder, and the output for one of these
gages is shown in Fig. 10.7. It is apparent that the second arrest event
was the result of a momentary decrease in K; because ~300 us thereafter
the third initiation—arrest event took place, presumably the result of a
momentary increase in Ky (the time between arrest events was ~900 us, the
same as for TSE-5A). A dynamic analysis similar to that performed for
TSE-5A was also attempted for TSE-6 (Sect. 9,2). This time the analysis
indicated that the momentary arrest event would take place.!

The TSE~6 dynamic event appears to be the same type of dynamic event
that took place during TSE-5A, and it is of interest to note that in TSE-
5A the crack jump preceding the short duration of the arrest event was
much shorter and the vessel wall was much stiffer. Thus, it is not clear
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The final crack depth was uniform over ~75% of the length of the
test cylinder and was equal to 93% of the wall thickness (a/w = 0.93).
At the ends of the cylinder, a/w = 0.82.

The crack depth associated with the very brief second arrest event
was ~82% of the wall thickness (a/w = 0.82). Thus, this brief arrest
event took place rather close to the site of the final arrest event, as
was the case with TSE-5A.

10.4 Fracture-Mechanics Analysis

10.4.1 Posttest analysis based on design toughness curves

The pretest analysis for TSE-6 was based on toughness curves (TSE-6
design curves) deduced from the results of TSE-5 and indicated that only
one initiation-arrest event would take place (see Fig. 4.9). Further-
more, a posttest analysis, based on actual temperatures and the design
toughness curves, also indicates a single initiation-arrest event, as
shown in Fig. 10.8. However, as discussed in Sect. 10.2, there were
actually two "static” events and one "dynamic” event. As shown in Fig.
10.8, which includes the actual path of events, the first initiation-
arrest event took place ~44 s earlier than "predicted,”™ indicating that
the actual fracture toughness was less than anticipated.

A quantitative comparison of K;. and Ky, data can be obtained using
Figs. 10.9 and 10.10, which correspond to Fig. 10.8 and are plots of T,
Kis Kies and Ky, vs a/w for the two times when events took place. These
figures show that Ky, and Ky, for the first initiation-arrest event were
~40 and ~147%Z less, respectively, than the design values. For the second
initiation and final arrest event, KIC and KIa were somewhat greater (24
and 18%, respectively) than the design values.

10.4.2. KIc and KIa values deduced from TSE-6

The calculated critical values of K; corresponding to the first two
initiation events and the first and last arrest events are listed in
Table 10.1, which also includes for these events the times, crack depths,
and crack-tip temperatures. These critical values of K; are compared
with the TSE-6 design curves and the lab small-specimen data in Fig. 10.11.
As indicated in this figure, the values of K;. and Ky, deduced from TSE-6
agree reasonably well with the curves corresponding to the final set of
small-specimen data, although the Ky. and Ky, values corresponding to the
second initiation event and the final arrest event seem somewhat high.

10.4.3 Posttest analysis based on final set of lab small-specimen
Ky and Ky, data

The few TSE-6 data points in Table 10.1 and Fig. 10.11 could not be
used in a meaningful way to construct Ky and Ky, curves for a final
posttest analysis of TSE-6. Instead, a %inal analysis was performed
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Table 10.1. Summary of events for TSE-6

Time K1 Temperature
(s) Event a/w (MPa+/m) (°c)
69 Initiation 0.10 46 —13
Arrest 0.28 63 32
137 Initiation 0.28% 87 —31
Arrest 0.93P 105 63

2gecond initiation event,

bFinal arrest event.
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Fig. 10.11. Comparison of TSE-6 K;. and K, values, TSE-6 K;. and
Kia design curves (deduced from TSE-5 results), and small-specimen Kjp,
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using the small-specimen lower—bound Kj and the mean Ky, curves shown in
Figs. 7.7 and 10.11. The results are shown in Fig. 10.12, which is a set
of critical-crack-depth curves with the actual events superimposed, and
in Figs. 10.13 and 10.14, which are plots of temperature, Ky, Ky, and Ky,
vs a/w for the two times at which events took place. (A complete set of
digital output is included in Appendix F.) These results indicate rea-
sonably good agreement between experiment and analysis for the first
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initiation, first arrest, and final arrest event and a rather large dis-
crepancy for the second initiation event, consistent with the data in
Fig. 10.11. The critical values of Ky corresponding to the first initia-
tion and arrest events are ~67 less and ~127 greater, respectively, than
the corresponding toughness curves. For the second initiation event, the
critical value of K; is ~88% greater than the initiation toughness curve.
A comparison of K; and K;, for the final arrest event may not be
very meaningful because of the proximity of the crack tip to the outer
surface of the cylinder and because of the apparent very steep gradient
in Ky, which makes the calculated critical value of K; very sensitive to
the effective crack depth. Probably the most important observation is
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that almost irrespective of the value of Ky,, the calculation would pre-
dict arrest deep in the wall (a/w > 0.9) and, indeed, that is what hap-
pened.

10.4.4 Arrest in a rising K; field

The scope of TSE-6 did not include achieving arrest in a rising K;
field (dKI/da > 0) nor was such an event expected since a single long
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crack jump with arrest deep in the wall was desired and predicted. How~
ever, as shown in Fig. 10.15, the initial relatively short crack jump did
result in arrest in a rising K; field. As indicated in Fig. 10.15, the
corresponding value of dKI/da was ~0.8 MPa°/57mm, which is about three
times that achieved during TSE-5A but still significantly less than that
estimated for two rather severe PWR postulated overcooling accidents (fac-
tor of two to three less). Even so, the value for TSE-6 is large enough
for a meaningful comparison of K14 values corresponding to rising and
falling K; fields. Such a comparison is made in Chap. 11.
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11. DISCUSSION OF RESULTS

11.1 Comparison of Ky, and Ky, Values Deduced from

TSE-4, TSE-5, TSE~5A, TSE-6, and a French
Thermal-Shock Experiment and Obtained
from "Standard” Lab Specimens

An important objective of the thermal-shock program was to evaluate
the validity of linear-elastic fracture mechanics for thermal-shock load-
ing conditions. This was to be accomplished by comparing the K. and K
values deduced from the thermal-shock experiments with the data obtaineé
using "standard” compact specimens. For a meaningful comparison it was
necessary that Ky corresponding to the initiation and arrest events dur-
ing the thermal-shock experiments be determined accurately and that the
test-cylinder material be well characterized.

Valid crack-initiation-toughness data (ch) were obtained over a
reasonable temperature range for the TSE-5 and TSE~6 test cylinders, but
because of the requirement for larger compact specimens, valid (KI ) data
were not obtained for the TSE-5A test-cylinder material. 1In the absence
of these specific data, the comparison for evaluating the validity of
linear-elastic fracture mechanics in connection with TSE~5A was made with
the ASME Sect. XI lower-bound Kj. curve. !

Because the TSE-5 and TSE-6 test cylinders were from the same heat
of material and were given the same heat treatment, it is of interest to
compare the two sets of data, and this is done in Fig. 11.1. As indi-
cated, the small-specimen and test-cylinder Ky data sets agree rather
well, including the scatter, which is approximately #35%. The Kic values
for the second initiation events during the thermal-shock experiments are
rather high, indicating an increase in toughness due to a prior arrest
event. However, the third initiation event during TSE-5 did not exhibit
the same enhancement of K;.. Furthermore, studies conducted by Rosen-
field et al.2»3 with compact specimens indicate that a crack-arrest event
does not elevate the fracture toughness for a subsequent initiation event.

The TSE-5 and TSE-6 Ky, values also agree reasonably well with each
other, but the mean is ~20% above the mean of the small-specimen data.
However, because of the apparent large scatter in Kia data and the small
number of TSE-5 and TSE~6 data points, the 20% discrepancy is not con-
sidered to be a trend.

A comparison of all of the Kie values deduced from (1) TSE-5, TSE-5A,
TSE-6; (2) a previous thermal-shock experiment, TSE-4 (Refs. 4 and 5);
and (3) a French thermal-shock experiment6 similar to the ORNL experiment
with the ASME Sect. XI lower-—bound K1 curve is presented in Fig. 11.2.
It is apparent that all of the test—cylinder data points with the excep-
tion of one of the French points are above the ASME lower-bound curve
and, with the exception of two points, are below an approximate upper
bound of the Kie data that were used to generate the ASME lower-bound
curve.l The two points above the upper-bound curve correspond to the
second initiation events for TSE-5 and TSE-6.



140

ORNL—DWG 85-4441 ETD

| T l |

O vse-6 K,
W TSE-6 K,
O TsE-5 K.

@ TSE-5 K

LOWER—-BOUND
SMALL—SPECIMEN K_,

- eme= MEAN SMALL—-SPECIMEN

K
ta
- aw e | JPPER—BOUND
—E 150 SMALL-SPECIMEN ch h—
©
o
2
=
Y
5
Y
100 e —

50 p—

NOTE: NUMBERS INDICATE
ORDER OF EVENTS

o l l l |

-100 50 0 50 100 150
TEMPERATURE (°C)

Fig. 11.1. Comparison of TSE-5 and TSE-6 Ki. and Ky, values with
lower-bound Ky and mean Kia small-specimen data.

A similar comparison for the Ky, data is presented in Fig. 11.3,
which includes (1) 10 Ky, values deduced from 4 ORNL thermal-shock ex-
periments (TSE-4, TSE-5, TSE-5A, and TSE-6); (2) 3 Ky, values deduced
from the French thermal-shock experiment; (3) the 5th and 95th percentile
curves corres?onding to a Battelle~Columbus Laboratories small-specimen
Ky, data base »8 consisting of 233 data points for A 533 and A 508 mate-
rial, including 25 data points obtained from the thermal-shock test-
cylinder characterization studies; and (4) the ASME Sect. XI lower-bound
K1a (Kyg) curve.! As indicated by Fig. 11.3, the scatter in the small-
specimen data is approximately +45%, and only a small fraction of the
data points falls below the Kig curve. All of the Kia values deduced
from the ORNL thermal-shock experiments fall within the small-specimen
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scatter band and well above the Kig curve, while the three French data
points cluster about the K R curve.

A comparison of the ORNL and French thermal-shock-experiment data is
of interest because the thermal-shock experiments were very similar. The
test cylinders were similar in size and material and were thermally
loaded by quenching in liquid nitrogen. However, the French fracture
surfaces were very flat and void of unbroken ligaments,® while the ORNL
surfaces were relatively rough and, in some cases, as shown in Figs. 9.10
and 1l.4, had many unbroken ligaments. Since the restraining force of
the ligaments was not accounted for in the calculation of critical values
of K1, the existence of ligaments on the ORNL surfaces could be a reason
for the generally higher indicated values of fracture toughness relative
to the French values.
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It would seem that the large scatter in the small-specimen and in
the test-cylinder Kj. and Ky, data would preclude drawing conclusions re-
garding the validity of linear-elastic fracture mechanics for thermal-
shock loading conditions. However, if one accepts the apparent fact that
both large and small specimens can exhibit large scatter in valid frac-
ture-toughness data, then the coincidence of the scatter bands and a lack
of significant anomalies during the thermal-shock experiments indicate
that linear-—elastic fracture mechanics is valid, at least for (T-RTNDT)
< 20°C for crack-initiation events and (T-RTNDT) < 60°C for crack-arrest
events.
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11«3 Dynamic Effects at Arrest

A dynamic effect at arrest would be manifest in a higher critical
value of Ky than calculated with a static model.? As indicated by Fig.
11.3, the statically calculated values of Ky, corresponding to arrest
following the two long crack jumps (second arrest events for TSE-5 and
TSE-6) are just below the upper bound of the small-specimen data. TIf dy-
namic effects were actually substantial, the static analysis would tend
to yield low values of Kiae Thus, it is concluded on the basis of these
data that dynamic effects were negligible.

11.4 Comparison of EB-Weld Flaws and Arrested Flaws

There is a lingering concern that flaws generated by the EB-weld
process, which usually involves postweld hydrogen charging, and arrested
flaws could exhibit a different effective fracture toughness (KIc) than
fatigue flaws. Arrested flaws may have unbroken ligaments on the frac-
ture surface that affect the critical load, and an EB-weld flaw, which is
also an arrested flaw, may have a residual K; value of unknown magnitude
(see Sect. 8.4.4).

The lab small-specimen data obtained in connection with the thermal-
shock program correspond to fatigue flaws, while the Ky . data deduced
from the thermal-shock experiments correspond to EB-weld flaws (all ini-
tial flaws) and arrested flaws. Thus, the thermal-shock program pre-
sented an opportunity to compare "KIC" values obtained from the three
types of flaws (fatigue, EB weld, and arrested). As indicated by the
K1, data in Fig. 1l.2, there is no consistent trend to indicate a dif-
ference between the three types of flaws. Furthermore, as mentioned in
Sect. 1l.1, Rosenfield’»® found no significant difference between fatigue
and arrested cracks in compact specimens.

11.5 Warm Prestressing

Warm prestressing with K < 0 may have prevented reinitiation in
each of the ORNL thermal-shock experiments. However, only in the case of
TSE-5A was the calculated best estimate of (KI/KIc)max for the final
crack depth large enough to account for the uncertainties in the experi-
ment and analysis. As indicated in Sect. 9.4, the calculated best esti-
mate of (KI/KIc)max (max with respect to time), using the deduced tough-
ness curves in Fig. 9.15, was 2.3, and the corresponding crack-tip tem-
perature was —45°C. With reference to Fig. 11.2, it can be seen that the
factor of 2.3 more than accommodates the small-specimen upper-bound Kie
curve and even an upper-bound curve through the maximum of the Kye values
deduced from the thermal-shock experiments. Thus, it is concluded that
warm prestressing with KI < 0 was adequately demonstrated.
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the full length of the bar to accommodate thermocouple leads. A shallow,
small-diameter radial hole was drilled in each groove to accommodate the
thermocouple junctions. These junctions were made by soldering pairs of
leads in each hole. The holes were spaced apart along the length of the
bar and were closer together near the "inner"” end, where the temperature
gradient would be the steepest.

A complete assembly of a thermocouple thimble includes the core,
either 10 (TSE~6) or 12 ('TSE-5, TSE-5A) thermocouples, and a steel sleeve
that protects the thermocouples from abuse. Epoxy is used to bond these
components together and to fill all voids.

After assembly, each thimble was subjected to an isothermal calibra-
tion at 100°C, room temperature, and liquid-nitrogen temperature. In ad-
dition, each thimble was subjected to a thermal shock by first coating
the "inner" end of the thimble with rubber cement and then contacting
that surface with liquid nitrogen. This was done to make sure that the
junctions would not fail under thermal-shock conditions.

The diameter of the thermocouple-thimble was influenced by two con—
siderations: (1) it had to be large enough to accommodate the 12 thermo-
couples without the thermal properties of the thermocouple leads and the
epoxy having a significant effect on the temperatures in the core, and
(2) it had to be large compared to local variations in the rubber-cement
coating on the inner end of the thimble so that enhancement of the fluid-
film heat transfer coefficient would be the same for the thimble as else-
where.,

The straight cylindrical shape of the core and the small clearance
between the outside diameter of the thimble and the mating hole in the
wall of the test cylinder introduce an error in the transient temperature
indications. This is because during a thermal-shock experiment heat
tends to travel along radial lines, and the cylindrical surface of the
thimble cuts across these radial lines. The magnitude of the error de-
pends, of course, upon the thermal resistance of the gap, and to compli-
cate matters, the gap is not uniform around the thimble. If the gap re-
sistance is assumed to be infinite, the maximum error can be estimated by
comparing calculated temperatures for cylindrical and slab geometries.
The results of such an analysis are shown in Fig. A.3 for typical TSE
thermal-shock conditions. As indicated, at 2 min into the transient, the
slab has a 6°C lower temperature at the inner surface, and at 5 min the
difference is 14°C. The difference continues to increase for some time
thereafter, and although the initiation and arrest events in each of the
experiments were over before 5 min, the demonstration of warm pre-
stressing required an extension of the experiment (TSE-5A) to ~15 min to
obtain an estimate of (KI/KIc)max' Thus, a further evaluation of the
adequacy of the particular thimble design was in order.

Rather than attempt to estimate the actual thermal resistance of the
gap, the TSE-5A test cylinder was equipped with three thimbles that had a
rectangular cross section with all four sides of the thimble parallel to
radial lines (see Fig. A.4). These 3 thimbles were located at the hori-
zontal midplane of the test cylinder, and the other 12 thimble locations
were equipped with the cylindrical thimbles. (The tapered holes in the
cylinder wall were machined using electrical-discharge machining tech-
niques, as illustrated to some extent in Fig. A.5.)
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Two thermal-shock experiments (a thermal-hydraulic experiment and
TSE-5A) were conducted using the test cylinder equipped with both the
cylindrical and tapered thimbles. In both tests there was no discernible
difference in indicated temperatures measured with the two types of thim—
bles, implying that the interface resistance was negligible.

The wall thickness for the TSE-6 test cylinder was half that for the
TSE~-5 and TSE-5A test cylinders, for which w = 152 mm. Thus, the thim-
bles were reduced in length to 76 mm, and this eliminated thermocouples
10 and 11. Otherwise, the thimbles for TSE~6 were the same as those for
TSE-5 and TSE-5A.
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Appendix B

CALIBRATION OF COD GAGES

During TSE-5, TSE-5A, and TSE-6, crack opening at the inner surface
of the test cylinders was measured using Ailtech weldable strain gages
(Fig. B.l). As illustrated in Fig. 6.8, the central portion of the gage
was not bonded to the surface of the cylinder. This type of installation
was used to prevent excessively high strain in the gage directly over the
crack. The strain in the unbonded portion of the gage is essentially
equal to the crack opening at the surface divided by the length of the
unbonded section. If this strain is large compared with the strain as-
sociated with the surface stresses, then the output of the gage can be
interpreted directly in terms of crack opening.

Even with a portion of the gage unbonded, the strain can be large
enough for significant plastic deformation of the gage to take place.
This and an unbonded section of the gage introduce the possibility of
buckling of the unbonded portion when the thermal stresses subside and
the crack closes, as illustrated in Fig. 6.8. This is of no concern be-
cause by the time buckling occurs, all of the data of interest have been
recorded. Furthermore, the height of the buckle can be used to estimate
the maximum crack opening.

Initially the COD gages were to be used only for detecting the time
at which an initiation-arrest event took place, and such an event is
clearly indicated by a step change in gage output as shown in Fig. 8.8.
To accommodate a series of events, it was necessary that the gage not
fail, and failure was prevented in most cases by not bonding the central
portion of the gage, as discussed above.

Provided that temperature effects would not be excessive, there was
also the possibility of using the COD-gage output indirectly to estimate
crack depth. This was done by calculating the relation between crack

ORNL-—DWG 76—18802A
321 SS STRAIN TUBE

Ni—Cr ALLOY COMPACTED MgO POWDER
STRAIN FILAMENT

--
1 IT
s

i
321 SS MOUNTING FLANGE—/
‘ (NOT CONTINUOUS FOR DG GAGE)

. |

i

Fig. B.l. Details of Ailtech SG and DG-125 quarter-bridge strain
gages.



opening at the inner surface and
sient at which initiation-arrest
curacy of this procedure, it was
obtain the relation between gage
in an MTS testing machine, using
illustrated in Fig. B.2,
Calibrations were performed
temperature and liquid-nitrogen t
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crack depth for the times in the tran-
events took place. To improve the ac-
necessary to calibrate typical gages to
output and crack opening. This was done
the general arrangement and technique

for two isothermal conditions: room
emperature (—196°C). Displacement-

control loading (0.127 mm/min) was used, and loading was continued to
failure of the gage. In all cases the gage output vs displacement was
essentially linear up to the point of failure. Data pertaining to the

COD gages used for TSE-5, TSE-5A,

oo.-l:-l
ey |

GAGE LENGTH
TSE-5: 20 mm

and TSE-6 are summarized in Table B.l.

ORNL—-DWG 80—-4351A ETD

GRIPS AND LOAD APPLIED BY MTS
TESTING MACHINE

LEADS

/BAR {29—mm diam)
TSE-b5: 10 mm

UNBONDED LENGTH { TSE-5A: 10 mm
{ TSE-—6: 25 mm

TSE—5A: 20 mm -t———— APPLIED DISPLACEMENT

TSE-6: 38 mm

\

aseene
[
1

soeene

N

R

\\—FLANGEOFGAGESPOT—WELDED
TO BARS (TWO GAGES AT 180°)

Fig. B.2. 1Installations of

Ailtech COD gages for calibration.



155

Table B.1. Data pertaining to the COD gages
used for TSE-5, TSE-5A, and TSE-6

Gage characteristics TSE-5 TSE-5A  TSE-6
Gage No. SG-125 SG-125 DG~125
Active length, mm 20 20 44
Unbonded length, mm 10 10 27
Average strain at failure, 7 ~7 ~7 ~8
Strain in unbonded length ~14 ~14 ~13

at failure, 7%
d(e)/d(cop), mm~! 0.040 0.040 0.021
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Appendix C

MATERIAL PROPERTY DATA

A detailed discussion of the material property data for the three
test cylinders (TSC-1, TSC-2, and TSC-3) and their prolongations (TSP-1,
TSP-2, and TSP-3) is included in Chap. 7. This appendix is basically a
compilation of digital data that correspond to the plotted data in Chap.
7 and is arranged in essentially the same order. Tables C.l1—C.9 pertain
to TSE-5 and TSE-6, while Tables C.10-C.13 pertain to TSE-5A. As men-
tioned in Chaps. 5 and 7, the test cylinders for the three experiments
and their prolongations, which were used for characterizing the material,
were from the same heat of SA 508 (class-2 chemistry) material. The
TSE~5 and TSE-6 test cylinders (TSC-1 and TSC-3) were tempered at the same
temperature (613°C), while TSC~2 was tempered at a higher temperature
(679°C).
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Table C.l. Tensile properties for TSP-1
tempered for 4 h and air cooled

Strength properties

Test (MPa) Total?® Reduction
temperature elongation of area
(°c) Lower Ultimate %) %

yield tensile

704°C temper

196 958 1037 18.4 2%
-18 528 686 24.6 65
66 487 623 21.7 65
149 463 610 20.3 64
22 502 673 23.6 68
—101 613 782 27.5 62
107 476 612 21.4 67
— 59 553 715 25.1 66
—146 733 860 27.2 56
677°C temper
—18 627 766 21.0 62
66 592 722 19.5 61
149 557 695 18.1 64
23 603 741 18.5 60
—101 724 864 20.4 53
107 579 705 17.4 62
—59 653 801 22.4 61
—146 880 953 19.2 49
649°C temper
—123 803 934 23.7 55
-18 655 808 18.3 55
66 619 759 15.4 53
149 6140 743 18.1 60
22 632 783 16.6 54
—101 761 898 20.8 54
107 6210 741 18.1 62
—59 708 851 21.7 54
—146 855 972 20.5 46
593°C temper
123 853D 1010 21.0 44
—18 7190 877 18.6 56
66 6880 831 17.4 53
149 653D 796 14.6 54
22 6990 850 17.7 52
—101 804D 961 17.3 47
107 6660 808 16.2 51
—59 743D 909 18.8 52
—146 925P 1050 18.8 35

aGage length/gage diameter ratio (L/D) = 4 (calcu-
lated from L/D = 7 data).

b.2% offset yield.
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Table C.2. Tensile properties? for TSP-1 tempered
at 613°C for 4 h and air cooled

Ductility
Strength (%)
Depth Temperature (MPa)
location (°0) Tota% d Reduction
Yield® Ultimate elongation of area
L/D=7 L/D=4

0.04 —18 734 881 13.9 19.2 55.1
0.04 38 711 842 12.7 17.6 55.9
0.04 93 678 816 12.5 17.2 55.0
0.21 —46 751 892 13.7 18.5 49.6
0.21 —18 727 869 13.7 18.8 55.4
0.21 10 710 850 13.0 17.4 54.8
0.21 38 696 828 13.0 18.1 54.9
0.21 93 666 799 11.7 16.2 55.2
0.21 177 647 789 12.5 17.3 54.4
0.21 288 660 803 12.5 17.6 54.2
0.50 —18 730 869 15.3 21.0 56.3
0.50 38 695 828 12.8 17.9 57.1
0.50 93 664 799 13.9 19.3 58.4
0.75 —18 719 864 14.6 20.2 59.2
0.75 38 687 820 13.4 18.7 57.7
0.75 93 662 793 13.2 18.6 59.9
0.96 —18 734 875 14,2 19.5 57.1
0.96 38 704 835 13.2 18.3 57.6
0.96 93 683 816 11.8 16.2 53.5

aAverage of two specimens, both C oriented.
bFraction of the 152-mm wall (inner surface = 0).
€0.2% offset; strain rate = 0.016/min.

dGage length/gage diameter ratio (L/D) = 4 (calculated from
L/D = 7 data).
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Table C.3. Tensile propertiesa for TSC-1 tempered
at 613°C for 4 h and air cooled

Ductility
Strength (%)
Depth Temperature (MPa)
location (°C) 1 Tota% d Reduction
Yield® Ultimate elongatlon of area
L/D=7 L/D =4

0.04 —18 716 851 13.4 18.3 56.0
0.04 38 696 826 14.6 20.1 59.8
0.04 93 672 801 11.7 16.0 56.2
0.21 —46 731 869 13.6 19.4 55.8
0.21 —18 707 843 14.3 19.6 54.8
0.21 10 695 825 12.8 17.0 53.1
0.21 38 680 807 12.7 17 .4 56.3
0.21 93 656 780 12.4 16.8 55.6
0.21 177 630 766 12.2 17.0 57 .2
0.21 288 638 779 12.2 16.9 56.8
0.50 —~18 702 839 13.4 19.8 53.4
0.50 38 677 802 12.8 17.6 57.0
0.50 93 655 776 11.5 15.9 55.4
0.75 —18 706 836 13.7 18.5 54.4
0.75 38 666 794 12.8 17.4 57.8
0.75 93 652 775 12.0 16.5 55.2
0.96 —18 714 849 14.1 19.2 56.0
0.96 38 685 808 12.2 16.8 55.8
0.96 93 662 783 11.6 15.8 54.8

aAverage of two specimens, both C oriented.
bFraction of the 152-mm wall (inner surface = 0).
€0.2% offset; strain rate = 0.016/min.

dGage length/gage diameter ratio (L/D) = 4 (calculated from
L/D = 7 data).
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Table C.4. Static fracture toughness
(Ky) from IT compact specimens of
TSP-1 tempered for 4 h
and air cooled

Tempering Test k.G
temperature temperature J

(oc) (oc) (M-Pa"/a)

595 —46 37

—18 81

—18 81

10 101

600 —46 38

—46 38

—46 80

—18 97

—18 64

—18 99

—18 62

10 88

10 66

10 102

10 67

10 153

38 200

38 181

38 96

38 208

650 —46 110

—18 115

—18 110

10 159

aKJ values calculated from J-

integral at maximum load (K§ = EJ).
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Table C.5. Crack—arrest toughness data
(K1,) for TSP-1 and TSP-3
tempered at 613°C for

4 h and air cooled

Test- Test

. Kia
cylinder temperature
pro{ongation (°c) (MPa+/m)
TSP-14 28 59
82 86
84 73
27 69
81 105
TSP—3b 11 71
9 62
39 74
66 68
66 87
78 69
79 70
79 72
ARef. 1.

bRef. 2.
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Table C.6. Static fracture toughness (Kj) data
from IT and 2T compact specimens of TSP-1

tempered at 613°C for 4 h and air cooled

1T compact specimens 2T compact specimens

Test K a,b Test K a,b
temperature (l‘dPg'v/E) temperature (MP;I' /Tn-)

°c) (°c)

—18 102 —18 105
145 92
111 51
82 111
80
32 114 32 221
186 115
153 105
188 172

164

202

70
82 204 82 135
128 255
236 197
200 161
249 273
240 277
211 298
284
135 278
274

2pepth location (d/w) = 0.33, w = 152 mm.
bKJ calculated from J-integral at maximum
load (K% = EJ).
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Table C.7. Static fracture toughness (Kj)
data from 1T compact specimens of
TSP-3 tempered at 613°C for 4 h
and air cooled

Test Depth Kb
temperature location@ J

(°c) (d/w) (MPa+/m)

10 0.63 135
129
110
197
87
200
169
125
177
113
201
135
128

72
175

—46 0.17 54
57
46
64
81
72
120
93
70
100

—73 0.17 52
42
57
61
72
40
60
38
52
59

Gy = 152 mm.

bKJ calculated from J-integral
at maximum load (K% = EJ).
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Table C.8. Static fracture toughness
(Kj) data from 1T compact speci-
mens of TSC-3 tempered at 613°C

for 4 h and air cooled

Test a,b
KJ >
temperature

(°0)

—32 87

138
144
49
99
80
97

66 275
164
249
270
265
263
233
264
247

“Depth location (d/w) =
0.41, w = 76 mm.

bKJ calculated from J-inte-
gral at maximum load (K% = EJ).
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Table C.9. Static fracture toughness (Kj)
from 0.394T compact specimens of TSP-1

tempered at 613°C for 4 h
and air cooled

Test Depth K D
temperature location? J

(°c) (d/w) (MPa-/m)

—73 0.33 62
100
74

—46 0.33 53
101
41

—18 0.06 95
57
71
106

.0.17 125
65
101
123
103

0.33 184
142
124
86
134

0.50 153
159
188
150
165

0.67 86
72
135
57

0.83 167
133
176
88
161

10 0.33 125
168
205
103
214
158

38 0.33 224
149
202
197
114
183

% = 152 mm.

bKJ calculated from J-integral
at maximum load (Kg = EJ).
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Table C.10. Static fracture tough-
ness (Kj) from 1T compact speci-
mens of TSP-2 tempered at
677°C for 4 h and
alr cooled

Test Depth a KJb
temperature location .
°c) (d/w) as/m)

—-32 0.63 138
0.17 91

106

121

116

99

131

135

72

—4 0.17 112

0.63 240
224
200

0.17 249¢
0.17 180°
0.63 275¢
0.63 210¢
0.36 240°
0.17 143¢

24 0.17 287

0.63 222

38 0.63 276
0.63 260
0.17 277
0.17 275
0.17 220
0.63 281

52 0.17 273

334

0.63 297
310
285
322

%y = 152 mm.

bKJ calculated from J-integral
at maximum load (Kg = EJ).

CBCL 20% side grooved.3
dysnsroc spring loaded."
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Table C.11. Static fracture toughness
(Ky) from 1T compact specimens of
TSP-2 tempered at 707°C for
4 h and air cooled

Test Depth KJb

temperature location4 .
(°0) (/) (tpA+/m)

-73 0.63 126

—46 0.17 147

137

153

88

130

134

0.63 159

0.63 162

0.17 150

0.63 149

0.63 149

—4 0.63 295

0.63 315

0.17 211

0.63 173

0.63 211

0.17 134

230

261

234

0.63 345

0.17 150

38 0.63 293

351

234

0.17 318

0.63 328

310

364

0.17 326

332

380

66 0.63 348

0.63 308

Ay = 152 mm.

bKJ calculated from J-integral
at maximum load (K% = EJ).
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Table C.12. Static crack-arrest
toughness (Kyg;) from wedge-
loaded compact specimens of
TSP-2 tempered at 677°C, for

4 h and air cooleda’b

Test

KIa._
temlzeoglture (MPa-/m)

0 82¢
0 73¢
22 80¢
22 632
27 65
28 118¢
28 97¢
40 814
42 814
42 704
51 1346
51 8sd
53 942
53 87
53 952
54 95
ARef. 3.

bRef. 4o

€25 x 151 x 151-mm wedge-
loaded compact specimens.

d25 x 102 x 151-mm wedge-
loaded compact specimens.
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Table C.13. Static fracture
toughness (Kj) from 1T com-
pact specimens of TSC-2
tempered at 679°C for

4 h and air cooled

Test
temperature

(°c)

KJa,b
(MPa+Ym)

—32 79
165
161
182

74
121

94
119
160
163
100

—4 245
106
186
229
177
112
243
149
206
261
140

24 292
235
238
262
323
338
198
334
289
247

2pepth location (d/w) =
0.23, w= 152 mm.

bKJ calculated from J-
integral at maximum load
(K% = EJ).
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Appendix D

DIGITAL OUTPUT FROM POSTTEST FRACTURE-
MECHANICS ANALYSIS OF TSE-5

A standard set of OCA-P digital input—output for a posttest deter-
ministic analysis of TSE-5, using fracture-toughness curves deduced from
TSE-5, 1is included in this appendix. Values of K; are for a two-
dimensional axial flaw, and the English system of units is used through-
out.
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TSE-5 13.5/19.5 IN, RAD. LN2(-320) TO = 205 DEG., F 8/1/79

FRACTURE TOUGHNESS CODE (IF KICTYP = 6 , VALUES
ARE READ IN & DESCRIBED LATER IN THIS RUN) KICTYP

MAX. # OF TIME INTERVALS TO BE READ NCYCLE
TIME INTERVAL # TO START PROCESSING DATA ISKIP
CRACK SHAPE TO BE USED ICRKTP

=1 2-D; =2 2-D,2-M; =3 6=1,2-M;
=4 6/1,2-D,&2-M; =5 6/1,2-D

REF TEMPERATURE FOR STRESS CALCULATIONS TREF
= 0 USE TEMP IN FIRST TIME INTERVAL

WRITE TABLE-1 FOR TEMPS,KIC,ETC.THRU CYL. WALL

= -1 THEN STOP; = 0 NO PRINTING;
= +1 CONTINUE PROCESSING KI VALUES NOPT
UNITS SWITCH =0 ENGLISH; =1 SI ISISW

TEMPERATURE PLOTTING

= 0 NO PLOTS, = 1 PLOT NPLOT m 0
KI RATIO PLOTTING
= 0 NO PLOTS, = 1 PLOT KRPLOT = 0
KI PLOTTING
= 0 NO PLOTS, = 1 PLOT KIPLT = 0
ENVELOPE PLOTTING
= 0 NO PLOTS, = 1 PLOT KENPLT = 1
STRESS/TEMP/KI/KIC/KIA PLOTTING
= 0 NO PLOTS, = 1 PLOT KALPLT = 0
TIME DEPENDENT PRESSURES NPR =
SEQ. NO, TIME PRESSURE

(MINUTES) (KSI)

L R R I I R R N N I N R I A A I A W Iy

60

205,

OCA-P
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RADIATION DAMAGE/RUN CONTROL

RADIATION DAMAGE CALC SWITCH IRTNSW =
ATTENUATION CONSTANT ATTCON =
STRESS INPUT SWITCH ISTRSW =

0=CALC BY FE METHOD, 1=INPUT ON UNIT3
0=DEEPEST POINT, 1=MAX ON CRACK FRONT

INCIPTENT INITIATION SEARCH CONTROL

INCIPIENT INITIATION SEARCH SWITCH IBINSW =
0=NO SEARCH, 1=SEARCH, 2=PARAMETRIC SEARCH

FLAW SHAPE CONTROL SWITCH ISEASW =
0=LONG(2-D), 1=(6 TO 1) ELLIPITICAL

MIN A/W USED ON THRESHOLD SEARCH AWMIN =

MAX A/W USED ON THRESHOLD SEARCH AWMAX =
UPPER LIMIT ON THRESHOLD SEARCH TUPLTIM =z

TOUGHNESS PROPERTIES(-1 MEANS NOT INPUT)

FLUENCE, INSIDE SURFACE FO =  0.000E+00
REFERENCE TEMP., INITIAL RTNDTO = 0.000
PER CENT CU seeerscsnne CUPER = 0.000
PER CENT P RN PPER = 0.000
PER CENT NI teseessenee PERNI = 0.000
DELTA RTNDT(INNER SURFACE) DRTNIN = -999.0

0.2400

0.0249
2.1510

0,50D+20
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FINITE ELEMENT PARAMETERS (STRESS CALCULATIONS)

GEOMETRIC MODELING METHOD
= 0 USER SPECIFIED NO. OF ELEMENTS + G.P FACTOR.
= 1 USER SPEC. NO. OF ELEM.% A/W OF CLADDING-
BASE METAL INTERFACE MODEL =

NUMBER OF ELEMENTS NUMEL

n
-
(92}

INTEGRATION ORDER(# GAUSS POINTS) NGAUSS

31

NUMBER OF NODAL POINTS———eeeeeeee- NUMNP =
GEOM.PROG.FACTOR H 1.13
FE MESH NODAL POINT COORDINATES
NODAL R- NODAL R-

POINT COORD. POINT COORD.

NO. (INCHES) NO. (INCHES)

1 13.500 16 1h.327

2 13.520 17 14,455

3 13.544 18 14,600

4 13.570 19 14,763

5 13.599 20 14.948

6 13.633 21 15.156

7 13.670 22 15.392

8 13.713 23 15.659

9 13.761 24 15.960

10 13.815 25 16.300

"M 13.877 26 16.685

12 13.946 27 17.119

13 14,025 28 17.610

14 .14 29 18.165

15 4,214 30 18.792

3 19.500

ELEMENT CONNECTIVITY
ELEM. NODE NUMBERS MATERIAL

NO. I J K NO.
1 1 2 3 1
2 3 4 5
3 5 6 7
4 7 8 9
5 9 10 11
6 11 12 13
7 13 14 15
8 15 16 17
9

10 19 20 21
" 21 22 23
12 23 24 25
13 25 26 27
14 27 28 29

1
1
1
1
1
1
1
17 18 19 1
1
1
1
1
9
15 29 30 3N 1
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MATERIAL PROPERTIES FOR STRESS CALCULATIONS

NUMBER OF MATERIALS —=e=—- 1
TEMP(DEG.F) MODULUS OF ELASTICITY(XSI) - E
(MAT 1) (MAT 2) (MAT 3)
70.0 2.800D+04 2,700D+04 0.000D+00
TEMP(DEG.F) COEFF OF EXPANSION(PER DEG,F) - ALFA
(MAT 1) (MAT 2) (MAT 3)
70.0 6.500D-06 9.930D-06 0.000D+00
TEMP(DEG.F) POISSONS RATIO -  PNU
(MAT 1) (MAT 2) (MAT 3)
70.0 0.300 0.300 0.300

SELECTED TIME

[eNeNeNeNeoNoNe]
QOO OO0
(oo Ne e e Nel

INTERVAL NUMBERS FOR KI CALCULATIONS

[=NeNeNeNe Neo)
[N NoleNo N
(= NeNeNe Ne Ne
[N eNe R Ne Nol
[eNeNeNeNoNo)
[=w N NeoNe N
[ NeNoNeNe Neo)

CYLINDER DIMENSIONS (INCHES)

INNER RADIUS,

OUTER RADIUS,

WALL THICKNESS, W

RI = 13.500

RO 19,500

6.000
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TEMPERATURE GRID GEOMETRY OVER CYLINDER WALL

GRID NO. RADIUS
1 13.5000
2 13,7500
3 14,0000
Y 14,2500
5 14,5000
6 14,7500
7 15.0000
8 15.2500
9 15.5000

10 16.0000
11 16.5000
12 17.5000
13 18,5000
14 19.5000

*%% KIC (OR KIA) VALUES WERE READ IN FROM UNIT 56

MATERIAL IDENTIFICATION =TOUGHNESS PER 3/26/85 PHONE CALL WITH RDZ

SEQ.NO. TEMP. KIC VALUE

R N RN

1 -300. 27,
2 ~250. 28.
3 =200, 31.
] -150. 38.
5 -100. 48,
6 300. 130.

SEQ.NO. TEMP. KIA VALUE

1 -200. 27.
2 -150. 28.
3 -100. 31.
4 =50. 38.
5 0. 48,
6 400. 130.

CALCULATED 2-D CRACK DEPTH VALUES =

0.0000 0.1588 0.3353 0.4585 0.6088 0,9000 1,2088 1.5000 1,8071 2.4088
3.0000 3.6071 4,2441 4,8071 5,1000 5.4000

REF TEMPERATURE FOR STRESS CALCULATIONS TREF = 205.0 DEG.F
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TSE~-5 13.5/19.5 IN, RAD, LN2(-320) TO = 205 DEG. F 8/1/79 LONGIT. CRACK

KICTYP = 6, RTNDTO = 0,0 DEG., %Ci = 0,000, FO =0,00E19

SEQ RADIUS  DEPTH A/W  TEMPER. DLRTNDT CIRCUMF, ELLIPTIC
NO. IN. IN. DEG.F DEG.F STRESS KSI KU KIC KI/KIC KTA KT/KIA ANGLE
TEMPERATURE INTERVAL NUMBER = 1, TIME = 0.500 MIN., PRESSURE = 0.000 KSI
1 13.500 0,000 0,000 51.0 0. 36.65 0.00 79.37 0.000 58.68 0,000
2 13.659 0.159 0.026 79.5 0. 28.86 23.28 85.21 0.273 64,61 0,360
3 13.835 0.335 0.056 108.6 0. 20.99 29.56 91.16 0.324 70.63 0.418
4 13,958 0.458 0,076 126.4 0. 16.18 31.65 94.81 0,334 T74.32 0,426
5 14,109 0.609 0,101 1454 0. 1.12 31.9 98.67 0.323 78.22 0,408
6 14,400 0.900 0,150 171.8 0. 4,12 30,04 104,04 0,289 83.65 0.359
7 14.709 1.209 0,201 187.6 0. 0.00 27.43 107.25 0.256 86.88 0.316
8 15,000 1,500 0,250 195.0 0. ~1.90 25.92 108.74 0.238 88.39 0.293
9 15.307 1.807 0.301 200.5 0. ~3.25 23.65 109.87 0.215 89.52 0,264
10 15,909  2.409 0,401 202.5 0. -3.60 22.30 110.27 0.202 89.93 0.248
11 16.500 3,000 0,500 205.0 0. -4.07 21.68 110,77 0.196 90.43 0.240
12 17.107 3.607 0.601 205.3 0. -3.98 20.67 110.84 0,186 99.50 0,228
13 17.748 4,244 0,707 204.9 0. -3.72 19.29 110.75 0.174 90.41 0.213
14 18.307 4.807 0,801 205.0 0. -3.61 16.80 110.76 0.152 90.42 0.186
15 18.600 5,100 0,850 205.0 0. -3.56 14,56 110.77 0.1 90.4% 0,161
16 18,900 5,400 0,900 205.0 0. -3.51 10.92 110.78 0.099 90.44 0,121
TEMPERATURE INTERVAL NUMBER = 2, TIME = 1.000 MIN., PRESSURE = 0.000 KSI
1 13,500 0,000 0,000 =-17,0 0. 50.68 0.00 65.34 0.000 4h, 4y 0,000
2 13.65% 0.15% 0.026 9.5 0. 43.24 33.65 70.82 0.475 50,00 0,673
3 13.835 0,335 0,056 39.8 0. 34,87 45.01 77.07 0.584 56.35 0.799
4 13,958 0.458 0,076 61.6 0. 28.93 49,95 81.55 0.612 60.89 0,820
5 14,109 0.609 0,101 88.1 0. 21.79 52.12 86.98 0.599 66.49 0,785
6 14,400 0,900 0.150 127.3 0. 11.31 51.96 94,98 0,547 T4.49 0,697
7 14,709 1.209 0,201 156.0 0. 3.73 49.83 100.82 0,494 80.40 0,620
8 15.000 1,500 0,250 171.0 0. ~0.20 48,47 103.87 0.u467 83.48 0.581
9 15.307 1.807 0,301 183.1 0. -3.24 us, 46 106.33 0.428 85.95 0.529
10 15.909 2.409 0.401% 195.2 0. -6.13 42,52 108.78 0.3N 88.43 0.481
11 16,500 3,000 0,500 200.0 0. =7.07 41.62 109.76 0.379 89.41 0,466
12 17.107 3.607 0.601 202.3 0. -7.36 39.83 110.22 0.361 89.88 0.443
13 17.744 4,284 0,707 203.5 0. -7.38 36.96 110.47 0.335 90.13 0.410
14 18.307 4,807 0,801 204.7 0. ~7.44 32.09 110.71 0.290 90.37 0.355
15 18,600 5,100 0,850 205.1 0. =7.41 27.79 110.79 0.251 90.45 0.307
16 18.900 5,400 0,900 205.2 0. -7.32 20.92 110.82 0.189 90,48 0.231



180

TSE-5 13.5/19.5 IN. RAD, LN2(-320) TO = 205 DEG. F 8/1/79 LONGIT. CRACK

KICTYP = 6, RTNDTO = 0.0 DEG., %CU = 0.000, FO =0,00E19

R R N N R A N ssssseensers e REEEEEE ¢secececcssssesesense seec e sesvaaase tesensss e

SEQ RADIUS  DEPTH A/W  TEMPER. DLRTNDT CIRCUMF. ELLIPTIC
NO. IN. IN. DEG.F DEG.F STRESS KSI  KI KIC KI/KIC KIA KI/KIA ANGLE
TEMPERATURE INTERVAL NUMBER = 3, TIME m 1.500 MIN., PRESSURE = 0,000 KSI

1 13.500 0.000 0.000 -69.,0 . 61.32 0.00 54,51 0.000 34,87 0.000

2 13.659 0.159 0.026 -38.4 . 52.71 40,87 60.88 0,671 40,14 1.018

3 13.835 0.335 0.056 4.8 . 43,37 55.11 67.86 0.812 16.98 1.173

4 13,958 0.458 0,076 17.7 . 37.16 51.81 72.52 0.852 51.73 1.195

5 14,159 0.609 0.101 43.1 . 30.23 65.85 77.74 0.847 57.03 1.155

6 14.400 0.900 0.150 87.0 18.37 68.67 86.74 0.792 56.16 1.038

7 14.709 1,209 0.201 122.1 9.01 68.12 93.91 0.725 73.41 0,928

8 15.000 1.500 0.250 148.0 2.25 67.61 99.20 0.682 78.76 0.858

9 15.307 1.807  0.301 164,8 -2.10 64,13 102.62 0.625 82.21 0.780

« o »

10 15.909 2,409 0.3401 187.7
11 16.500 3.000 0,500 200.0
12 17.107  3.607 0.601 203.2
13 17.784 4,244 0,707 203.2
14 18.307 4.807 0.801 204.6
15 18,600 5.100 0,850 205.1
16 18.900 5.400 0,900 205.3

~7.76 60.67 107.26 0.566 86.89 0.698
-10.53 58.36 109.76 0.532 89.41 0,653
-10.91 55.04 110.481 0,498 90.07 0.611
-10.50 50.98 110.41 0.462 90.07 0.566
-10.48 44,36 110.69 0.4301 90.35 0.491
-10.45 38.42 110.80 0.347 90,46 0.425
-10.32 28,96 110.84  0.261 90.50 0.320

[ Re e e e Ne Ne oo Neo o lw o No o o)
« . . . .

TEMPERATURE INTERVAL NUMBER = 4, TIME = 1.767 MIN,, PRESSURE = 0,000 XSI
1 13.500 0.000 0.000 =90.0 0. 64.09 0.00 50.10 0.000 32.07 0,000
2 13.659 0.159 0.026 -61.6 0. 56.00 43,11 56.06 0.769 36.04 1.196
3 13.835 0.335 0.056 -29.4 a. 46.99 58,74 62.77 0.936 41,91 1.401
4 13,958 0.48 0,076 =7.7 0. 40.98 66.42 67.26 0.988 46.37 1.432
5 14.109 0.609 0.101 15.1 0. 34.66 71.65 71.98 0.995 51.17 1.400
6 14,400 0,900 0,150 57.6 0. 23,06 76.86 80.74 0.952 60.07 1.279
7 14.709 1.209 0.201 96.0 0. 12.78 77.81 88.58 0.878 68.02 1.144
8 15.000 1.500 0.250 122.0 0. 5.90 79.03 93.90 0.842 73.40 1.077
9 15.307 1.807 0.301 143.8 0. 0.21 76.27 98.35 0.776 77.90 0.979
10 15,909 2.409 0,401 174.8 0. =7.56 73.28 104.64 0.700 84,25 0.870
11 16.500 3.000 0.500 192.0 0. -11,58 71.06 108.13 0.657 87.78 0.810
12 17.107 3.607 0.601 200.0 0. -13.15 66.86 109.77 0.609 89.42 0.748
13 17.744 4,244 0,707 202.7 0. -13.31 61,22 110.31 0.555 89.97 0.681
14 18,307 4.807 0.801 203.8 0. -13.12 53.10 110.52 0,480 90.18 0.589
15 18.600 5.100 0,850  204.1 0. -13.00 46,05 110.59 0.416 90.25 0.510
16 18,900 5.400 0,900 204.4 0. -12.87 34,81 110.65 0.315 90.32 0.385



181

TSE-5 13.5/19.5 IN. RAD, LN2(-320) TD = 205 DEG. F 8/1/79 LONGIT. CRACK

KICTYP = 6, RTNDTO = 0.0 DEG.,, 4CU = 0,000, FO =0,00E19

SEQ RADIUS  DEPTH A/W  TEMPER, DLRTNDT CIRCUMF. ELLTIPTIC
NO. IN. IN. DEG.F DEG,F STRESS KSI KU KIC KI/XIC KIA KI/KIA ANGLE
TEMPERATURE INTERVAL NUMBER = 5, TIME = 2.000 MIN,, PRESSURE = 1,000 XSI

1 13,500 0.000 0.000 =105.0 66.07 0.00 46,95 0,000 3n.54 0,000

2 13.659 0.159 0.026 -76.7 58.00 uy,55 52.88 0,842 33.75 1.320

3 13.835 0.335 0.056 -46.8 49.53 61.11 59.15 1.033 38,58 1,584

4 13,958 0.458 0,076 =26.7 . 43,92 69.63 63.32 1.100 42,44 1,640

5 14,109 0.609 0,101 ~2.3 37.15 75.50 68.39 1.104 47.52 1.589

6 14,400 0.900 0,150 41.6 25.16 81.27 T7.44 1,049 56,72 1,433

7 14,709 1.209 0.201 80.6 14,68 83.19 85.44 0.974 64.83 1.283

8 15.000 1.500 0,250 108.0 7.37 85.01 91.n04 0.934 70.51 1.206

9 15.307 1.807 0.301 133.3 0.80 82.25 96.20 0.855 75.73 1.086

10 15.909 2.409 0.401 1656.6
11 16.500 3.000 0.500 182.0
12 17.107  3.607 0,601 193.5
13 17.744 4,244 0,707 201.0
14 18,307 4,807 0,801 202.8
15 18.600 5,100 0.850 203.1
16 18.900 5,400 0,900 203.7

~7.59 79.43 102.99 2.771 82.58 0.962
-11.14 78.12 106,11 0.736 85.73 0.911
-13.59 T4.43 108.43 0.686 88.08 0,845
-14.95 67.77 109.96 0.616 89.62 0,756
-14.91 58.50 110,32 0.530 89.98 0.650
-14.76 50.73 110,39 1.460 99.05 0,563
-14.66 38.39 110.50 0.347 90.16 0,426

[ NeNeNoeNolNeNe No e No e Be NoNe No B
« e . e s 8 e e s » o« o &

TEMPERATURE INTERVAL NUMBER m 6, TIME = 2.500 MIN., PRESSURE = 0,000 XSI
1 13.500 0.000 0,000 -137.0 0. T1.77 0.00 4o,42 0.000 28.49 0.000
2 13.659 0.159 0.026 -110.5 0. 64,08 48,87 45,79 1.n67 30.08 1.625
3 13.835 0.335 0.056 -80.2 0. 55.47 67.64 52.15 1.297 33.28 2,032
4 13.958 0.458 0.076 -59.0 0. 49.49 77.42 56,60 1.368 36,45 2,124
5 14,109 0.609 0.101 -34.3 n. 42,59 84,45 51,75 1.368 40,95 2,062
6 14,400 0,900 0.150 11.2 0. 30.08 92.25 71.18 1.296 50.36 1.832
7 14,709 1.209  9.20% 53.9 0. 18.55 95.57 79.97 1.195 59,29 1.512
8 15,000 1.500 0,250 88.0 0. 9.48 98.20 86.956 1,129 66.37 1.479
9 15.307 1.807 0.301 117.8 0. 1.69 95.13 93.05 1.022 72.54 1.311
10 15.909  2.409 0.401 155.6 0. =7.85 92.69 100.73 0.920 80.31 1.154
11 16.500 3,000 0.500 180.0 0. -13.67 90.49 105,70 0,856 85.32 1,061
12 17.107 3.607 0.601 193.1 0. -16.42 85.15 108.35 0.786 88,00 0,968
13 17.744 4,244 0,707 198.5 0. -17.15 77.71 109.46 0.710 89.11 0.872
14 18.307  4.807 0.801 200.6 0. =-17.10 67.25 109,87 0.612 89.52 0,751
15 18.600 5.100 0.850 201.2 0. ~16.99 58.32 110.00 0.530 89,66 0,650
16 18,900 5,400 0,900 201.8 0. -16.87 4u,13 110.13  0.401 89.79 0.492



182

TSE-5 13.5/19.5 IN. RAD, LN2(-320) TD = 205 DEG. F 8/1/79 LONGIT. CRACK

KICTYP = 6, RTNDTO = 0,0 DEG., 4%CU = 0,000, FO =0,00E19

L R R I I A N I R R R R I I I I I R R I R I R N R ] cseerea e

SEQ RADIUS  DEPTH A/W  TEMPER, DLRTNDT CIRCUMF. ELLIPTIC
NO. IN. IN. DEG.F DEG.F STRESS KSI  KI KIC KI/KIC KT4 KI/XIA ANGLE
TEMPERATURE INTERVAL NUMBER = 7, TIME = 2.967 MIN,, PRESSURE =  0.000 X351
1 13.500 0,000 0,000 =162.0 0 T4.40 0.00 35.96 0,000 27.66 0.000
2 13.659 0.159 0.026 -135.2 0. 66,61 50.75 40.77 1.245 28.57 1.777
3 13.835  0.335 0.056 -103.1 0. 57.48 70.23 47.35 1.483 30.71  2.287
4 13,958 0.458 0,076 -80.2 0. 51.08 80.25 52.15 1.539 33.28 2.411
5 14,109 9,509 9,101 -55.7 0. 44,20 87.52 57.29 1.528 37.01 2,365
6 14,300 0,920 0,150 -13.1 0. 32.41 96.38 66.15 1,457 45.25 2.130
7 14.709 1.209 0,201 27.2 0 21.43 101,14 74.48 1,358 53.72 1.883
8 15.000 1,500 0.250 59.9 0. 12.9 105.59 81.02 1.303 60.35 1.750
9 15.307 1.807  0.301 87.9 0. 5.30 104,24 86.94% 1,199 66.36 1.571
10 15.909 2,409 0,401 129.7 n. =5.41 104,49 95.48 1,094 75.00 1.393
11 16.500 3,000 0,500 169.0 0. -12.80 103.99 101.64 1,022 81.22 1.279
12 17.107  3.607 0.601 180.4 0 =17.44 98.57 105.79 0.932 85.41 1,154
13 17.744 4,244 0,707 193.0 n. -19.93 89,65 1n8.33 0.928 87.97 1.919
14 18,307 4,807 0.801 198.9 9. -20.77 77.00 109.53 1.793 89.18 0.863
15 18.600 5,100 0,850 209.4 0. -20,81 65,55 109,84 0.606 89,50 0,744
16 18,900 5,400 0,900 201.1 0 -20.,63 50.30 109.98 0,457 89.64 0,561
TEMPERATURE INTERVAL NUMBER = 8, TIME = 3.433 MIN,, PRESSURE = 0,000 KSI
1 13.500 0,000 0,000 =183.0 0. 76.91 0.00 32.92 0.000 27.25 0.000
2 13,659 0.159 0,026 =155.5 0. 68.91 52,47 37.04 1,416 27.83 1.885
3 13.835 0.335 0.056 -125.8 0. 50,38 72.96 42.63 1.711 29.05 2.512
4 13.958 0.458 0.076 -105.7 0. 54,65 84.01 45,80 1.795 30.47 2.757
5 14,109 0.609 0,101 -81.5 0. 47,85 92.34 51.88 1.780 33.11 2,789
6 14,400 0,900 0,150 =35.4 0. 35.07 102,24 61.52 1.662 40.73 2.510
7 14,709 1.209 0,201 9.8 0. 22.80 107. 31 70.89 1.514 50.06 2,143
8 15.000 1,500 0.250 42.0 0. .11 112.12 77.52 1,446 55.81 1.974
9 15.307 1.807 0.301 72.2 0. 6.17 111,04 83.72 1.326 63.09 1.760
10 15.909 2.409 0,40t 116,3 Q. =5.14 111.88 92.73 1.206 72.22 1.549
11 16,500 3,000 0,500 150.0 0. ~13.40 111.45 99.60 1,119 79.17 1.408
12 17.107  3.607 0.601 171.3 0. -18.23 106,01 103.93 1.020 83.54 1.269
13 17.744 4,244 0,707 184.6 0. ~-20.88 97.03 106.63 0.910 86.25 1.125
14 18,307 4,807  0.801 193.9 0. ~22.32 83.63 108.33 0.772 87.97 0.951
15 18,600 5,100 0,850 195.9 9. -22,68 72.33 108.92 0,664 88.57 0.817
16 18.900 5,400 0,900 197.8 0. -22,80 54,72 109.32 0,501 88.97 0.615



TSE-5 13.5/19.5 IN., RAD. LN2(-320) TO

183

= 205 DEG. F 8/1/79

KICTYP = 6, RTNDTO = 0.0 DEG,, %CU = 0,000, FO =0,00E19

...................................

SEQ RADTUS DEPTH A/W  TEMPER,

NO. IN. N, DEG.F
TEMPERATURE INTERVAL NUMBER = 9,
1 13.500 0,000 0,000 -201.,0
2 13.659 0.159 0.026 -175.0
3 13.835 0.335 0.056 -145.9
4 13.958 0,458 0,076 =125.7
5 14,109 0,609 0,101 -101.8
6 14,400 0,900 0,150 57,4
7 14.709 1,209  0.201 -15.
8 15.000 1.500 0,250 19.

0

15.307 1.807 0.301 50.
10 15.909 2,409 0,401 103.
11 16.500 3,000 0.500 140,
3
4

RO OV O -

12 17.107 607 0.601 162,
13 17.744 L2u4 0,707 176.9
14 18.307  4.807  0.801 185.8
15 18.600 5.100 0.850 189.0
16 18.900 5.400  0.900 191.2

TEMPERATURE INTERVAL NUMBER 10,

1 13,500 0.000 0,000 =223.0
2 13.659 0.159 0,026 -198.9
3 13.835 0.335 0.056 -172.0
4 13.958 0.458 0.076 -153.2
5 14,109 0.609 0.101 -130.9
6 14,400 0,900 0,150 -87.6
7 14.709 1.209 0,201 =45.1
8 15.000 1.500 0.250 -12.0
9 15.307 1.807  0.301 17.3
10 15.909 2,409 0.401 68.2
11 16,500 3.000 0,500 109.0
12 17.107  3.607  0.601 139.0
13 17.744 4,244 0,707 160.3
1 18.307 4,807 0.801 173.0
15 18.600 5.100 0.850 177.3
16 18.900  5.400 0.900 180.1

TIME =

o« ¢ & ¢ 2 e o e 2 e+ s

. .

D000 DO OCIDDODODDOO
. .

TIME =

COO0OQODODOOOCOODOOCOOO
. . . ® s s e e .

4,000 M

78.34
70.71
62.31
56.55
49.78
37.43
25.85
16,65
8.21
-5.37
~14,31
=19.44
-22.28
-23.81
-24.,22
-24,39

5.000 ™

77.99
70.86
63.01
57.63
51.25
39.14
27,47
18.52
10,69
=2.51
-12.66
-19.7
-24.33
-26.77
-27.39
-27.64

.,

0.00
53.67
T4.92
86,44
95.23
106,20
112,83
118.96
118.60
119.33
118.54
112.69
103.09

88.89

76.92

58.23

IN.,

0.00
53.63
75.22
87.11
96.43
108.38
115.77
122,81
123.64
127.43
128.79
123.28
112.54

96.61

83.46

63.17

KIC KI/KIC KT4
PRESSTRE = 0,000 KSI
30.99 0.000 27.00
34,00 1,579 27.39
38,74 1.9034 28,14
42,65 2.026 29.05
47.63 1.999 30.83
56.92 1.866 36.71
65.72 1.717 44,82
72.78 1.634 51.99
79.34 1,495 58.65
90.14 1,324 69.60
97.57 1.215 77.11
102.17 1.103 81.76
105.06 0,981 84,68
106.87 0.832 86.50
107.52 0.715 87.15
107.98 0.539 87.62
PRESSURE =  0.000 KSI
29.21 0,000 27.00
31,11 1,724 27.02
34,43 2,184 27.44
37.43 2.327 27.90
41,62 2.317 28.78
50.61 2.1 32.35
59.50 1.946 38.89
66.37 1.850 45.48
72,44 1,707 51.64
82.99 1.537 62,26
91.25 1.411 70.72
97.36 1.266 76.90
101.69 1.107 81.28
104,28 0.926 83.89
105.14 0,794 84,76
105.71 0.598 85.33

LONGIT. CRACK

KI/KTIA

0.000
1.960
2,663
2.975
3.089
2.893
2.517
2.288
2,022
1.715
1.537
1.378
1.217
1.028
0.883
0.665

ELLIPTIC

ANGLE



184

TSE-5 13.5/19.5 IN. RAD. LN2(-320) TO = 205 DEG. F 8/1/79 LONGTT. CRACK

KICTYP = 6, RTNDTO = 0.0 DEG., %CU = 0.000, FO =0.00E19

SEQ RADIUS  DEPTH A/W  TEMPER., DLRTNDT CIRCIUMF, ELLIPTIC
NO. IN. IN. DEG.F DEG.F STRESS KSI KT KIC KI/KIC KIA KI/KIA ANGLE
TEMPERATURE INTERVAL NUMBER = 11, TIME = 7.000 MIN., PRESSURE = 0,000 KSI
1 13.500 0.000 0.000 =252.0 0. 75.60 0.00 27.9% 0,000 27.00 0.000
2 13.659 0.159 0,026 -=232.1 0. 69.60 52.39 28.71 1.825 27.00 1.949
3 13.835 0.335 0,056 -207.9 0. 62.46 73.97 30.29 2.442 27.00 2.740
4 13,958 0.458 0.076 -189.9 0. 57.28 85.91 32.07 2.679 27.14  3.165
5 14,109 2.609 9,101 -169.1 0. 51.31 95.39 34.85 2.737 27.50 3.468
6 14,400 0,900 0,150 -=132,5 0. 40.92 108.49 11.29 2.627 28.69 3.781
7 14,709  1.209 0.201 -93.0 0. 29.99 117.61 49,46 2,378 31.72  3.707
8 15,000 1.500 0.250 -60.0 0. 20.95 125.93 56.39 2.233 36.29 3.470
9 15.307 1.307  0.301 -26.1 2. 11.94 127.08 63.44 2,003 42.56 2.986
10 15,909  2.409 0.401 27.7 0. -2.03 131,28 T4.57 1.761 53.81 2.440
11 16,500 3.000 0.500 70.0 0. -12.59 132.79 83.27 1.595 62.64 2,120
12 17.107  3.607  0.601 102.4 0. -20.27 127,14 89.91 1.414 69.36 1.833
13 17.784 4,244 0,707 125.6 2. -25.33 115.75 94,64 1,223 74,15 1.561
14 18.307 4.807 0.801 138.1 0. -27.67 99.37 97.17 1.023 76.71 1.295
15 18.600 5.100 0.850 42,3 0. -28.29 85.94 98.04 0.877 77.59 1.108
16 18.900 5.400 0,900 145,5 0. -28.64 65.14 98.69 0.650 78.25 0.833
TEMPERATURE INTERVAL NUMBER = 12, TIME = 10.000 MIN., PRESSURE = 0,000 ¥SI
1 13,500 0.000 0.000 -278.0 0. 68.94 0.00 27.33 0.000 27.00 0.000
2 13,659 0.159 9,026 -258.2 0. 63.02 47,57 27.76 1.714 27.00 1.762
3 13.835 0.335 0.056 -236.7 0. 56.69 67.08 28.50 2.354 27.00 2,484
4 13.958 0.458 0.076 -222.0 0. 52.39 78.09 29.27 2.668 27.00 2.892
5 14,109 0.609 0,121 -203.8 0. 47.15 86.94 30.64 2,837 27.00 3.220
6 14,400 0.900 0.150 -170.2 0. 37.60 99.06 34,70 2.855 27.48 3,605
7 14,709 1.209 0.201 -134.8 0. 27.78 107.65 409.85 2.635 28.59 3.766
8 15.000 1.500 0.250 -=103.0 0. 19.16 115.18 47.37 2.432 30.72  3.750
9 15.307 1.807  0.301 -76.2 0. 11.96 116.80 53.00 2,204 33.83 3.453
10 15.909  2.409 0,401 -27.6 0. -0.70 121.86 63.13 1.930 42,27 2.883
11 16,500 3.000 0,500 11.0 0. -10.38 124,36 71.13 1.7u48 50.3% 2,472
12 17.107  3.607 0.601 42.0 0. -17.80 120,03 77.53 1.548 56.82 2.113
13 17.744 4,244 0,707 66.3 0. -23.24 109.88 82.52 1.332 61.87 1.776
14 18,307 4.807 0.801 81.2 0. -26.26 94,48 85.56 1.104 64.96 1,454
15 18.600 5.100 0.850 86.8 0. -27.24 81.73 86,70 0,943 66.12 1,236
16 18.900 5,400 0.900 9t.2 0. ~27.92 62,01 87.61 0,708 67.04 0.925



185

TSE-5 13.5/19.5 IN, RAD, LN2(-320) TG = 205 DEG, F 8/1/79 LONGTT. CRACK

KICTYP = 6, RTNDTO = 0.0 DEG.,, %CU = 0,000, FO =0.00E19

SEQ RADIUS  DEPTH A/W  TEMPER. DLRTNDT CIRCUMF. ELLIPTIC
NO. IN. IN. DEG.F DEG.F STRESS KSI  KI KIC KI/KIC KTA KI/KTA ANGLE
TEMPERATURE INTERVAL NUMBER = 13, TIME = 15.000 MIN., PRESSURE =  0.000 XST
1 13.500 0,000 0.000 =-295.0 0. 55.10 0.0 27.07 0.000 27.00 0.000
2 13.659 0.159 0,026 -279.5 0. 50. 46 38.n6 27.31  1.394 27.00 1.410
3 13.835 0.335 0.056 -263.4 0. 45,66 53.79 27.63  1.947 27.00 1.992
4 13,958 0.458 0.076 -252.7 0. 42,50 62,81 27.92 2.250 27.70 2,326
5 14,109 0,609 0,101 -239.2 0. 38.57 70.21 28.40 2,472 27.00 2,600
6 14,400 0,900 0,150 =212.0 0. 30.85 80.37 29.95 2,683 27.00  2.977
7 14,709 1,209 0,201 -185.4 0. 23,42 87.75 32,62 2,690 27.21 3.225
8 15,000 1.500 0.250 -162.0 0. 17.03 94,76 35.96 2,635 27.66 3,426
9 15.307 1.807 0.301 -141,0 0. 11.34 96.95 39.65 2,445 28,32 3,423
10 15.909 2.409  0.401 -98.8 0. 0.29 101.89 48.26 2.111 31.12 3.274
11 16.500 3.000 0,500 =55,0 0. -8.22  104.21 55.34 1,883 35.49 2.937
12 17.107  3.607 0.601 ~37.3 0. -14.87  100.47 61.12 1.644 40,36 2,489
13 17.744 4,244 0,707 -15.6 0. -19.77 91.51 65.62 1.396 44,72 2,048
14 18,307 4.807 0.801 -3.0 a. -22.34 78.46 68.24 1.150 47,37 1.656
15 18.600 5.100 0.850 1.3 0. -23.05 67.75 69.13 0.980 48,27 1.403
16 18.900 5,400 0.900 4.3 0. -23.43 51.34 69.75 90.736 48,91 1.050
TEMPERATURE INTERVAL NUMBER = 14, TIME = 20.000 MIN., PRESSURE =  0.000 KSIT
1 13.500 0.000 0.000 -301.0 0. 42,62 0.09 27.00 0,000 27.00 0,000
2 13.659 0,159 0,026 -289.6 0. 39.18 29.51 27.15 1.087 27.00 1.093
3 13.835 0.335 0.056 -276.8 0. 35.38 41.72 27.35 1.525 27.00 1.545
4 13.958 0.458 0.076 -267.9 0. 32.78 ug.64 27.53 1.767 27.00 1.801
5 14,109 0.609 0.101 -257.6 0. 29.79 54,32 27.77 1.956 27.00 2,012
6 14,400 0,900 0.150 =237.0 . 23.92 62.26 28.49 2.186 27.00 2,306
7 14.709 1.209 0.201 -217.4 0. 18.41 68.09 29.57 2.303 27.00 2.522
8 15.000 1.500 0.250 <200.0 0. 13.63 73.86 31.00 2.382 27.00 2,735
9 15.307 1.807 0.301 -181.7 a. 8.71 75.44 33.09 2.280 27.27 2.766
10 15.909 2,409 0.401 -149.6 0. 0.29 79.27 38.08 2.082 28,01 2.830
11 16,500 3,000 0.500 -122.,0 0. ~6.65 80.86 43,41 1.863 29.27 2.763
12 17.107 3.607 0.601 -101.1 0. -11.64 77.78 47.76 1.629 30.89 2.518
13 17.744 4,244 0,707 -85.6 0. =15.13 71.17 51.03 1.395 32,60 2,183
14 18,307 4.807 0.801 -75.56 0. =17.18 61.16 53.13 1.151 33.92 1,803
15 18.600 5,100 0.850 =71.8 0. ~-17.83 52,87 53.91 0.981 34,45 1.535
16 18,900 5,400 0,900 -69.0 0. -18.26 40,10 54,51 0,736 34,87 1.150
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TSE-5 13.5/19.5 IN. RAD. LN2(-3 2-D CRITICAL CRACK DEPTHS
KICTYP = 6, RINDTO = 0.0 DEGF, 9%CU = 7,000, FO = 0.00E19

TIME INITIATION ARREST
1,24 n.076
1.27 0.055%
1.29 0.101
1,41 n.150
1,47 0.026
1.50 0.026
1.50 0.168
1.59 0.201
1.67 0.250
1.77 0.022
1.77 0.290
1.78 0.101

1.79 0.076

17.81 0.301
1.88 9.150

1.92 0.056

2.00 0.051  0.020
2.00 0.184  0.371
2.06 0.201

2.10 n.401
2.17 0.250

2.30 0.500
2.35 0.026

2.43 0.301

2.50 0.025 0.016
2.50 0.323  0.566
2.58 0.601
2.71 0. 401

2.90 0.500

2.91 0.707
2,97 0.021  0.015
2.97 0.525 0.719
3.33 0.601

3.43 0.019  0.01Y4
3.43 0.620  9.775
3.80 0.801
4,00 0.017  0.014
4,00 0.691  0.810
4.15 0.707

5.00 0.015 0.013
5.00 0.763  0.846
5.25 0.850
6.53 0.801

7.00 0.015  0.014
7.00 0.809  0.870
10.00 0.015 0.015
10.00 0.833 0.888
13.01 0.990
15.00 0.019  9.019
15.00 0. 844
20.00 0.024 0,024
20,00 0.844

MAX ON INITIATION CURVE: A/W = 0,844, TIME = 20.00
MAX ON ARREST CURVE: A/W @ 0.900, TIME = 13,01
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Appendix E

DIGITAL OUTPUT FROM POSTTEST FRACTURE-
MECHANICS ANALYSIS OF TSE-5A

A standard set of OCA-P digital input—output for a posttest deter-
ministic analysis of TSE-5A, using fracture-toughness curves deduced from
TSE-5A, is included in this appendix. Values of K, are for a two-

dimensional axial flaw, and the English system of units is used through-
out.,
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TSE5A EXPERIMENT (9-24-80) ZERO TIME 18:20:17

FRACTURE TOUGHNESS CODE (IF KICTYP m 6 , VALUES
ARE READ IN % DESCRIBED LATER IN THIS RUN) XKICTYP

MAX. # OF TIME INTERVALS TO BE READ NCYCLE
TIME INTERVAL # TO START PROCESSING DATA ISKIP
CRACK SHAPE TO BE USED TCRKTP

=1 2-D3 =2 2-D,2-M; =3 6-1,2-M;
=4 6/1,2-D,%2-M; =5 6/1,2-D

REF TEMPERATURE FOR STRESS CALCULATIONS TREF
= 0 USE TEMP IN FIRST TIME INTERVAL

WRITE TABLE-1 FOR TEMPS,KIC,ETC.THRU CYL. WALL

= -1 THEN STOP; = O NO PRINTING;
= +1 CONTINUE PROCESSING KI VALUES NOPT
UNITS SWITCH =0 ENGLISH; =1 SI ISISW

TEMPERATURE PLOTTING

= 0 NO PLOTS, = 1 PLOT NPLOT = 0
KI RATTIO PLOTTING

= 0 NO PLOTS, a 1 PLOT KRPLOT = 0
KI PLOTTING

= 0 NO PLOTS, = 1 PLOT KIPLT = 0
ENVELOPE PLOTTING

= 0 NO PLOTS, = 1 PLOT KENPLT = 1
STRESS/TEMP/KI/KIC/XIA PLOTTING

= 0 NO PLOTS, = 1 PLOT KALPLT = 0
TIME DEPENDENT PRESSURES NPR =

SEQ.NO. TIME PRESSURE

(MINUTES) (KSI)

D I R N R R

50

OCA-P
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RADIATION DAMAGE/RUN CONTROL

RADIATION DAMAGE CALC SWITCH IRTNSW =
ATTENUATION CONSTANT ATTCON =
STRESS INPUT SWITCH ISTRSW =
0=CALC BY FE METHOD, 1=INPUT ON UNIT3
0=DEEPEST POINT, 1=MAX ON CRACK FRONT
INCIPIENT INITIATION SEARCH CONTROL
INCIPIENT INITIATION SEARCH SWITCH IBINSW =
0=NO SEARCH, 1=SEARCH, 2=PARAMETRIC SEARCH
FLAW SHAPE CONTROL SWITCH ISEASW =
0=LONG(2-D), 1=(6 TO 1) ELLIPTITICAL
MIN A/W USED ON THRESHOLD SEARCH AWMTN =
MAX A/W USED ON THRESHOLD SEARCH AWMAX =
UPPER LIMIT ON THRESHOLD SEARCH TUPLIM =
TOUGHNESS PROPERTIES(-1 MEANS NOT INPUT)
FLUENCE, INSIDE SURFACE FO s 0.000E+00
REFERENCE TEMP., INITIAL RTNDTO = 0.000
PER CENT CU cesenennaes CUPER = 0.000
PER CENT P ceeesersane PPER = 0.000
PER CENT NI cecevrernnan PERNI = 2.000

DELTA RTNDT(INNER SURFACE) DRTNIN = -999.0

0.2400

0,0249
0.1510

0,.50D+20



GEOMETRIC
= 0 USER
= 1 USER
BASE

NUMBER OF
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FINITE ELEMENT PARAMETERS (STRESS CALCULATIONS)

ELEMENTS

MODELING METHOD
SPECIFIED NO, OF ELEMENTS + G.P FACTOR.
SPEC. NO, OF ELEM.% A/W OF CLADDING=-

METAL INTERFACE

MODEL

NUMEL

INTEGRATION ORDER(# GAUSS POINTS) NGAUSS

NUMBER OF NODAL POINTSw-—wwwma—eee-— NUMNP
GEOM.PROG.FACTOR = 1.13
FE MESH NODAL POINT COORDINATES
NODAL R- NODAL
POINT COORD. POINT
NO. (INCHES) NO.
1 13.500 16
2 13.520 17
3 13,544 18
4 13.570 19
5 13.599 20
6 13.633 21
7 13.670 22
8 13.713 23
9 13.761 24
10 13.815 25
11 13.877 26
12 13.946 27
13 14,025 28
T 14,114 29
15 14,214 30
31
ELEMENT CONNECTIVITY
ELEM, NODE NUMBERS MATERIAL
NO. I J K NO.
1 1 2 3 1
2 3 4 5 1
3 5 6 7 1
y 7 8 ) 1
5 9 10 1 1
6 11 12 13 1
7 13 14 15 1
8 15 16 17 1
9 17 18 19 1
10 19 20 21 1
1" 21 22 23 1
12 23 24 25 1
13 25 26 27 1
14 27 28 29 1
15 29 30 3 1

R=-
COORD.
(TNCHES)
14,327
14,455
14,600
14,763
14,9u8
15.156
15.392
15.659
15.960
16.300
16.685
17.119
17.610
18.165
18.792
19.500

N

31
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MATERTAL PROPERTIES FOR STRESS CALCULATIONS

NUMBER OF MATERIALS

TEMP(DEG.F) MODULUS OF ELASTICITY(KSI) - E
(MAT 1) (MAT 2) (MAT 3)
70.0 2.800D+04 2.700D+04 0.000D+00
TEMP(DEG.F) COEFF OF EXPANSION(PER DEG.F) - ALFA
(MAT 1) (MAT 2) (MAT 3)
70.0 6.500D-06 9.930D-06 0.000D+00
TEMP (DEG.F) POISSONS RATIO -  PNU
(MAT 1) (MAT 2) (MAT 3)
70.0 0.300 0.300 0.300
SELECTED TIME INTERVAL NUMBERS FOR KI CALCULATIONS
0 0 0 0 N o o0 0 0o ©
9 0 0 0 0 5 0 0 0 0O
02 0 0 o 9 0 o0 0 o 0
0o o0 0 o o0 o o0 o 0 0
o 0 0 5 0o o o 0 0 0
0 0 0o 0 0 60 0 0 0 0
0
CYLINDER DIMENSIONS (TNCHES)
INNER RADIUS, RI m 13.500
OUTER RADIUS, RO = 19.500
WALL THICKNESS, W = 5,000

TEMPERATURE
GRID

GRID GEOMETRY OVER CYLINDER WALL
NO. RADIUS

DR R I I I I I I S A A S I ST AT S Y ST PR N}

W ONAJ EWN 2

[ Y
EwnN = o

13.5000
13.7500
14,0000
14,2500
14,5000
14,7500
15.0000
15.2500
15.5000
16.0000
16.5000
17.5000
18.5000
19.5000
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**% KIC (OR KIA) VALUES WERE READ TN FROM UNIT 56

MATERTAL IDENTIFICATION =TOUGHNESS PER 3/26/85 PYONE CALL WITH RDC

SEQ.NO. TEMP, KIC VALUE

D R I R IR

1 -300. 33.
2 -200. 35.
3 -100. 39.
y -50. 45,
5 0. 57.
6 50. 88.
7 75. 125.
8 100. 185.
9 125. 260.
10 150. 400,
1 200. 680.

SEQ.NO. TEMP. KIA VALUE

LR R I R A A R R R )

1 -260. 33.
2 -160, 34,
3 -60. 35.
y -10. 41,
5 40. 55.
6 90. T7.
7 140, 108.
8 165, 125.
9 190. 146,
10 240, 188.

CALCULATED 2-D CRACK DEPTH VALUES =
0.0000 0.1588 0,3353 0,4585 0.6088 0,9000 1.2088 1.5000 1.8071 2.4088
3.0000 3,6071 4,2441 4,8071 5,1000 5, 4000

REF TEMPERATURE FOR STRESS CALCULATIONS TREF = 200.0 DEG.F
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TSE5A EXPERIMENT (9-24-80) ZERO TIME 18:20:17 LONGTIT. CRACK

KICTYP = 6, RTNDTO = 0.0 DEG., %CU = 0,000, FO =0,00E19

SEQ RADIUS  DEPTH A/W  TEMPER. DLRTNDT CIRCUMF, ELLTPTIC
NO. IN. IN. DEG.F DEG.F STRESS KSI  KI KIC KI/KIC KIA KI/KTA ANGLE
TEMPERATURE INTERVAL NUMBER = 1, TIME = 0.500 MIN., PRESSURE = 0,000 XSI

1 13,500 0.000 0,000 40.0 . 38.18 0.00 78.56 0.000 55,00 0,000

2 13.659 0.159 0.026 72.8 . 29.25 23.88 120,71 0.198 68.33 0,349

3 13.835 0.335 0,056 104,2 . 20.78 29.89 195.31 0.153 85.20 0.351

4 13,958 0,458 0,076 121.8 . 16.06 31.87 246.89 0.129 96.19 0.331

5 14,109 0.609 0,101 139.3 11.36 32.21 335.27 0.096 107.57 0.299

6 14,400 0,900 0,150 165.3 . 4,46 30,63 490.09 0.062 125,26 0,245

7 14,709 1.209 0.201 181.6 0.22 28.04 580,47 0.048 138,66 0,202

8 15.000 1.500 0.250 197.0 -1.92 26,48 526,24 0,042 146,00 0,181

9 15.307 1.807 0.301 194.8 -3.09 24,32 651.87 0.037 150,12 0,162

10 15.909 2,409 0.401 198.8
11 16.500 3.000 0,500 200.0
12 17.107  3.607 0,601 200.2
13 17.744 4,244 0,707  199.9
14 18,307 4,807 0.801 200.0
15 18,600 5.100 0.850 200.0
16 18.900 5.400 0,900 200.0

-3.98 22.41 673.77 0.033 153.61 0.146
=4.10 21.85 680,00 0.032 154,61 Q. 141
-3.98 20.92 680.00 0.031 154,77 0,135
-3.76 19.52 679.68 0.029 154,55 0.126
-3.65 17.00 679.86 0.025 154,58 0.110
-3.59 14,73 680,00 0,022 154,61 0,095
-3.54 11.03 680.00 0.016 154,62 0,071

[ NeNe e No No o No No o o Bo No NoNe Nol
« e e s . .

“ e s s e

TEMPERATURE INTERVAL NUMBER = 2, TIME = 1.000 MIN,, PRESSURE =  0.000 KSI
1 13,500 0,000 0,000 -48.0 0. 57.04 0.00 45,33 0,000 35.86 0.000
2 13.659 0.159 0,026 -10.4 0. 46.66 36.98 53.73 0.688 40.93 0.904
3 13.835 0,335 0,056 27.7 a. 36.24 48,34 69.64 0,694 50.84 0.951
4 13.958 0.458 0.076 50.8 0. 29.95 53.15 38.88 0.598 59.00 0.901
5 14,109 0.609 0.101 75.4 0. 23.30 55.51 125.75 0.u441 69.53 0.798
6 14,400 0.900 0,150 112.7 0. 13.26 56.32 217.22 0.259 90.41 0,623
7 14.709 1,209 0,201 1.7 0. 5.57 54.91 349,43 0.157 109.10 0.503
8 15,000 1,500 0,250 162.0 0. 0.30 53.71 470,94 0,114 122,76 0,438
9 15.307 1.807 0.301 175.2 0. -3.07 50.40 545,46 0,092 133.21 0.378
10 15.909 2.409 0.401 190.7 0. -6.83 47.11 629,88 0,075 146.59 0.321%
11 16.500 3.000 0,500 198.0 0. -3.39 4s. 44 669,27 0.068 152,90 0.297
12 17.107 3.607 0.601 200.2 0. -8.60 42,92 680.00 0.063 154,77 0,277
13 17.744 4,244 0,707 199.9 0. -8.19 39.68 679.48 0,058 154,52 0,257
14 18,307 4.807 0.801 200.0 0. -7.93 34,54 679.77 0.051 154,57 0,223
15 18,600 5.100 0.850 200.0 0. -7.81 29,95 680.00 0,044 154,62 0,194
16 18,900 5.400 0,900 200.0 0. -7.69 22.55 680,00 0.033 154,64 0.146



KICTYP = 6,

NO.

TEMPERATURE INTERVAL NUMBER

W oWV ZWwWi -

10
1"
12
13
it
15
16

TEMPERATURE INTERVAL

WO OUIZWN =

[ Y
UV EWN 2O
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TSE5A EXPERIMENT (9-24-80) ZERO TIME 18:20:17

IN.

13.500
13,659
13.835
13.958
14,109
14,400
14,709
15.000
15.307
15.909
16.500
17.107
17.744
18.307
18.600
18.900

13.500
13.659
13.835
13.958
14,109
14,400
14,709
15.000
15.307
15.909
16,500
17.107
17.744
18.307
18.600
18.900

RTNDTO =

DEPTH
IN.

0.090
0.159
0.335
0.1458
0.609
0.900
1.209
1.500
1.807
2.1409
3.000
3.607
4. 24y
4,807
5. 100
5. 400

0.000
0.159
0.335
0.458
0.609
0.9920
1.209
1.500
1.807
2.409
3.000
3.607
4,24y
4,807
5.100
5.400

0.0 DEG.,

A/W

0.000
0.026
0.056
0.076
0.101
0.150
0.201
0.250
0.301
0. 401
2.500
0.601
0.707
0.801
0.850
0.900

NUMBER

0.000
0.026
0.056
0.076
n.10
0.150
0.201
0.250
0.301
0,401
0.500
0.601
0.707
0.801
0.850
0.900

ses s

TEMPER,

DEG.F

3,

-82.0
=41.7
-1.3
22.7
47.5
88.5
122.4
145.0
164, 1
186.0
195.0
199.0
200.2
200.1
200.0
199.9

4,

-94.0
-53.8
-13.0

12.1

39.4

82.7
117.2
141.0
160.1
182.8
193.0
197.6
199.5
200.0
200.0
200.0

ssss s

DLRTNDT CIRCUMF,
DEG.F STRESS KSI

TIME o

« e s e v e e

oo Ne e Ne Ne Be NeNeo Bo No Be o Jo o o
. « o . . .

TIME =

) . . . .

[ e Ne Be o No Bo o B Be oo Ho o Ro e |
. . e s » . . .

ORI

srsessr e

%CU = 0,000, FO =0.00E19

1.233 MIN,,

63.96
52.80
41,72
35.15
28.37
17.29
8.27
2.33
~2.57
~7.95
-9.89
-10.49
-10.39
-10.01
~-9.82
-9.65

0.00
41,67
54,88
60.79
64,20
66.56
65.78
65.46
61.88
58.02
56.02
53.02
48,70
42,26
36.65
27.63

1.300 MIN,,

66.36
55.20
43.97
37.10
29.65
17.95
8.78
2.53
-2.37
-7.96
-10.21
-10.96
-11.00
-10.75
-10.59
-10.42

0.00
43,42
57.44
63.76
67.31
69.53
68.91
68.60
65.02
61.U2
59. 47
56.37
51.82
44,92
38.94
29.35

DRI

PRESSURE =

40.69
"6, ul
56.55
66.71
85.46
156,21
249,34
369.48
483,00
604,58
653.15
674,41
630,00
680,00
679.80
679.56

PRESSURE =

39.51
44,39
52,98
61.58
78.10
142,12
230.73
345,22
459,75
587.05
542,40
667.22
677.25
679.77
689.00
680.00

LONGIT. CRACK

ELLTPTI
KI/KIC KI4 KI/KTA ANGLE
0.000 KSI
n,000 34,05 0,000
0.897 36,43 1.144
0.970 42,84 1.281
0,911 49.27 1.234
0.751 57.75 1.112
0.426 76.20 0,873
0.264 96.60 0,681
0.177 111,22 0.589
N0.128 124,32 0,498
0.096 142,51 0,407
0.086 150.32 0,373
0.079 153.72 0.345
n,072 154,80 0.315
n.062 154,69 0.273
0.054 154,57 0,237
0.041 154,54 0,179
n.000 ¥XSI

0.000 33.81 0.000
0.978 35.41 1,226
1.084 4o.u3 1.4
1.035 46,21 1.380
0.862 54,80 1,228
0.489 73.18 0.950
0.299 93.25 0.739
0.199 108.64 0,631
0. 141 121.36 0.536
0.105 139.71 0.440
0.093 148.60 0,400
0.084 152.57 0.369
0.077 154.17 0.336
0,066 154,57 0.29N
0.057 154,62 0,252
0.043 154.63 0.190
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TSESA EXPERIMENT (9-24-80) ZERO TIME 18:20:17 LONGIT. CRACK

KICTYP m 6, RTNDTO m 0.0 DEG., %CU = 0,000, FO =0.NOE19

SEQ RADIUS  DEPTH A/W  TEMPER. DLRTNDT CIRCUMF. ELLIPTIC
NO. IN. IN. DEG.F DEG.F STRESS KSI  KI KIC KI/KIC KIA KI/KTA ANGLE
TEMPERATURE INTERVAL NUMBER m 5, TIME = 1.500 MIN., PRESSURE = 0.000 KSI
1 13.500 0.000 0.000 -=122.0 0. 71.97 0.00 37.48 0,000 33.72 0.000
2 13.659 0.159 0.026 -~79.6 0. 60.17 47.21 40,96 1,153 34.12 1,383
3 13.835 0.335 0.056 -37.8 0. 48,63 62.81 47,18 1.331 36.83 1.705
4 13,958 0.458 0.076 -12.3 0. 41,62 70.16 53.17 1.320 40.55 1.730
5 14.109 0.609 0.101 17.6 0. 33.46 T4, 44 64,08 1,162 47.75 1.559
6 14,400 0.900 0.150 64.5 0. 20,77 77.33 106.43 0,727 64.59 1.197
7 14,709 1,209 0.201 101.7 0. 10.84 77.40 189.09 0,409 83.67 0.925
8§ 15.000 1.500 0.250 128.0 0. 3.88 T7.57 273.67 0.283 100.22 0.774
9 15.307 1.807 0.301 150.4 0. ~1.90 73.85 402.72 0,183 114.77 0.643
10 15.909 2.409 0.401 177.0 Q. -8.46 70.35 555.53 0.127 134,76 0.522
11 16,500 3,000 0.500 190.0 0. <11.39 68.12 626,24 0,109 146,00 0.467
12 17.107  3.607 0.601 195.9 0., 12,42 64,61 658.08 0,098 151.11 0.428
13 17.744 4.244 0,707 198.8 0, =12,67 59.33 673.77 0.088 153.61 0,386
14 18,307 4.807 0.801 199.9 0. =12.5 51.37 679.23 0,076 154,48 0.332
15 18.600 5.100 0.850 200.0 0. <=12.35 4u.,50 630,00 0,065 154.65 0,288
16 18.900 5.400 9,900 200,1 0. =12,16 33.55 680.00 0,049 154,70 0.217
TEMPERATURE INTERVAL NUMBER = 6, TIME = 2,033 MIN,, PRESSURE = 0,000 XSI
1 13.500 0.000 0.000 =180.0 0. 82,16 0.00 35.49 0,000 34,01 0.000
2 13,659 0.159 0,026 ~139.2 0. 70.67 54.77 36.63 1.495 33.85 1.518
3 13.835 0.335 0.056 ~97.5 0. 59.00 7417 39.21 1.89 33.76 2.197
4 13.958 0.458 0.076 ~70.8 0. 51.59 83.82 42,00 1.996 34.45 2,433
5 14,109 0.609 0.10% ~39.4 0. 42,94 90.15 46.88 1.923 36,67 2.458
6 14,40 0,900 0,150 13.0 0. 28.66 96.03 61.98 1.550 46,45 2,067
7 14.709 1.209 0.201 56.8 a. 16.87 98.11 95.81 1,024 61.37 1.599
8 15.000 1.500 0.250 90.0 0. 8.06 100.00 159.89 0.625 77.00 1.299
9 15.307 1.807 0.301 118.7 0. 0.59 96.59 235,96 0,409 94.25 1.025
10 15.909 2.409 0.401 157.7 0. ~9.20 93.29 bys. g4 0,209 119.67 0.780
11 16.500 3.000 0.500 178.0 0. ~13.93 90.95 560.94 0,162 135.59 0.671%
12 17.107 3.607 0.601 188.7 0. -16,07 86.36 619.13 0.139 144,86 0.596
13 17.784 4,244 0,707 195.1 0. -17.06 79.16 653.65 0.121 150.40 0.526
14 18.307 4.807 0.801 198.4 0. -17.33 63,34 671.34 0,102 153.23 0.446
15 18.600 5.100 0.850 199.2 0. -17.24 59.13 675.77 0.088 153.93 0.384
16 18.900 5.400 0.900 199.5 0. -17.02 Uy, 61 677.18 0.066 154,16 0,289
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TSE5A EXPERIMENT (9-24-80) ZERO TIME 18:20:17

KICTYP @ 6, RTNDTO = 0.0 DEG,, %CU = 0.000, FO =0.00E19

D R I I N R I I R I I N A N B A N Y seesssansee sec e

SEQ RADIUS  DEPTH A/W  TEMPER, DLRTNDT CIRCUMF.

NO. IN, IN. DEG.F DEG.F STRESS KSI  KI
TEMPERATURE INTERVAL NUMBER = 7, TIME = 2.500 MIN.,
T 13.500 0.000 0.000 -=212.0 0. 86.43 0.00
2 13.659 0.159 0.026 -174.9 a. 75.84 58.27
3 13.835 0.335 0.056 -135.0 0. 64.58 79.84
4 13.958 0.458 0.076 -108.6 0. 57.20 91.89
5 1,109 0,609 0,101 -78.3 0. 48,79 98.65
6 14,400 0.900 0,150 =26.2 0. 34,46 107.20
7 14.709 1.209 0,201 21.3 Q. 21.60 111,18
8 15.000 1.500 0,250 58.0 0. 11.81 114,72
9 15.307 1.807 0.301% 90.6 0. 3.28  112.05
10 15.909 2.409  0.401 136.8 0. -8.44 109.90
11 16,500 3,000 0.500 165.0 0. -15.19  108.03
12 17.107  3.607 0.601 181.6 0. -18.76 102,36
13 17.744 4,244 0,707 1911 0. -20,43 93.54
14 18,307 4.807  0.801 196.0 0. -21.00 80.65
15 18.600 5.100 0.850 197.4 0. ~20.99 69.76
16 18.900 5,400 0.900 198.0 0. -20.80 52.69
TEMPERATURE INTERVAL NUMBER = 8, TIME = 3.067 MIN.,
1 13.500 0.000 0.000 =233.0 0. 87 .44 0.00
2 13.659 0.159 0.026 -197.0 0. 77.13 59.12
3 13.835 0.335 0.056 -159.1 0. 66.36 81.38
4 13.958 0.458 0.076 -134.7 0. 59.49 93.10
5 14,109 0.609 0.101 -107.8 0. 51.93 101.86
6 14.400 0.900 0.150 —58.5 0. 38.26 112.54
7 14.709 1,209 0.201 -10.7 0. 25.25 118.23
8 15.000 1.500 0.250 27.0 0. 15.13 123.39
9 15.307 1,807 0.301 0.6 0. 6.28 121.82
10 15.909 2.409 0.401 111.6 0. -6.74 121.88
11 16,500 3.000 0.500 145.0 0. -14.89 120.98
12 17,107 3.607 0.601 167.6 0. ~19.99 115.26
13 17.744 4,244 0,707 182.9 0. -23.08 105.06
i 18.307  4.807 0.801 190.5 0. -24.24 90.33
15 18.600 5.100 0.850 192.6 0. -24,38 78.10
16 18.900 5,400 0,900 193.9 0. 24,31 59.05

KIC XI/KIC

cesereessesssastean

D N R I I R S P N RN Y

LONGIT. CRACK

KIA KI/XKIA

0.000 KSI

33.75
34,02
33.81
33.69
34,16
38.28
ug.86
61.86
77.34
105.91
125.00
138.68
146.94
151.19
152,36
152.91

0.000 XSI

33.45
33.90
34.00
33.81
33.70
35.09
40.86
50.62
62.94
89.70
111.22
127.02
139.84
146,39
148,28
149,41

0.000
1.713
2,361
2.698
2,888
2.800
2,276
1.855
1.449
1.038
0.864
0.738
0.637
0.533
0.458
0.345

0.000
1.744
2.394
2.754
3.023
3.207
2.893
2.438
1.936
1.359
1.088
0.907
0.751
0.617
0.527
0.395
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TSE5A EXPERIMENT (9-24-80) ZERO TIME 18:20:17

KICTYP = 6, RTNDTO = 0.0 DEG., %CU = 0.000, FO =0.N0E19

LONGTT. CRACK

------ R R T I N I N S R R R I I I I R R N e N R R R I A R R I ]

SEQ RADIUS  DEPTH A/W  TEMPER. DLRTNDT CIRCUMF.

ELLTPTIC
NO. IN. IN. DEG.F DEG.F STRESS K3I  KI KIC KI/XIC KTA  KT/KTA ANGLE
TEMPERATURE INTERVAL NUMBER = 9, TIME = 3.500 MIN., PRESSURE = 0,000 KSI
1 13,500 0.000 0,000 -243,0 0. 87.00 0.00 34,15 0.000 33.29 0.000
2 13.659 0.159 0.026 -213.0 0. 78.23 59.49 34.75 1.712 33.73 1.763
3 13.835 0.335 0.056 -177.5 0. 68.10 82,64 35.46 2.331 34.01  2.429
4 13.958 0.458 0.076 -152.8 0. 61.11 94.82 36.13 2.625 33.96 2.792
5 14,109 0,609 0,101 -126.4 0. 53.58 104,02 37.24 2,794 33.75 3.083
6 14,4500 0,900 0.150 -79.2 0. 40.51 115.87 41.00 2.826 34.13 3.395
7 14,709 1,209 0.201 -32.6 0. 27.75 122.80 48,23 2,546 37.44 3,280
8 15.000 1.500 0.250 5.0 0. 17.63 129.25 58.77 2.199 44,35 2,914
9 15.307 1.807 0.301 40.0 0. 8.36 128.51 78.57 1.636 55.01 2.336
10 15.909 2.409 0.401 95.1 0. =5.78 129.58 172.70 0.750 79.83 1.623
11 16.500 3.000 0.500 132.0 0. -14.,84 129.33 293.89 0.440 102.82 1.258
12 17.107 3.607 0.601 159.3 0. -21.13 123.22 455,16 0.271 120.80 1.020
13 17.744 4,244 0,707 177.6 0. -24.93 111.91 558.84 0,200 135.27 0.827
14 18,307 4,807 0.801 185.4 0. -26.09 96.17 601,40 0.160 142,00 0.677
15 18.600 5,100 0.850 187.7 0. -26.25 83.23 613.84 0,136 144,00 0,578
16 18.900 5.400 0.900 189.5 0. -26.26 63.03 623.33 0.101 145,53 0,433
TEMPERATURE INTERVAL NUMBER = 10, TIME = 4,000 MIN., PRESSURE = 0,000 XSI
1 13.500 0.000 0.000 =252.0 0. 86.28 0.00 33.97 0.000 33.14 1.000
2 13.659 0.159 0.026 =221.4 0. 77.38 58.89 34,58 1.703 33.62 1,752
3 13.835 0.335 0.056 -187.9 0. 67.74 81.89 35.24 2,324 33.97 2.41
4 13,958 0.458 0.076 -165.3 0. £1.32 94.27 35.75 2.637 34.02 2.7
5 14.109 0.609 0.101 -~139.7 0. 54.07 103.76 36.61 2.834 33.85 3.065
6 14,400 0,900 0,150 -93.3 0. 41.12 115.93 39.58 2.929 33.82 3.428
7 14,709 1,209 0.201 -48.4 0. 28.79 123.53 45.27 2.729 35.83 3.448
8 15.000 1.500 0.250 -13.0 0. 19,20 130.82 52,98 2,469 40.43 3.236
9 15.307 1.807 0.301 21.0 0. 10.18 131,04 65.80 1.992 48,76 2.688
10 15.909 2.409 0.401 75.7 0. -3.97 133.84 126,50 1.058 69.71 1.920
11 16.500 3.000 0.500 118.0 0. -14,43 134,29 233.46 0.575 93.78 1.432
12 17.107  3.607 0.601 146.9 0. =21.15 128.19 381,22 0,336 112.47 1.140
13 17.744 4,244 0,707 166.9 0. -25.38 117.09 499.01 0.235 126,47 0.926
14 18.307 4.807 0.801 179.2 0. -27.67  100.53 567.49 0.177 136.61 0.736
15 18.600 5,100 0.850 183.1 0. -28.19 86.81 589.05 0,147 140.02 0.620
16 18,900 5,400 0.900 185.4 0. -28.29 65.63 601.52 0,109 142,02 0,462
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TSESA EXPERIMENT (9-24-30) ZERO TIME 18:20:17 LONGIT. CRACK

KICTYP = 6, RTNDTO = 0.0 DEG., %CU = 0,000, FO =0.00E19

"SEQ "RADIUS " 'DEPTH ~ " 'a/W " 'TEMPER. DLRTNDT CIRCUMF, ELLIPTIC
NO.  IN. N, DEG.F  DEG.F STRESS KSI  KI KIC KI/KIC KIA KI/XIA ANGLE
TEMPERATURE INTERVAL NUMBER = 11, TIME = 4¥.500 MIN., PRESSURE =  0.000 KSI
1 13,500 0.000 0.000 ~-257.0 0.  8u4.40 0.00 33.87 0.000  33.05 0.000
2 13.659 0.159 0.026 -228.1 0.  75.94 57,71 34,45 1.675 33,53 1.721
3 13,835 0,335 0.056 -197.6 0.  67.11 80.56 35.05 2.298  33.90 2.376
4 13,958 0.458 0.076 =-177.0 0.  61.22 93,11 35,47 2,625 34,02 2,737
5 14,109 0.609 0.101 =151.2 n.  53.93  102.73 36,18 2,840  33.95 3.026
6 14,400 0.900 0,150 =106.7 0. 41,45 115,02 38.48 2.989  33.70 3.413
7 14.709  1.209 0.201 ~63.4 0.  29.54 123.34 42,97 2.870  34.80 3.54l
8 15.000 1,500 0.250 -30.0 n.  20.83 131,22 48.78 2.590  37.76 3.475
9 15,307 1.807 0,301 3,1 n. 11.61 132,28 58,09 2.277 43,89 3,014
10 15,909 2,409 0.401  58.8 n.,  =2.83 136.00 98.37 1.383  62.19 2.187
11 16.500 3.000 0.500 102.0 0. -13.56 137.38  189.90 0.723  83.86 1.638
12 17.107  3.607  0.601 134.0 0. =21.10 131.4 304,93 0,431 104 14 1,262
13 17.7484  B.284 0,707  156.6 0. -=25.99 119,97  439.71 0.273 118.95 1,009
14 18,307 4.807 0.801 169.9 0. -28.50 103.02  515.75 0.200 128.82 0.800
15 18.600 5,100 0.850 174.3 0. =29.15  89.02  S40.T4 0.165 132.50 0,672
16 18.900 5.400 0,900 177.4 0. -29.45  67.39  557.77 0,121 135.10 0.499
TEMPERATURE INTERVAL NUMBER = 12, TIME = 5.000 MIN., PRESSURE = 0.000 XST
1 13,500 0.000 0,000 -262.0 0.  82.85 0.00 33.77 0.000  33.00 0.000
2 13,659 0,159 0.026 -235.6 0. 75.06  56.89 34,30 1.659  33.41 1,703
3 13.835 0.335 0,056 =205.1 0. 66,24  T79.53 34.90 2,279 33.82 2,351
4 13.958 0.458 0.076 -183.8 0. 60.18  91.80 35.32 2.599  33.99 2.701
5 14,109 0.609 0,101 =160.3 0.  53.47 101.36 35.89 2.824 34,00 2,981
6 14,400 0.900 0,150 =118.9 0. 41,87 114,26 37.67 3.033  33.71 3.390
7 14,709 1,209 0.201 =77.2 0.  30.31 123,01 41,22 2.98% 34,20 3.597
8 15.000 1,500 0.250 -42.0 n. 20,74 131.13 46.39 2,827 36,40 3,602
9 15.307 1.807 0.301  -9.1 0. 11.95  132.21 54,11 2,483 41,18 3,210
10 15.909  2.409  0.401 4u .1 0. -1.87 136.75 82.15 1.665  56.47 2,422
11 16.500 3.000 0.500  87.0 0. =12.57 139.17  152.41 0.913  75.39 1.846
12 17.107  3.607 0.601 122.1 0. =20.91 133.50 248,01 0.538  96.38 1.385
13 17.7484  4.244 0,707 147.3 0. -26.4 121,57  383.37 0.317 112.69 1.079
14 18.307 4.807 0.801 160.8 0. -29.04 104,35 463,99 0,225 121.88 0.856
15 18.600 5.100 0.850 165.4 0. -29.73  90.23  490.62 0,184 125.33 0,720
16 18,900 5.400 0,900 169.0 0. -39.13  68.39  510.69 0.13% 128.10 0.534



KICTYP = 6,

0.

TSESA EXPERIMENT (9-24-80) ZERO TIME 18:20:17

sesstennn

?FQ RADIUS

IN.

13.500
13.659
13.835
13.958
14,109
14,400
14.709
15.000
15,307
15.909
16.500
17.107
17,744
18.307
18.600
18.900

RTNDTO

DEPTH
IN.

0.000
0.159
0.335
0.458
0.609
0.900
1.209
1.500
1.807
2.409
3.000
3.607
h.2uy
4,807
5.100
5.400

= 0.0 DEG,, %

A/W

0,000
0.026
0.056
0.076
0.101
0.150
0.201
0.250
0.301
0. 401
0.500
0.601
0.707
0,801
0.850
0,900

TEMPERATURE INTERVAL NUMBER

OO OAUJ Z W) -

[T S G QY
DU FW NN O

13.500
13.659
13.835
13.958
14,199
14.400
14,709
15.000
15.307
15.909
16.500
17.107
17.744
18.307
18.600
18.900

0.000
0.159
0.335
0,458

0.609 "

0.900
1.209
1.500
1.807
2,409
3.000
3.607
4,24y
4,807
5.100
5.400

0.000
0.026
0.056
0.076
0.101
0,150
0.201
0.250
0,301
0. 401
0.500
0.601
0.707
0.801
0.850
0.900

sesssesee

DLRTNDT

TEMPER,
DEG.F

r
-

U

199

= 0.000, FO =N,00E19Q

e

CIRCIMF,

DEG,F STRESS KSI KT

TIME =

e s s e » s e e s e = s s s e

OD OO0 VDIDIODDOO DOHO
« s e s e . . « e e s 4 e

.

6.000 MIN,,

79.73
72.19
64,18
58.82
52.33
41.01
30.57
21.61
12.90
-0.88
-12.03
-20.34
-26,11
-29.17
-30.08
~30.65

0.00
54.71
76.65
88.82
98.35
111.02
120,24
128.99
130.58
136.19
138.66
133.33
121.78
104,59

90.43

68.55

7.000 MIN,,

75.92
69.38
61.83
56.55
50.72
40,42
30.23
21.59
13.71
-0.23
-10.85
-19.32
-25.76
-29.27
-30.29
-30.90

0.00
52.39
73.65
85.34
gl ,hlL
107.59
116,84
125.62
127.83
133.85
137.01
132,46
121,07
103.83

89.70

67.98

PRESSURE =

33.61
34,12
34,67
35.03
35.50
36.80
39.18
42.75
48.26
65.53
107.20
184.54
263.53
346,29
379.97
405,80

PRESSURE =

33.51
33.95
34,45
34,83
35.22
36.14
37.87
40.48
4y, 25
55.56
79.40
127.67
196,63
247,12
272.89
295.10

0.000 XSIT

0,000 33.00
1.603 33.27
2.211 33.68
2.535 33.89
2,770 34,02
3.017 33.81
3.n69 33.76
3.017 34,72
2.706 37.46
2.078 48.60
1.293 64.81
N.723 82.57
0.462 98.80
0,302 108.76
0.238  112.33
0.169 5.1

0,000 KSI

0,000 33.00
1.543 33.12
2.137 33.54
2.450 33.7%
2,687 33.97
2.977 33.96
3.086 33.70
3.103 34.00
2.889 35.34
2.366 42,84
1.725 55.36
1.038 69.98
0.616 85.52
0.420 96.23
9.329 100.11
0.230 102.96

0

AV

OO O =2 =N WWWW N

O = 2 2 NDWWWWWIiY NN = O

o

LONGTIT. CRACK

KIA KI/KIA ANGLE

.000
.BU5
.276
.621
.891
.283
.562
.715
L1486
.802
.139
.615
.233
.962
. 805
.596

.000
.582
.195
.526
.786
. 168
L1468
.695
B17
.124
LU475
.893
U416
.079
.896
L6560
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TSE5A EXPERIMENT (9-24-80) ZERO TIME 18:20:17 LONGIT. CRACK

KICTYP m 6, RTNDTO = 0.0 DEG,, %CU = 0.000, FO =0.00E19

SEQ RADIUS  DEPTH A/W  TEMPER. DLRTNDT CIRCUMF. ELLIPTIC
NO. IN. IN. DEG.F DEG.F STRESS KSI  KI KTIC KI/KIC KIA KI/XIA ANGLE
TEMPERATURE INTERVAL NUMBER = 15, TIME = 8.000 MIN., PRESSURE = 0,000 KSI

1 13.500 0.000 0.000 -280.0 0. 72.70 0.00 33.41 0,000 33.00 0.000

2 13.659 0.159 0.026 -259.4 0. 66.54 50,22 33.82 1.485 33.01  1.521

3 13.835 0.335 0.056 -234.8 0. 59.35 70.64 34.31 2,059 33.42 2.114

4 13.958 0.458 0.076 -217.4 0. 54.35 81.89 34,66 2,363 33.68 2,432

5 14,109 0.609 0.10% =199.0 0. 49,04 90.96 35.02 2,598 33.88 2.684

6 14,400 0.900 0,150 -164.4 0. 39.18  103.73 35.78 2.899 34,02 3.049

7 14,709 1,209 0.201 -129.2 0. 29.39 112.69 37.10 3.038 33.77 3.337

8 15.000 1.500 0.250 -=100.0 0. 21.38 121.54 39.00 3,116 33.74 3.603

9 15.307 1.807  0.301 -69.5 0. 13.21 123.62 42,16 2,932 34.50 3.583

10 15.909  2.409  0.401 -18.9 0. -0.02 129,39 51.41 2,517 39.40 3.284

1t 16.500 3.000 0.500 23.0 0. -10.54 132.52 66.88 1,981 49,37 2.684
12 17.107 3.607  0.601 56.7 g. -18.62 128.06 95.70 1.338 61.33 2.088

13 17,744 4,244 0,707 83.3 0. -24,62 117.40 143,45 0.818 73.46  1.598

14 18,307 4.807  0.801 100.5 0. -28.20 100.99 186.34 0.542 83,00 1.216

15 18.600 5.100 0,850 107.0 0. -29,36 87.23 202,20 0,431 86.89 1.004

16 18,900 5,400 0,900 112.0 0. -30.13 66.15 215.19 0.307 89.96 0.735

14 18.307 4.807 0.801 61.5
15 18.600 5.100 0,850 68.0
16 18.900 5.400 0.900 73.0

-26,22 93.61 102.04 0,917 653.32 1,478
-27.42 80.90 112,08 0,722 66,14 1,223
-28.23 61.35 121.02 0,507 68.41 0.897

.« .

TEMPERATURE INTERVAL NUMBER = 16, TIME = 10.000 MIN., PRESSURE = 0.000 KSI
1 13.500 0.000 0.000 -287.0 0. 66.23 0.00 33.26 0,000 33.00 0,000
2 13.659 0.159 0.026 -267.9 0. 60.53 45.70 33.65 1.358 33.00 1,385
3 13.835 0.335 0.056 -246.8 0. 54,33 64,38 34,07 1.890 33.22 1.938
4 13.958 0.458 0.076 -232.1 0. 50.04 T4.86 34.37 2.178 33.46 2,237
5 14.109 0.609 0.101 =213.6 0. uy, 75 83.16 34,73 2.39% 33.73 2.466
6 14,400 0.900 0,150 -181.7 0. 35.70 94,48 35.37 2,671 34,00 2.779
7 14.709 1,209 0.201 =151.0 0. 27.14 103.07 36.18 2.848 33.95 3.036
8 15.000 1.500 0.250 -~124,0 0. 19.72 111.18 37.37 2.975 33.73 3.296
9 15.307 1.807 0.301 =97.1 0. 12.48 113.32 39.24 2,888 33.77 3.356
10 15.909 2.409 0.401 -50.3 0. 0.24 118.88 44,96 2.6u44 35.68 3.332
11 16,500 3.000 0,500 -13.0 0. -9.12 122.17 52.98 2,306 40.43 3,022
12 17.107  3.607  0.601 18.2 0. =16,61 118.61 64,36 1.843 47,92 2,475
13 17.7484 4,244 0,707 4y .2 0. -22.55 108.94 82.28 1.324 56.52 1.927
0
0
0
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TSESA EXPERIMENT (9-24-80) ZERO TIME 18:20:17

KICTYP = 6,

SEQ RADIUS
NO. IN,

RTNDTO

DEPTH

IN.

0.0 DEG.,

A/W

TEMPER.

DEG.F

ssssseee

TEMPERATURE INTERVAL NUMBER = 17,

1 13.500
2 13.659
3 13.835
4 13.958
S 14.109
6 14,400
7 14.709
8 15.000
9 15.307
10 15.909
11 16.500
12 17.107
13 17.744
14 18.307
15 18.600
16 18.900

TEMPERATURE INTERVAL

13.500
13.659
13.835
13.958
14.109
14,400
14.709
15.000
15.307
15.909
16.500
17.107
17. 744
18.307
18.600
18.900

WO~ FWh -

[T N
AU EWN - O

0.0900
0.159
0.335
0.458
0.609
0.900
1.209
1.500
1.807
2.409
3.000
3.607
4,244
4,807
5.100
5.400

0.000
0.159
0.335
0.458
0.609
0.900
1.209
1.500
1.807
2,409
3.000
3.607
4,244
4,807
5.100
5.400

0.000
0.026
0.9056
0.076
0.101
0.150
0.201
0.250
0.301
0.401
0.500
0.601
0.707
0.801
0.850
0,900

NUMBER

0.000
0.026
0.056
0.076
0.101
0.150
0.201
0.250
0.301
0,401
0.500
0,601
0.707
0.801
0.850
0.900

-293.0
~275.7
=257.2
=244, 4
-228.1
-198.9
~170.8
-145.0
~119.7
~77.9
-43.0
-14.9

8.2

23.8

29.9

34,7

18,

-298.0
~283.6
-266.5
=254.1
-239.7
-213.9
-186.4
-165.0
=141,7
=-103.1
~72.0
-45.8
-24,6
-10.8
5.2
-0.6

DLRTNDT CIRCIMF.

DEG.F STRESS KST

.

[=Fe e NeNeoRe e No e N NoNo Ne Bo No o)
. . e e o o . . )

TIME =

« o s

[~ NeRe e Re No Ne e oo No oo No o e ]
« . . e o+ » .

%CU = 0,000, F0 =0.00E19

KI

12,000 MIN,,

69.23
55.06
49.58
45,86
41.16
32.88
25.02
17.95
1.16
0.26
-8.53
-15.27
-20.52
-23.83
-24.,97
~25.78

n.00
41,56
58.62
68,27
76.00
86.52
94,148

101.84
103.55
108.80
111,61
108.24
99.51
85.63
74,06
56,20

14,000 MIN.,

54.58
50.23
45,18
41,58
37.43
30.08
22,43
16.53
10.30
0.20
-7.61
-13.91
-18.72
-21.63
-22.68
-23.49

0.00
37.82
53.42
62.13
59.12
78.90
85.87
92.66
9y, 42
98.93

101,74
98.67
90.64
78.08
67.59
51,34

KIC KI/XIC KIA
PRESSURE =  0.000 ¥ST
33,14 0,000 33.n0
33.49 1.241 33.00
33.87 1.731 33.05
34,12 2,001 33.27
34,45 2,206 33.53
35.02 2.471 33.89
35.62 2,653 34,02
36.40 2,798  33.90
37.62 2.753 33.71
41,14 2,644 34,17
46,21 2.415 36.31
52.46 2,063 40,08
59.99 1.659 45,17
67.35 1.271 49,62
71.05 1.042 51.56
7H. 42 0.755 53.17
PRESSURE =  0.000 KSI
33.04 0.000 33.00
33.33 1.135 33.00
33.68 1.586 33.00
33.93 1.831 33.10
34,22 2,020 33.34
34,73 2.272 33.72
35.27 2.435 33.98
35.76 2.591 34,02
36.53 2.585 33,87
38.75 2.553 33.72
41.85 2.431 34.39
45.71 2.159 36,05
50.00 1,813 38.51
53.62 1.456 40.85
55.29 1.223 41,98
56.80 0.904 43,01

LONGIT. CRACK

---------- LY

ELLTPTIC
KI/XIA ANGLE

0.090
1.259
1.774

2.267
2.553
2,777
3.004
072
. 184
.OTY
. 700
.203
.726
.U436
057

_ =))W WWwW

S NN VNV VO = == O
. s e . « .

-3

N

=
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TSESA EXPERIMENT (9-24-80) ZERQ TIME 18:20:17 LONGIT. CRACK

KICTYP = 6, RTINDTO = 0.0 DEG., %Cl = 0,000, FO =0.00E19

SEQ RADIUS  DEPTH A/W  TEMPER. DLRTNDT CIRCUMF. ELLTIPTIC
NO. IN. IN. DEG.F DEG.F STRESS KSI  KI K12 KI/KIC KTIA KI/KIA ANGLE
TEMPERATURE INTERVAL NUMBER = 19, TIME = 16,000 MIN,, PRESSURE = 0,090 KSI
1 13.500 0,000 0.000 =302.0 0. 49,50 0.00 33.00 0,000 33.00 0.0100
2 13.659 0.159 0.026 -288.2 0. 45.36 3u.21 33.24  1.029 33.00 1.037
3 13.835 0.335 0.056 -272.0 0. 40,62 48.20 33.57 1.436 33.00 1.461
4 13.958 0.458 0,076 =260.7 0. 37.32 55.98 33.80 1.656 33.00 1.696
5 14,109 0.609 0.101 -=248.0 0. 33.63 62.25 34.05 1.828 33.20 1.875
6 14,400 0,900 0,150 -225.0 n. 27.11 7.1 34,51 2,061 33.57 2.118
7 14,709 1.209 0.201 -=201.0 0. 20,44 77.51 34,98 2.216 33.87 2.289
3 15.000 1.500 0.250 =180.0 0. 14,68 83.53 35.40 2.359 34,01 2,456
9 15.307 1.807  0.301 -159.4 0. 9.15 84,94 35.92 2,365 34,00 2,498
10 15.909  2.409 0.401 -125.7 0. 0.33 89.29 37.28 2.395 33.74 2,646
11 16,500 3.000  0.500 -97.0 0. -6.39 91.77 39.25 2.338 33.77 2.718
12 17.107 3.607 0,691 ~74.1 0. -12.39 89.11 41.59 2.142 34,31 2.597
13 17.744 4,244 0,777  =55.2 0. -16.69 82,13 hy.17 1.859 35.31 2,326
o 18,307 4,807  9.8M =41.7 0. -19.57 70.80 W, 44 1,525 36,43 1,943
15 18.600 5.100 0.850 =36.3 0. -20,62 61.26 7,48 1,290 37.00  1.455
16 18.920 5.4090  0.900 -31.9 0. -21.40 u6.51 48,38 0.961 37.53 1.239
TEMPERATURE INTERVAL NUMBZR = 20, TIME = 18,000 MIN,, PRESSURE = 0,000 XSI
1t 13.500 0,000 0,000 -303,0 0. 44,09 0.00 33.00 0,000 33.00 0.000
2 13,659 0.159 0.026 -=290.4 0. 40.31 30.43 33.20 0.917 33.00 0.922
3 13.835 0.335 0.056 =276.0 0. 35.11 42,85 33.49 1.280 33.00 1,299
4 13,958 0.458 0.076 =266.2 0. 33.25 49.79 33.6% 1.478 33.00 1.509
5 14,109 0,609 0.101 =255.1 0. 30.04 55. 41 33.91 1.634 33.08 1.675
6 14,400 0.900 0.150 -233.9 N. 24,02 63.24 34.33 1.842 33.44 1,892
7 14.709 1.209 0.201 -=214.,5 0. 18.59 69.13 34,71 1,991 33.71 2.051
8 15.000 1.500 0.250 -195.0 0. 13.29 T4.66 35.10 2,127 33.92 2.201
9 15.307 1.807 0.301 -178.8 0. 8.87 76.33 35.43 2.154 34,01 2.244
10 15.909 2.409 0.401 -146.1 0. 0.30 80.10 36.36 2.203 33.91 2.362
11 16.500 3.000 0,500 -121.0 0. -6.00 82,U46 37.54 2.197 33.71 2,446
12 17.107 3.607 0.601 =100.2 0. -11.01 80.19 38.99 2,057 33.74  2.377
13 17.744 4,244 0,707 -82.7 0. ~15.00 73.91 40,62 1.820 34,03 2.172
W 18.307 4,807 0.801 -70.4 0. -17.64 63.71 42,05 1.515 34,46 1.849
15 18.600 5.100 0,850 -65.4 0. -18.61 55.13 42,69 1.291 34,70 1.589
16 18,900 5,400 0,900 -61.4 0. -19.33 41.86 43,26 0,968 34.92 1.199
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TSES5A EXPERIMENT (9-24-80) ZERO TIME 18:20:17 LONGTT. CRACK

KICTYP = 6, RTNDTO = 0.0 DEG., %CU = 0.000, FO =0.00E19

cesesssse IERRERRE ceses e nnae t e s s 0L I E eIt IPPLILIIEIEOIOLEEAIRRIOEOISE B TS e

CUELLTPTIC

NO. IN. IN. DEG.F DEG.F STRESS KSI  KI XIC KI/KIC KIA KI/XIA ANGLE
TEMPERATURE INTERVAL NUMBER = 21, TIME = 20.000 MIN., PRESSURE =  0.000 KSI
1 13.500 0.000 0.000 -305.0 0. 39.4 0.00 33.90 0.000 33.00 0.000
2 13.659 0.159 0.026 -293.5 0. 35.98 27.18 33.13 0.820 33.00 0.823
3 13.835 0.335 0.056 -281.1 0. 32.33 38.29 33.38 1.147 33.00  1.160
4 13,958 0.458 0.076 -272.8 0. 29.90 44,56 33.55 1.328 33.00  1.350
5 14,109 0.609 0,101 -=262.,9 0. 27.04 49,67 33.75 t1.472 33.00 1,505
6 14,400 0.900 0,150 =245.0 0. 21.92 56.87 34,11 1,667 33.26 1.710
7 14,709 1.209  0.201 =226.4 0. 16,73 62.26 34,48 1,805 33.55 1.856
8 15.000 1.500 0.250 -=210.0 0. 12.21 67.32 34,80 1.934 33.77 1.993
9 15.307 1.807 0.301 -193.1 0. 7.67 63.60 35.13 1.953 33.93 2.022
10 15.909 2.409 0.401 -165.9 0. 0.55 72.36 35.74 2.025 34.02 2.127
1t 16,500 3.000 0.500 =142,0 0. -5.47 T4.43 36,52 2.038 33.87 2.197
12 17,107 3.607 0.601 -=122,9 0. -10.08 72.18 37.43 1.928 33.72 2,140
13 17.744  4.244  0.707 -107.6 0. -13.55 66.U8 38.41 1,731 33.70  1.973
14 18.307 4.807 0.801 -97.0 0. =-15.79 5T7.39 39.25 1.462 33.77 1.700
15 18.600 5,100 0,850 -92.6 0. -16.67 49,72 39.65 1.254 33.83 1.470
16 18.900 5.400 0.900 -88.,7 0. -17.38 37.80 40,01 0.945 33.97 1.115

TEMPERATURE INTERVAL NUMBER = 22, TIME = 25.000 MIN., PRESSURE = 0,000 KSI
t 13.500 0.000 0.000 -308.0 0. 29.31 0.00 33.00 0.000 33.00 0,000
2 13.659 0,159 0,026 -300.5 0. 27.05 20.34 33.00 0.616 33.00 0.616
3 13.835 0.335 0.056 -291.5 0. 24,37 28.77 33.17 0.867 33.00 0,872
4 13,958 0.458 0.076 =285.0 0. 22,49 33.50 33.30 1,006 33.00 1.015
5 14,109 0,609 0,101 =278.1 0. 20.47 37.38 33.44 1,118 33.00 1.133
6 14,400 0,900 0.150 -264.8 0. 16,66 42,98 33.71  1.275 33.00 1,302
7 14.709 1.209 0.201 -250.8 0. 12,73 47,05 33.99 1.384 33.16 1,419
8 15.000 1.500 0.250 -238.0 0. 9.24 50.89 34,25 1.486 33.37 1.525
9 15.307 1.807 0.301 -225.9 0. 5.97 51.94 34.49 1.506 33.56 1.548
10 15.909 2,409 0.401 -205.0 0. 0.49 54,88 34.90 1.572 33.83 1.622
11 16,500 3.000 0,500 -187.0 0. -4.05 56.50 35.26 1,603 33.98 1.663
12 17.107 3.607 0,601 -172.6 0. ~7.52 54,92 35.57 1.544 34.02 1.614
13 17.744 4,244 0,707 -160.8 0. =10.21 50,67 35.8% 1.u112 34.00  1.499
14 18,307 4.807 0.801 -152.4 0. -12.00 43.80 36,14 1.212 33.96 1.290
15 18.600 5.100 0.850 -148.8 0. =-12,72 37.97 36.26 1,047 33.93 1.119
16 18,900 5,400 0.900 -145.6 0. -13.33 28.88 36.3%8 0,794 33.90 0.852
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TSESA EXPERIMENT (9-24-80) ZERO TIME 18:20:17 LONGIT. CRACK

KICTYP = 6, RTNDTO = 0.0 DEG,, %CU = 0,000, FO =0,00E19

SEQ RADIUS  DEPTH A/W  TEMPER. DLRTNDT CIRCUMF, ELLIPTIC
NO. IN. IN. DEG.F DEG.F STRESS KSI  KI KIC KI/KIC KI4 KI/KIA ANGLE
TEMPERATURE INTERVAL NUMBER = 23, TIME = 30.000 MIN., PRESSURE = 0,000 XST

113,500 0.000 0.000 -313.0 0. 22.02 0.00 33.00 0,000 33.00 0.000

2 13.659 0.159 0.026 -306.4 0. 20.06 15.16 33.00 0.459 33.00 0.459

3 13.835 0.335 0.056 -300.2 0. 18.20 21.41 33.00 0,649 33.00 0,649

4 13.958 0.458 0.076 -296.3 0. 17.05 25.05 33.07 0.758 33.00 0.759

5 14,109 0.609 0,101 -=291.2 0. 15.56 28.09 33.18 0.847 33.00 0.851

5 14,400 0.900 0,150 -280.5 n. 12.50 32.25 33.40 0.966 33.00 0.977

7 14,709 1.209  0.201 ~270.3 0. 9.64 35.35 33.60 1,052 33.00 1,071

8 15.000 1.500 0.250 -261.0 0. 7.08 38.32 33.79 1.134 33.00 1,161

9 15.307 1.807 0,301 -251.3 0. 4,48 39.10 33.98 1.150 33.15 1.179

10 15,909 2,409 0.401 -235.3 0. n.27 41.19 34,30 1,201 33.41 1.233

11 16.500 3.000 0,500 =222.0 0. ~3.07 42,35 34.57 1.225 33.61 1.260

12 17,107 3.607 0,601 =211.5 0. -5.56 41.26 34,77 1.187 33.75 1.223

13 17.744 4,244 0,707 -202.7 0. ~7.60 38.18 34.95 1,092 33.85 1.128

14 18,307  4.807 0,801 -195.9 0. -9.07 32,96 35.08 0,940 33.91 0.972

15 18.600 5.100 0.850 -=193.1 0. -9.64 28.53 35.13 0.812 33.93 0.841

16 18,900  5.400 0,900 =190.7 0. -10.08 21,68 35.18 0.616 33.95 0.638
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TSE5A EXPERIMENT (9-24-80) ZERO 2-D CRITICAL CRACK DEPTHS
KICTYP m 6, RTNDTO = 0,0 DEGF, %CU = 0,000, FO = 0,00E19

TIME INITIATION ARREST
1.03 0.056
1.07 0.076
1.09 0.026
1.15 0.101
1.23 0.023
1.23 0.124
1.25 0,056

1.28 0.076

1.30 0.033 0.022
1.30 0.082 0.141
1.33 0.026

1.34 0.150
1.39 0.101

1.50 0.023 0.019
1.50 0,120 0.187
1.56 0.201
1,68 0.150

1.73 0.250
2.00 0.301
2.01 0.201

2.03 0.018 0.016
2.03 0.204 0.311
2.35 0.250

2.43 0.401
2.50 0.016 0.015
2.50 0.269 0,423
2.84 0.301

2.84 0.500
3.07 0.016 0.015
3.07 0.33% 0.549
3.42 0.601
3.50 0.015 0.0%5
3.50 0.373 0.612
3.9 0.401

4,00 0.016 0.015
4,00 0.413 0.671
4.45 0.707
4.50 0.016 0.015
4.50 0.459  0.711
5.00 0.016 0.016
5.00 0.489 0.741
5.23 0.500

6.00 0.017 0.016
6.00 0.552 0,788
6.33 0.801
6.88 0.601

7.00 0.017 0.017
7.00 0.611 0.822
7.96 0.850
8.00 0.018 0.017
8.00 0.670 0.851
B.72 0.707
10.00 0.019° 0.019
10.00 0.782 0.884

10.47 0.801
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TSES5A EXPERTMENT (9-24-80) ZERO 2-D CRITICAL CRACK DEPTHS
KICTYP @ 6, RTNDTO = 0.0 DEGF, 9%CU = 0.000, FO m 0,00E19
TIME INITIATION ARREST
11.29 n.9n0
11.74 0.850
12.00 0.021 0,021
12.00 0.857
14,00 0.023 0,023
14.00 0.885
16.00 0.026 0.026
16.00 0.894
16.52 0.026
16.64 n.026
18.00 0.033 0.033
18.00 0.895
20.00 0.043 0,042
20.00 0.891
22.19 0.900
22,63 0.056
22.78 0.056
25.00 0.076 0,074
25,00 0.859 0.872
25.12 0,076
25.29 0,076
26.00 0.850
27.14 ’ 0,850
27.17 0,101
27.36 0,101
28.89 0.801
29.44 0.150
29.56 n.801
29.65 0,150
30.00 0.171 0.163
30.00 0.764 0,784

MAX ON INITIATION CURVE: A/W = 0,895, TIME m 18,00

MAX ON ARREST CURVE: A/W = 0.900, TIME = 22,19
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Appendix F

DIGITAL OUTPUT FROM POSTTEST FRACTURE-
MECHANICS ANALYSIS OF TSE-6

A standard set of OCA-P digital input-output for a posttest deter-
ministic analysis of TSE-6, using small-specimen lower-bound K; and mean
Kia fracture-toughness curves, is included in this appendix. Values of
K are for a ;wo—dimensional axial flaw, and the English system of units
is used throughout.
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TSE6 12/9/81 TO 3M 143

FRACTURE TOUGHNESS CODE (IF KICTYP = 6 , VALUES
ARE READ IN % DESCRIBED LATER IN THIS RUN) KICTYP

MAX. # OF TIME INTERVALS TO BE READ NCYCLE
TIME INTERVAL # TO START PROCESSING DATA ISKIP
CRACK SHAPE TO BE USED ICRKTP

=1 2-D; =2 2-D,2-M; =3 6-1,2-M;
=4 6/1,2-D,&2-M; =5 6/1,2-D

REF TEMPERATURE FOR STRESS CALCULATIONS TREF
= 0 USE TEMP IN FIRST TIME INTERVAL

WRITE TABLE-1 FOR TEMPS,KIC,ETC,THRU CYL. WALL

= -1 THEN STOP; = 0 NO PRINTING;
= +1 CONTINUE PROCESSING KI VALUES NOPT
UNITS SWITCH =0 ENGLISH; =1 SI ISISW

TEMPERATURE PLOTTING

= 0 NO PLOTS, = 1 PLOT NPLOT = 1
KI RATIO PLOTTING
= 0 NO PLOTS, = 1 PLOT KRPLOT = 0
KI PLOTTING
= 0 NO PLOTS, = 1 PLOT KIPLT = 0
ENVELOPE PLOTTING
= 0 NO PLOTS, = 1 PLOT KENPLT = 1
STRESS/TEMP/KI/KIC/KIA PLOTTING
= 0 NO PLOTS, = 1 PLOT KALPLT = 0
TIME DEPENDENT PRESSURES NPR =
SEQ.NO. TIME PRESSURE

(MINUTES) (XKSI)

L R N R I N N N N R I I I R R R R N ]

50

0CA-P
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RADIATION DAMAGE/RUN CONTROL

RADIATION DAMAGE CALC SWITCH IRTNSW =
ATTENUATION CONSTANT ATTCON =
STRESS INPUT SWITCH ISTRSW =

0=CALC BY FE METHOD, 1=INPUT ON UNIT3
0=DEEPEST POINT, 1=MAX ON CRACK FRONT

INCIPIENT INITIATION SEARCH CONTROL

INCIPIENT INITIATION SEARCH SWITCH IBINSW =
0=NO SEARCH, 1=SEARCH, 2=PARAMETRIC SEARCH

FLAW SHAPE CONTROL SWITCH ISEASW =
0=LONG(2-D), 1=(6 TO 1) ELLIPITICAL

MIN A/W USED ON THRESHOLD SEARCH AWMIN =

MAX A/W USED ON THRESHOLD SEARCH AWMAX =

UPPER LIMIT ON THRESHOLD SEARCH TUPLIM =

TOUGHNESS PROPERTIES(-1 MEANS NOT INPUT)

FLUENCE, INSIDE SURFACE FO = 0.000E+00
REFERENCE TEMP,, INITIAL RTNDTO = 0.000
PER CENT CU cesersenzen CUPER = 0.000
PER CENT P cesssvnnnas PPER - 0.000
PER CENT NI ceservannas PERNI = 0.000

DELTA RTNDT(INNER SURFACE) DRTNIN = -999.0

0.2400

0.0249
0.1510

0.50D+20
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FINITE ELEMENT PARAMETERS (STRESS CALCULATIONS)

GEOMETRIC MODELING METHOD

0 USER SPECIFIED NO. OF ELEMENTS + G.P FACTOR.

1 USER SPEC., NO. OF ELEM.% A/W OF CLADDING-
BASE METAL INTERFACE

NUMBER OF ELEMENTS

MODEL

NUMEL

INTEGRATION ORDER(# GAUSS POINTS) NGAUSS

NUMBER OF NODAL POINTS—--ce—m————— NUMNP
GEOM.PROG.FACTOR = 1.13
FE MESH NODAL POINT COORDINATES
NODAL R- NODAL
POINT COORD. POINT
NO. (INCHES) NO.
1 16.500 16
2 16.510 17
3 16.522 18
4 16.535 19
5 16.550 20
6 16.566 21
7 16.585 22
8 16.606 23
9 16.631 24
10 16.658 25
11 16.688 26
12 16.723 27
13 16.762 28
14 16.807 29
15 16.857 30
N
ELEMENT CONNECTIVITY
ELEM. NODE NUMBERS MATERIAL
NO. I J K NO.
1 1 2 3 1
2 3 4 5 1
3 5 6 7 1
y 7 8 9 1
5 9 10 M 1
6 11 12 13 1
7 13 14 15 1
8 15 16 17 1
9 17 18 19 1
10 19 20 21 1
1 21 22 23 1
12 23 24 25 1
13 25 26 27 1
14 27 28 29 1
15 29 30 3N 1

R-
COORD,
(TNCHES)
16.914
16.978
17.050
17.132
17.224
17.328
17,446
17.579
17.730
17.900
18.092
18.310
18.555
18.832
19.146
19.500

15

N
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MATERIAL PROPERTIES FOR STRESS CALCULATIONS

NUMBER OF MATERIALS —————- 1
TEMP(DEG.F) MODULUS OF ELASTICITY(KSI) - E
(MAT 1) (MAT 2) (MAT 3)
70.0 2.800D+04 2.700D+04 0.000D+00
TEMP(DEG.F)  COEFF OF EXPANSION(PER DEG.F) - ALFA
(MAT 1) (MAT 2) (MAT 3)
70.0 6.500D-06 9.930D-06 0.000D+00
TEMP(DEG.F) . POISSONS RATIO - PNU
(MAT 1) (MAT 2) (MAT 3)
70.0 0.300 0.300 0.300
SELECTED TIME INTERVAL NUMBERS FOR KI CALCULATIONS
6 0 0 0 o 0O 0 0 0 ©
0 0 0 0O 0 O O 0 0 O
0 0 06 0 0 O 0 O 0 O
6 0 0 0 0 0 0 0 0 O
6 0 0 0 0 0 0 o0 0 0
6 0o 0 0 0o 0 0 0 0 O
0
CYLINDER DIMENSIONS (INCHES)
INNER RADIUS, RI = 16.500
OUTER RADIUS, RO = 19.500
WALL THICKNESS, W m 3.000

TEMPERATURE GRID GEOMETRY OVER CYLINDER WALL
GRID NO. RADIUS

16.5000
16.5500
16.6000
16.7000
16.8000
17.0000
17.3000
17.7000
18,3000
19.2000
19.5000

=S OWONTAINEWN

—_
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k#% KTC (OR KIA) VALUES WERE READ TN FROM UNIT 56

MATERIAL IDENTIFICATION =TOUGHNESS PER 2/19/85 PHONE CALL WITH RDC

SEQ.NO, TEMP. KIC VALUE

R R O O I R A A N ]

1 -148, 32.
2 -58. 38.
3 -13. 43,
4 32. 50.
5 77. 61.
6 122, 7.
7 167. 107.
8 212, 150.
9 235, 182.

SEQ.NO. TEMP, KIA VALUE

sessecsss et s ssrens s st

1 -94, 32.
2 -h, 38.
3 41, u3,
y 86. 50.
5 131. 61.
6 176. 77,
7 221, 106.
8 266. 150.
9 289, 182,

CALCULATED 2-D CRACK DEPTH VALUES =
0.0000 0,0299 0.0794 0,.1676 0,2292 0.3044 0.4500 0.6044 0.7500 0.9035
1.2044 1,5000 1.8035 2,1221 2,4035 2.5500 2.7000 2,8551

REF TEMPERATURE FOR STRESS CALCULATIONS TREF = 203.0 DEG.F
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TSE6 12/9/81 TO 3M 148 LONGTIT. CRACK

KICTYP = 6, RTNDTO = 9.0 DEG., %CU = 0,000, FO =0,00E19

........... setacrectssase esess e D R I R R R ) sevenen

SEQ RADIUS  DEPTH A/W  TEMPER. DLRTNDT CTIRCUMF. ELLIPTIC
NO. IN. IN. DEG.F DEG,F STRESS KSI  KI KIC KI/KIC KTA KT/KIA ANGLE
TEMPERATURE INTERVAL NUMBER = 1, TIME = 0.000 MIN,, PRESSURE = 0,000 KSI
1 16,500 0,000 0,000 202.0 0. 0.31 0.00 138,54 0,000 92.58 0.000
2 16,530 0.030 0,010 202.0 0. 0.31 .10 138.53 0,001 92,58 0.001
3 16.579 0.079 0.026 202.0 0. 0.31 0.16 138,55 0,001 92.59 0,002
4 16,668 0,168 0,056 201.9 0. 0.33 0.25 138,44 0,002 92.52 0.003
S 16.729 0.229 0.076 202.2 0. 0.25 0.29 138,80 0,002 92.74 0.003
6 16.804 0,304 0,101 203.0 n, n.04 n.26 139.68 n,0N2 93.28 0.003
7 16.950 0.450 0.150 203.2 0. 0.01 0.20 139.82 0,001 93.36 0.002
8 17.104 0.604 0,201 202.9 0. 0.08 0.24 139.48 0,002 93.16 0.003
g 17.250 0.750 0.250 202.9 0. 0.06 0.27 139.59 0.002 93.22 0.003
10 17.404 0.904 0,301 203.1 0. 0.03 0.29 139.71 0.002 93.30 0.003
11 17.704 1.204  0.401 203.0 0. 0.05 0.35 139,64 0,003 93.25 0.004
12 18.000 1.500 0.500 202.9 0. 0.08 0.48 139.50 0,003 93.17 0.005
13 18.304 1.804 0,601 203.0 0. 0.04 0.62 139.65 0.004 93.26 0.007
14 18.622 2.122 0,707 203.5 0. -0.11 0.69 140,31 0.005 93.66 0,007
15 18.904 2,404 0,801 204.1 0. -0.24 0.64 140,86 0,005 94,00 0.007
16 19.050 2.550 0.850 204.2 0. ~0.24 0.56 140,94 0,004 94.04 0.006
17 19.200 2.700 0.900 204,0 0. -0.18 0.47 140,76 0,003 93.94 0.005
18 19,355 2.855 0.952 203.6 0. -0.10 0.32 140,26 0,002 93.64 0.003
TEMPERATURE INTERVAL NUMBER = 2, TIME = 0.167 MIN., PRESSURE =  0.000 XSI
16.500 0.000 0,000 127.0 17.89 0.00 79.96 0.000 59.89 0.000
16.530 0.030 0,010 132.4 16,47 5.65 82.91 0.068 61.38 0.092
16.579 0.079 0.026 141.4 . 14.07 8.28 88.34 0,004 64.05 0,129
16.668 0,168 0,056 154.9 10.50 10.24 97.43 0.105 68.52 0.149

16.729 0.229 0,076 162,6
16.804  0.304 0.101 171.5
16.950 0.450 0.150 184,7
17.104  0.604  0.201 193.3
17.250 0.750 0.250 197.9
10 17.404 0.904 0.301 200.7
11 17.704 1.204 0,401 203.0
12 18.000 1.500 0.500 203.3
13 18.304 1.804 0.601 203.0
14 18,622 2.122 0,707 202,9
15 18.904 2,404 0.807 202.9
16 19,050 2.550 0.850 203.0
17 19.200 2.700 0.900 203.0
18 19.355 2.855 0.952 203.0

8.45 11.14 103.15 0.108 T1.47 0.156

6.12 11,47 110.05 0.104 75.26 0.152

2,66 11.29 121,27 0.093 81.93 0.138

0.39 10.80 129.49 0.083 87.01 0.124
-0.80 10,45 134.18 0,078 89.90 0.116
=1.51 10.18 137.14 0,074 91.72 0.111
=2.07 10,41 139.66 0.075 93.27 0.112
=2.11 11.38 140.00 0.081 93.48 0.122
-1.99 12,76 139.64 0,091 93.25 0.137
=-1.92 14,37 139.48 0,103 93.16 0.154
-1.90 14,97 139.54 0,107 93.20 0.161
-1.90 14.27 139,60 0,102 93.23 0.153
-1.89 12.39 139.64 0,089 93.26 0.133
~1.88 8.57 139.65 0.061 93.26 0.092

WO FwN =
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214

TSE6 12/9/31 TO 3M 148 LONGTIT, CRACK

KICTYP = 6, RTNDTO = 0,0 DEG,, 4CU = 0,000, FO =0,N0E19

SEQ RADIUS  DEPTH A/W  TEMPER. DLRTNDT CIRCUMF. ELLIPTIC
NO. IN, IN. DEG.F DEG.F STRESS KSI  KI KIC KI/KIC KTA KI/KTA ANGLE
TEMPERATURE INTERVAL NUMBER = 3, TIME = 0.333 MIN,, PRESSURE = 0,000 KSI

1 16.500 0.000 0,000 74.0 . 29.09 0.00 60.16 0.000 47.82 0,000

2 16.530 0.030 0,010 83.6 26.54 9.14 62,91 0,145 49.63 0.184

3 16.579 0.079 0.026 99.1 . 22,44 13.30 67.86 0.196 52.89 0.251

4 16.668 0.168 0.056 120.6 16,74 16.37 76.72 0.213 58.16 2.2%81

5 16.729 0.229 0,076 129.8 . 14.29 17.97 81.48 0.221 60,67 0.296

6 16,804 0,304 0.101 137.4 . 12.25 19.24 85.89 0.224 62.86 0,306

7 16.950 0.450 0.150 153.5 7.98 20.67 96.48 0.214 68.04 0,304

8 17.104 0.604 0.201 168.8 . 3.97 21.18 107.90 0.196 T4.05 0,286

9 17.250 0.750 0.250 179.2 1.26 21.45 116,42 0,184 78.98 90.272

10 17.404 0,904  0.301 187.0
11 17.704 1.204  0.401 196.,1
12 18.000 1.500 0.500 200.3
13 18.304 1.804  0.601 202.0
1 18,622 2,122 0.707 202.8
15 18.904 2,404  0.801 203.0
16 19,050 2.550 0.850 203.0
17 19.200 2,700 0.900 203.0
18 19.355 2.855 0.952 203.0

~0.78 21.50 123.41 0,174 83.24 0.258
=-3.10 22.53 132.27 0.170 88.73 0.254
=4.12 24,61 136.68 0.180 91.44 0,269
=4, u9 27.29 138.55 0.197 92.59 0.295
=4.60 30.42 139.37 0.218 93.09 0.327
-4.59 31.57 139.62 0.226 93.24 0,339
-4.56 30.07 139.64 0.215 93.26 0.322
~4,52 26.11 139.64 0,187 93.26 0,280
=448 18.06 139,64 0.129 93.26 0,194

oo e No e e B No Ne e Be N e Neo o NoRo Ne |
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TEMPERATURE INTERVAL NUMBER = 4, TIME = 0,500 MIN., PRESSURE m 0,000 XSI
1 16,500 0.000 0.000 41,0 0. 34.99 0.00 51.99 0.000 42,80 0.000
2 16,530 0.030 0,010 49,4 0. 32.74 11.16 53.89 0.207 43.92 0.254
3 16.579 0,079 0.026 63.0 0. 29.13 16.67 57.21 0.291 45,94 0.363
4 16.668 0.168 0.056 81.0 0. 24.30 21.72 62.14 0.350 49,12 0,442
5 16.729 0.229 0,076 93.2 0. 21.03 24.50 65.89 0.372 51.60 0,475
6 16.804 0.304 0,101 109.9 Q. 16,63 26,16 71.95 0.363 55.43 0,472
7 16.950 0.450 0,150 130.1 0. 11.24 27.95 81.66 0.342 60,76 0,460
8 17.104 0,604 0,201 145.1 0. 7.26 29.60 90,76 0,326 65.22 0,454
9 17.250 0.750 0.250 158.8 0. 3.68 30.78 100.25 0.307 69.95 0.u440
10 17.404  0.904 0,301 170.7 0. 0.57 31.39 109.42 0,287 T4.90 0.419
11 17.704 1.204  0.401 186,2 0. -3.42 33.52 122.65 0,273 82,78 0.405
12 18.000 1.500 0.500 194.6 0. -5.51 36.83 130.73 0.282 87.77 0.420
13 18.304 1.804 0.601 199.0 . -6.57 40,83 135.34 0,302 90.62 0.3451
14 18.622 2.122 0.707 201.5 0. -7.09 45,36 138.04 0,329 92.28 0.492
15 18,904 2.404 0.801 202.6 0. -7.26 46.98 139.22 0,337 93.00 0.505
16 19.050 2.550 0,850 202.9 0. -7.27 4u,72 139.51 0.321 93.18 0.480
17 19.200 2,700 0,900 203.0 0. -7.24 38.86 139.64 0.278 33.26 0.417
18 19.355 2.855 0.952 203.0 0. -7.19 26.89 139.67 0.193 33.27 0.288



215

TSE6 12/9/81 TO 3M 148 LONGTT. CRACK

KICTYP m 6, RTNDTO = 0.0 DEG., %CU = 0.000, FO =0,.00E19

SEQ RADIUS  DEPTH A/W  TEMPER. DLRTNDT CIRCUMF. ELLIPTIC
NO. IN. IN. DEG.F DEG.F STRESS KSI  KI KIC KI/KIC KIA KI/KTIA ANGLE
TEMPERATURE INTERVAL NUMBER = 5, TIME = 0.667 MIN., PRESSURE =  0.000 KSI

1 16.500 0.000 0.000 11.0 . 39.98 0.00 46,28 0,000 39.53 0.000

2 16.530 0.030 0.010 19.3 . 37.75 12.82 47,70 0.269 40.34 0.318

3 16,579 0.079 0.026 33.4 . 33.97 19.28 50.39 9.383 41.88 0,460

4 16,668 0,168 0,056 53.3 28.63 25.32 54.82 0,462 44,48 0.569

5 16.729 0.229 0.076 64.1 . 25.75 28.85 57.50 0,502 46,12 0.625

6 16.804 0.304 0,101 7.9 . 22,04 31.58 61.25 0.516 48.53 0.651

7 16.950 0,450 0.150 108.1 14,05 34,26 71.22 0,481 54,99 0.623

8 17.104 0,604 0,201 129.9 . 8.27 35.67 81.54 0,437 50,70 0.5%8

9 17.250 0.750 0.250 140.0 . 5.60 37.57 87.48 0.429 63.63 0.590

10 17.404 0.904 0,301 150.2 2.92 39.38 94,16 0.118 66.88 0,589

11 17.704 1.204  0.401 173.3
12 18.000 1.500 0,500 187.3
13 18.304 1.804  0.601 194.1
14 18.622 2,122 0.707 198.2
15 18.904  2.404  0.801 200.5
16 19.050 2,550 0.850 201.3
17 19.200 2.700 0.900 202.0
18 19.355 2.855 0.952 202.6

-3.06 h3.07 111.52 0.386 76.10 0.566
-6.61 47,31 123,69 0.383 83.42 0,567
-8.24 52.43 130.21 0,403 87.45 0,600
=9.14 58.24 134,44 0,433 90.07 0.647
~9.60 60.34 136.90 0,441 91.58 0.659
=9.74 57.44 137.81 0.417 92,14 0.623
-9.83 49.92 138.54 0.360 92.58 0.539
-9.90 34.53 139.14 0,248 92.95 0.37

o o+ .
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10 17.404 0.904 0.301 139.6 2.53 46.59 87.20 0.534 63.49 0,734
~2.83 51.16 101.35 0,505 70.52 0.725
-6.66 57.29 113.24 0,506 77.10 0,743
-9.55 63.72 123.52 0.516 83.31 0.765

=11.27 70.58 130.60 0.540 87.69 0.805

-11.97 73.00 134,11 0,544 89.86 0.812

-12.18 69.48 135.31 0.513 90.60 0.767

-12.35 60.39 136.37 0.443 91.25 0.662

-12.50 41.78 137.47 0.304 91.93 0.454

TEMPERATURE INTERVAL NUMBER = 6, TIME = 0.833 MIN,, PRESSURE = 0,000 KSI
1 16,500 0,000 0,000 =16.,0 44,02 0.00 42,43 0,000 37.22 0.000
2 16,530 0.030 0.010 =7.7 41,78 14,16 43.50 0.325 37.89 0.374
3 16.579 0.079 0.026 6.4 . 37.99 21,42 45,54 0,470 39.11 0.548
4 16.668 0.168 0.056 26.9 . 32.50 28.39 49,09 0.578 41,14 0.690
5 16.729 0.229 0.076 38.6 . 29.34 32,48 51.46 0,631 42,50 0.764
6 16.804 0,304 0.101 52.8 . 25.51 35.72 S54.69 0.653 4y, 40 0.805
7 16.950 0.450 0.150 7.9 . 18.80 39.98 61,26 0.653 48.53 0.824
8 17.104 0.604 0,201 102, 4 . 12.30 43,04 69.06 0,623 53.65 0.802
9 17.250 0.750 0.250 122.9 . 6.89 45.20 77.87 0.581 58.78 0.769

11 17,704 .204  0.401 160.2
12 18,000 .500 0,500 175.4
13 18.304 .804 0,601 187.1

1
1
1

14 18.622 2.122 0.707 194.4
2
2

15 18.904 .404  0.801 197.9
16 19.050 .550 0.850 199.0
17 19,200 2.700 0.900 200.0
18 19.355 2.855 0.952 201.0

[feNeoNeNeNelNeRolleo NoRe e NoRo oo o lNe e
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216

TSE6 12/9/81 TO 3M 148 LONGIT. CRACK

KICTYP = 6, RINDTO = 0.0 DEG., %CU = 0.000, FO =0.00E19

....................... P R R R R L R R R R R R R N R RN N ]

SEQ RADIUS  DEPTH A/W  TEMPER. DLRTNDT CIRCUMF. ELLIPTIC
NO. IN. IN. DEG.F DEG.F STRESS KSI  KI KIC KI/KIC KIA KI/KIA ANGLE
TEMPERATURE INTERVAL NUMBER = 7, TIME = 1.000 MIN., PRESSURE = 0.000 KSI

47.79 0.00 39.63 0.000 35.29 0.000
45.36 15.37 40.52 0.379 35.93 0.428
41.48 23.29 42.12 0.553 37.02 0.629
35.83 31.07 uu.93 0.691 38.75 0.802
32.45 35.64 46.93 0.759 39.91 0.893
28.44 39.32 49.67 0.792 41,47 0.948
21.34 44,29 55.55 0.797 44,92 0.986
14,31 47.98 62.66 0.766 49,46 0.970

0

0

0

16,500 0.000 0.000 -42.0
16,530 0,030 0.010 -33.0
16.579 0.079 0.026 -18.5
16.668 0.168 0.056 2.4
16.729 0.229 0.076 4.9
16.804  0.304 0.101 29.9
16.950 0.450 0.150 56.3
17.104  0.604  0.201 82.8
3
6
3
2
1

.

.

.

ORIV ZWN

8.36 50.64 70.16 0.722 54,34 0,932

3.58 52.u44 78.18 0.671 58.95 0.890
-2.32 58.14 91.50 0.635 65.59 0.887
-6.89 65.51 104.37 0.628 72.11 0.908
-10.59 73.01 116.41 0.627 78.98 0.924
-12.92 80.85 125.20 0.646 84.35 0.959
-13.96 83.57 129.91 0.643 87.26 0.958
-14.31 79.52 131.64 0.604 88.34 0.900
-14.60 69.11 133.21 0.519 89.31 0.774
-14.86 47.82 134.83 0.355 90.30 0.530

17.250 0.750 0.250 105.
10 17.404 0.904 0.301 123.
11 17.704 1.204  0.401 146.
12 18.000 1.500 0.500 164.
13 18.304 1.804  0.601 179.
14 18.622 2.122 0.707 188.9
15 18.904  2.404  0.801 193.8
16 19.050 2.550 0.850 195.5
17 19.200 2.700 0.900 197.0
18 19.355 2.855 0.952 198.5

(ool NeNoReNo o NeoNeNeNo Ne Ho oo NoNo]
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TEMPERATURE INTERVAL NUMBER = 8, TIME m 1.133 MIN., PRESSURE =  0.000 KSI

1 16.500 0.000 0.000 -62.0 0. 50.38 0.00 37.87 0.000 33.94% 0.000
2 16,530 0.030 0.010 =53.1 0. 47.97 16.23 38.62 0.1420 34.53 0.470
3 16.579 0.079 0.026 -38.0 0. 43.91 24,65 40.01 0.616 35.57 0.693
4 16.668 0.168 0.056 =15.7 0. 37.90 32.86 42.46 0.774 37.24 0.882
5 16.729 0.229 0.076 -3.1 0. 34,49 37.73 44.13 0.855 38.28 0.986
6 16.804 0.304 0.101 11.9 0. 30.46 41.74 46.42 0.899 39.61 1.054
7 16.950 0.450 0.150 39.3 0. 23.11 47.24 51.62 0.915 42,58 1.109
8 17.104 0.604 0.201 64.8 0. 16.32 51.59 57.68 0.894 46,24 1.116
9 17.250 0.750 0.250 85.4 0. 10.84 55.25 63.45 0.871 49.99 1.105
10 17.404 0.904  0.301 104.9 0. 5.72 57.96 69.99 0.828 54,23 1.069
11 17.704 1.204  0.401 136.4 0. =2.47 64.28 85.26 0.754 62,55 1.028
12 18.000 1.500 0.500 157.7 0. -7.90 71.89 99.46 0.723 69.55 1.034
13 18.304 1.804 0.601 172.1 0. -11.48 80.20 110.58 0.725 75.56 1,061
14 18.622 2.122 0.707 182.6 0. =13.95 89.10 119.41 0.746 80.79 1.103
15 18.904  2.404  0.801 189.1 0. -15.41 92.21 125.34 0.736 8u4.44 1,092
16 19.050 2.550 0.850 191.7 0. -15.96 87.75 127.87 0.686 86.00 1.020
17 19.200 2.700 0.900 194.0 0. -16.43 76.26 130.16 0.586 87.42 0.872
18 19.355 2.855 0.952 196.1 0. -16.86 52.77 132.32 0.399 88.75 0.595



217

TSE6 12/9/81 TO 3M 145 LONGIT. CRACK

KICTYP m 6, RTNDTO m 0.0 DEG., %CU = 0.000, FO =0.00E19

-9.11 78.74 92.84 0.848 66.24 1.189
-12.26 88.14 102.01 0.864 70.86 1.244
-14.88 98.38 110.65 0.889 75.60 1.301
-16.89 101.97 117.90 0.865 79.88 1.277
-17.71 97.04 121.30 0.800 81.95 1.184
-18.40 84,33 124.35 0.678 83.82 1.006
-19.03 58.34 126.98 0.459 85.45 0.683

12 18.000 1.500  0.500 148.3
13 18.304 1.804  0.601 161.1
1 18.622 2.122  0.707 172.2
15 18.904  2.404  0.801 180.9
16 19.050 2.550 0.850 184.7
17 19.200 2.700 0.900 188.0
18 19.355 2.855 0.952 190.8

.

SEQ RADIU DEPTH A/W  TEMPER. DLRTNDT CIRCUMF, ELLIPTIC
NO. IN. IN. DEG.F DEG.F STRESS KSI  KI KIC KI/KIC KIA KI/KIA ANGLE
TEMPERATURE INTERVAL NUMBER = 9, TIME = 1.167 MIN., PRESSURE =  0.000 KSI
1 16.500 0.000 0.000 -66.0 0. 50.84 0.00 37.54 0.000 33.68 0,000
2 16.530 0.030 0.010 -57.1 0. 48.44 16.39 38.28 0.428 34,26 0,478
3 16.579 0.079 0.026 -u2.0 0. 44,38 24,89 39.63 0.628 35.29 0.705
4 16.668 0,168 0.056 =19.,7 0. 38.36 33.22 41,98 0.791 36.93 0.899
5 16.729 0.229 0.076 -T.1 0. 34.95 38.17 43.58 0.876 37.94 1.006
6 16.804 0,304 0,101 7.9 0. 30.92 42,25 45.77 0.923 39.24% 1,077
7 16.950 0.450 0.150 35.3 0. 23.55 47.89 50.78 0.943 42,10 1.137
8 17.104 0.604 0,201 60.6 0. 16.80 52.11 56.62 0.926 45,58 1,150
9 17.250 0.750 0.250 81.3 0. 11.32 56.25 62.23 0.904 49,18 1.144
10 17.404 0.904  0.301 101.5 0. 5.99 59.07 68.73 0.859 53.45 1.105
11 17.704  1.204  0.401 135.4 0. -2.81 65.29 84.68 0.771 62.26 1,049
12 18,000 1.500 0.500 156.8 0. -8.25 72.79 98.79 0.737 69.20 1,052
13 18.304 1.804 0,601 170.1 0. =11.55 81.29 108.97 0.746 T4.64 1,089
14 18,622 2.122 0.707 180.5 0. =13.99 90.48 117.56 0.770 79.67 1.136
15 18,904  2.404  0.801 187.5 0. =15.60 93.68 123.89 0.756 83.54 1.121
16 19,050 2.550 0.850 190.5 0. =16.22 89.15 126.69 0.704 85.27 1.045
17 19,200 2.700 0.900 193.0 0. =16.73 T7.47 129.16 0.600 86.80 0.892
18 19.355 2.855 0.952 195.2 0. =17.20 53.60 131.35 0.408 88.16 0.608
TEMPERATURE INTERVAL NUMBER = 10, TIME m 1.333 MIN., PRESSURE =  0.000 KSI
1 16,500 0,000 0.000 -90.,0 0. 54,12 0.00 35.71 0.000 32.15 0.000
2 16,530 0.030 0.010 -81,2 0. 51.74 17.48 36.36 0.481 32.71 0,534
3 16.579 0.079 0.026 -65.4 0. 47.49 26.60 37.59 0.708 33.72 0.789
4 16,668 0,168 0.056 -42.7 0. 41.35 35.59 39.56 0.900 35.24 1.010
5 16.729 0.229 0.076 -29.7 0. 37.83 41.02 40.86 1.004 36.17 1.134
6 16,804 0,304 0.101 -13.0 0. 33.34 U5, 44 42,80 1.062 37.46 1.213
7 16,950 0,450 0.150 16.1 0. 25.52 51.54 47.13 1.094 40,02 1.288
8 17.104 0.604 0,201 42,0 0. 18.58 56.64 52.21 1.085 42,93 1.319
9 17.250 0.750 0.250 63.7 0. 12.83 61.06 57.41 1,064 46,07 1.325
10 17.404  0.904  0.301 86.2 0. 6.91 64.26 63.67 1.009 50.14 1.282
11 17.704 1.204  0.401 125.5 0. -3.30 70.81 79.16 0.895 59.47 1.191
0.
0.
0
0.
0.
0
0



218

TSE6 12/9/81 TO 3M 143 LONGIT. CRACK

KICTYP = 6, RTNDTO = 0.0 DEG., %CU = 0.000, FO =0.00E19

SEQ RADIUS  DEPTH A/W  TEMPER. DLRTNDT CIRCUMF. ELLIPTIC
NO. IN. IN. DEG.F DEG.F STRESS KSI  KI KIC KI/KIC KIA KI/KIA ANGLE
TEMPERATURE INTERVAL NUMBER = 11, TIME =m 1.500 MIN., PRESSURE =  0.000 KSI

1 16,500 0,000 0.000 -113.0 56.67 0.00 34,14 0,000 31.90 0.000

2 16.530 0.030 0.010 -103.Y4 54.06 18.28 34.78 0.526 31.90 0.573

3 16,579 0.079 0.026 -88.0 49.91 27.85 35.86 0.777 32.28 0.863

4 16.668 0.168 0.056 -64.5 43.57 37.44 37.66 0,994 33.77 1.109

5 16.729 0.229 0.076 -50.%4 39.74 43.11 38.86 1.109 34,71 1.242

6 16.804 0,304 0,101 -34.1 . 35.33 47.83 ko.41 1.184 35.85 1.334

7 16.950 0.450 0.150 =-4.4 27.36 54,51 43.94 1,241 38.16 1.428

8§ 17.104 0,604 0,201 23.3 19.96 60.03 4g.41 1,240 40,75 1.473

9 17.250 0.750 0.250 46.4 . 13.81 64.76 53.19 1.217 43,51 1.488

T.75 68.30 58.91 1.159 47,01 1,453
-2.42 76.00 71.39 1.065 55.09 1.380
-8.85 85.16 83.67 1.018 61.76 1.379

-12.94 95.43 94.13 1.014 66.87 1.427
-16.17 106. 41 103.93 1.024 71.88 1.480
-18.47  110.25% 111.72 0.987 76.21 1,447
-19.45 104,93 115.40 0.909 78.37 1.339
-20.33 91.18 118.90 0.767 80.48 1.133
-21.17 63.11 122.25 0.516 82.53 0.765

10 17.404 0,904  0.301 69.4
11 17.704 1.204  0.401 108.5
12 18.000 1.500 0.500 133.7
13 18.304 1.804  0.601 150.2
14 18.622 2.122  0.707 163.7
15 18.904 2,404  0.801 173.5
16 19.050 2.550 0.850 178.0
17 19.200 2.700 0.900 182.0
18 19.355 2.855 0.952 185.7

[sReolNeNoRoNoNeNoleoNoleNoNoNeoNeoNoNeNel
e o e o . s e . e e s e e e

TEMPERATURE INTERVAL NUMBER m 12, TIME = 1.667 MIN., PRESSURE = 0.000 KSI

1 16.500 0.000 0.000 =-135.0 0. 58.90 0.00 32.72 0.000 31.90 0.000
2 16.530 0.030 0.010 -125.5 0. 56.32 19.02 33.32 0.571 31.90 0.596
3 16.579 0.079 0.026 =109.4 0. 51.98 29.01 34.37 0.844 31.90 0.909
4 16.668 0.168 0.056 -85.4 0. 45,49 39.00 36.05 1,082 32.44 1,202
5 16.729 0.229 0.076 =71.3 0. 41,65 44,99 37.12 1.212 33.34 1,349
6 16.804 0.304 0.101 -54.0 0. 36.99 49,96 38.54 1.296 34.47 1.449
7 16.950 0.450 0.150 -23.6 0. 28.81 57.02 41,53 1.373 36.63 1.557
8 17.104 0.604 0,201 5.0 0. 21.17 62.93 45,32 1.389 38.98 1.614
3 17.250 0.750 0.250 29.2 0. 14,72 67.98 49,55 1.372 41.40 1.642
10 17.404 0.904 0.301 52.3 0. 8.63 71.86 54.57 1.317 44,33 1.621
11 17.704 1,204  0.401 90.5 0. -1.33 80.84 65.00 1.244 51.02 1.584
12 18.000 1.500 0.500 119.0 0. -8.64 91.15% 75.98 1.200 57.75 1.578
13 18.30%4 1.804 0.601 140.2 0. -13.93 101.93 87.59 1.164 63.68 1.601
1 18,622 2.122 0.707 155.3 0. ~17.56 113.34 97.72 1.160 68.66 1.651
15 18.904  2.404  0.801 164.9 0. =19.77 117.46 104.90 1.120 72.40 1,622
16 19,050 2.550 0.850 169.4 0. -20.79 111.88 108.38 1.032 74,31 1.505
17 19.200 2.700 0,900 174.0 0. =-21.84 97.28 112.10 0.868 76.43 1.273
18 19.355 2.855 0.952 179.1 0. -22.93 67.34 116.36 0.579 78.95 0.853
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TSE6 12/9/781 TO 3M 143 LONGIT. CRACK

KICTYP = 6, RTNDTO = 0.0 DEG., %CU = 0.000, FO =0.00E19

SEQ RADIUS  DEPTH A/W  TEMPER. DLRTNDT CIRCUMF. ELLIPTIC
NO. IN. IN. DEG.F DEG.F STRESS KSI  KI KIC KI/KIC KIA KI/KIA ANGLE
TEMPERATURE INTERVAL NUMBER = 13, TIME = 1.833 MIN., PRESSURE =  0.000 KSI

1 16,500 0.000 0,000 -155.0 61.09 0.00 31.90 0,000 31.90 0.000

2 16,530 0.030 0.010 -145.4 58.47 19.74 32,07 0.616 31,90 0.619

3 16.579 0.079 0.026 -130.0 54,32 30.18 33.03 0.914 31.90 0.946

4 16.668 0.168 0.056 =105.9 47.79 40.79 34,617 1,179 31.90 1.279

5 16.729 0.229 0.076 -=91.1 43.76 47,09 35.64 1.321 32.08 1.468

6 16.804 0.304 0.101 -74.0 39.14 52.41 36.91 1.420 33.16 1.580

7 16.950 0.450 0.150 -42.2 30.58 60.01 39.61 1.515 35.27 1.701

8 17.104 0.604 0,201 -12.3 22.58 66.33 42,89 1.547 37.51 1.768

9 17.250 0.750 0.250 12.1 16.07 71.87 46.46 1,547 39.64 1,813

9.85 76.26 50.85 1.500 42,14 1.810
-0.82 86.22 60.87 1.416 48,28 1.786
-9.13 97.22 T71.57 1.358 55.20 1.761

=-15.21 108.37 83.41 1,299 61.63 1.758
-19.02 120.20 93.38 1,287 66.51 1.807
-21.06 124,53 99.84 1,247 69.74 1.786
-22.04 118.64 102.96 1.152 71.37 1.662
-23.10 103.18 106.50 0.969 73.27 1.408
-24.23 T1.44 110.86 0.6u44 75.72 0.943

10 17.404%  0.904  0.301 35.7
11 17.704 1.204  0.401 76.5
12 18.000 1.500 0.500 108.9
13 18.304 1.804  0.601 133.2
14 18.622 2.122  0.707 149.1
15 18.904  2.404  0.801 158.2
16 19.050 2.550 0.850 162.4
17 19.200 2.700 0.900 167.0
18 19.355 2.855 0.952 172.5
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TEMPERATURE INTERVAL NUMBER = 14, TIME = 2.000 MIN., PRESSURE = 0.000 KSI
16,500 0.000 0.000 -175.0 63.09 0.00 31.90 0.000 31.90 0.000
16,530 0.030 0.010 =165.5 60.50 20.41 31.90 0.640 31.90 0.640

56.16 31.22 31.90 0.979 31.90 0.979
49,46 42,17 33.37 1.264 31.90 1,322
45.50 48.76 34,32  1.421 31.90 1.529
40.84 54.37 35.50 1.531 31,96 1.701
32.10 62.43 37.99 1.643 34,03 1.83%
23.80 69.14 40.88 1.691 36.18 1.911
17.02 75.01 43.99 1.705 38.19 1,964
10.66 79.72 47.81 1,668 40.41 1.973
-0.22 90.59 56.86 1.593 45.73 1.981

16.579 0.079 0.026 =~149.4
16,668 0.168 0.056 -124.7
16.729 0.229 0.076 -110.2
16.804 0.304 0,101 -93.0
16.950 0.450 0,150 -60.5
17.104  o0.604 0,201 -29.6
17.250 0.750  0.250 =4.1
10 17.404  0.904 0.301 19.9
11 17.704 1.204 0,401 61.6

.
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12 18.000 1.500 0.500 97.4 . -9.43 102.28 67.29 1.520 52.52 1.947
13 18.304 1.804  0.601 125.3 -16.40 113.62 79.04 1.437 59.41 1.913
o 18.622 2.122  0.707 141.3 -20.25 125.71 88.27 1.424 64.01 1.964

=-21.94  130.35 93.45 1.395 66.54 1.959
-22.88 124.29 96.14 1.293 67.87 1.831
=24.07 108.17 99.69 1.085 69.66 1.553
~25.43 74.90 104,77 0.715 72.33 1.036

15 18.904 2,404 0,801 149.2
16 19.050 2.550 0.850 153.1
17 19.200 2,700 0.900 158.0
18 19.355 2,855 0.952 164.8
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TSE6 12/9/81 TO 3M 148 LONGIT. CRACK

KICTYP = 6, RTNDTO = 0.0 DEG., %CU = 0.000, FO =0.00E19

SEQ RADIUS  DEPTH A/W  TEMPER. DLRTNDT CIRCUMF. ELLIPTIC
NO. IN. IN. DEG.F DEG.F STRESS KSI  KI KIC KI/KIC KIA KI/KIA ANGLE
TEMPERATURE INTERVAL NUMBER = 15, TIME = 2,167 MIN., PRESSURE = 0,000 KSI

1 16.500 0.000 0.000 =192.0 64.08 0.00 31.90 0.000 31.90 0.000

2 16,530 0.030 0.010 -182.5 61.49 20.74 31,90 0.650 31.90 0.650

3 16.579  0.079 0.026 -166.4 57.13 31.74 31,90 0.995 31.90 0.995

4 16.668 0.168 0.056 =-142.5 50.64 42.98 32.25 1.333 31.90 1.347

5 16.729 0.229 0.076 -128.1 46.71 49.81 33.16 1.502 31.90 1.561

6 16.804 0.304 0.101 =-109.9 41.80 55.56 34,34 1,618 31.90 1.742

7 16.950 0.450 0.150 -76.6 32.81 63.77 36.71 1.737 33.00 1.932

8 17.104  0.604 0.201 ~45,6 24,52 70.71 39.29 1.800 35.04 2,018

9 17.250 0,750 0.250 -20.2 17.74 76.86 41.92 1.833 36.89 2.083

10 17.404 0.904 0,301 4.3 11.26 81.82 45.22 1.810 38.92 2.102

11 17.704 1,204  0.401 47.6
12 18,000 1,500 0.500 84.1

-0.06 93.07 53.47 1.701 43.67 2.131
-9.44  105.19 63.05 1.668 49.72 2.116

13 18.304 1.804  0.601 112.3 -16.50 17.12 72.94 1.606 56.02 2.091
1 18.622 2.122  0.707 129.4 ~20.64 129.79 81.27 1.597 60.56 2.143
15 18.904 2,404  0.801 138.8 -22.69 134.61 86.70 1.553 63.25 2.128
16 19.050 2.550 0.850 43,4 ~23.81 128.34 89.61 1.432 64.66 1,985

17 19.200 2,700 0,900 149.0
18 19.355 2.855 0.952 156.3

~25.16  111.69 93.33 1.197 66.48 1.680
~26.67 77.34 98.47 0.785 69.04 1.120

[eNeNeoNeNoRoRoNeNeloleoNeNeNolNeoNoRoNo)
o s e & e o e e 8 e & o & 4 e e @

TEMPERATURE INTERVAL NUMBER m 16, TIME m 2.267 MIN., PRESSURE = 0.000 KSI

1 16,500 0,000 0,000 -201.0 0. 64.07 0.00 31.90 0.000 31.90 0.000
2 16.530 0,030 0.010 -191.4 0. 61.45 20.73 31.90 0.650 31.90 0.650
3 16.579 0,079 0.026 -176.0 0. 57.28 31.76 31.90 0.995 31.90 0.995
4 16.668 0,168 0.056 -~152.0 0. 50.76 43.09 31.90 1.351 31.90 1.351
5 16.729 0.229 0,076 -136.9 0. 46.65 49.86 32.60 1.530 31.90 1.563
6 16.804 0.304 0.101 -=119,0 0. 41.80 55.60 33.74 1,648 31.90 1.743
7 16.950 0,450 0,150 -86.4 0. 33.02 63.90 35.97 1.776 32.38 1.974
8 17.104 0.604 0.201 -55.5 0. 24,74 70.95 38.41 1.847 34.37 2.065
9 17.250 0.750 0.250 -29.5 0. 17.80 77.10 40.89 1.886 36.19 2.130
10 17.404 0.904  0.301 ~4.1 0. 11.10 81.98 43.98 1.864 38.19 2.147
11 17.704 1.204 0,401 39.6 0. -0.32 93.01 51.68 1,800 42,62 2.182
12 18.000 1.500 0.500 4.1 0. -9.19 105.27 60.19 1.749 u7.84 2.201
13 18.304 1.804  0.601 100.2 0. ~15.74 117.80 68.28 1.725 53.16 2.216
14 18.622 2.122 0,707 118.2 0. ~20.09 131.13 75.59 1.735 57.54 2.279
15 18.904 2,404  0.801 130.0 a. ~22.79 136.16 81.57 1.669 60.71 2,243
16 19.050 2.550 0.850 136.0 0. ~24.25 129.82 85.05 1.526 62.44 2.079
17 19.200 2.700 0.900 143.0 0. ~25.93 112.96 89.36 1.264 64.54 1,750
18 19.355 2,855 0.952 151.4 0. -27.76 78.23 95.01 0.823 67.31 1.162
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TSE6 12/9/81 TO 3M 148 LONGIT. CRACK

KICTYP = 6, RTNDTO = 0.0 DEG., %CU = 0,000, FO =0.00E19

SEQ RADIUS  DEPTH A/W  TEMPER. DLRTNDT CIRCUMF, ELLIPTIC
NO. IN. IN. DEG.F DEG.F STRESS KSI  KI KIC KI/KIC KIA KI/KIA ANGLE
TEMPERATURE INTERVAL NUMBER = 17, TIME = 2.300 MiIN., PRESSURE m  0.000 KSI

16,500 0,000 0.000 =204, 64.14 0.00 31.90 0,000 31.90 0,000

16.530 0,030 0,010 =194, 61.52 20.75 31.90 0.651 31.90 0.651

57.35 31.79 31.90 0.997 31.90 0.997
50.83 43.14 31.90 1.352 31.90 1.352
46.71 49.93 32.41 1,540 31.90 1,565
41,86 55.67 33.55 1.659 31.90 1.745
33.09 64.00 35.76 1.790 32.19 1.988
24.81 71.07 38.15 1.863 34.17 2.080
17.86 77.25 40.57 1.904 35.97 2.147
11.17 82.15 43.57 1.886 37.94 2,166
-0.26 93.24 51.04 1.827 42,25 2.207
=-9.11 105.60 59.35 1.779 47.30 2.233
-15.68 118.25 67.23 1.759 52.48 2.253
-20.12  131.66 74.38 1.770 56.85 2.316
-22.92 136.70 80.34 1.702 60.08 2.275
-24,42  130.33 83.81 1.555 61.83 2.108
-26,12  113.39 88.09 1.287 63.93 1.774
-27.96 78.52 93.65 0.839 66.63 1.178

16.579  0.079 0.026 =-179.
16.668 0.168 0.056 =155,
16,729  0.229 0,076 =139,
16.804 0,304 0,101 =122,
16,950 0.450 0.150 -89.
17.104  0.604 0.201 =58,
17.250 0,750 0.250 -32.5
10 17.404 0,904  0.301 ~7.1
11 17.704 1,204 0,401 36.6
12 18.000 1.500 0.500 71.0
13 18.304  1.804  0.601 97.3
14 18.622 2.122 0.707 115.6
15 18,904 2,404  0.801  127.7
16 19.050 2.550 0.850 133.9
17 19.200 2.700 0,900 141.0
18 19.355 2.855 0.952 149.5
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-8.90 107.25 57.21 1.875 5,94 2,334
-15.51 120.40 64,62 1.863 50.77 2.372

12 18.000 1.500 0.500 63.0
13 18.304 1.804  0.601 89.3

14 18,622 2,122  0.707 109.1 -20.33 134.19 71.63 1.873 55.24 2.429
15 18.904  2.4048  0.80 122.9 . =23.57 139.24 77.86 1.788 58.78 2.369
16 19.050 2.550 0.850 129.7 -25.20 132.67 81.45 1.629 60.65 2.188

-26.91 115.39 85.63 1.348 62.73 1.840

17 19.200 2.700 0.900 137.0
-28.71 79.89 90.73 0.881 65.21 1.225

18 19.355 2.855 0.952  145.1

TEMPERATURE INTERVAL NUMBER = 18, TIME = 2.400 MIN., PRESSURE =  0.000 KSI
1 16.500 0.000 0.000 =211.0 0. 64.09 0.00 31.90 0.000 31.90 0.000
2 16,530 0.030 0.010 -202.1 0. 61.65 20.77 31.90 0.651 31.90 0.651
3 16.579 0.079 0.026 -187.0 0. 57.57 31.88 31.90 0.999 31.90 0.999
4 16,668 0.168 0,056 =163.7 0. 51.20 43.32 31.90 1.358 31.90 1.358
5 16.729 0.229 0.076 -149.0 0. u7.22 50.23 31.90 1.575 31.90 1.575
6 16,804 0,304 0,101 -131.0 0. 42.33 56.07 32.97 1.700 31.90 1,758
7 16.950 0.450 0,150 -98.4 0. 33.53 64.54 35.12 1.837 31.90 2.023
8 17.104 0.604 0.201 -67.6 0. 25.29 71.79 37.41 1.919 33.57 2.138
9 17.250 0.750 0.250 -41.5 0. 18.33 78.15 39.67 1.970 35.32 2.212
10 17.404 0.904 0.301 -=15.9 0 11.55 83.20 42.44 1.961 37.23 2.235
11 17.704 1,204 0,401 28.6 0 -0.08 94.53 49,42 1.913 41,33 2.288
0
0
0.
0
0.
0
0

. .
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TSE6 12/9/81 TO 3M 148 LONGIT. CRACK

KICTYP = 6, RTNDTO = 0.0 DEG., %CU = 0.000, FO =0.00E19

-------------------- R R R R I R N I I B I I I R N I I A R
.

SEQ RADIUS  DEPTH A/W  TEMPER. DLRTNDT CIRCUMF ELLIPTIC
NO. IN. IN. DEG.F DEG.F STRESS KSI  KI KIC KI/KIC KIA KI/KIA ANGLE
TEMPERATURE INTERVAL NUMBER = 19, TIME = 2.500 MIN., PRESSURE =  0.000 KSI
1 16,500 0,000 0,000 -215.0 0. 63.97 0.00 31.90 0.000 31.90 0.000
2 16.530 0.030 0,010 -206.8 0. 61.71 20.77 31.90 0.651 31.90 0,651
3 16.579 0.079 0.026 -192.1 0. 57.72 31.93 31.90 1.001 31.90 1.001
4 16.668 0.168 0.056 -168.6 0. 51.33 43,41 31.90 1.361 31.90 1.361
5 16,729 0.229 0.076 =154.0 0. 47.36 50.34 31.90 1.578 31.90 1.578
6 16,804 0,304 0,101 -136.0 0. 42,46 56.21 32,66 1.721 31.90 1.762
7 16.950 0.450 0.150 -103.4 0. 33.67 64.72 34,78 1.861 31.90 2,029
8 17.104 0.604 0.201 -72.6 0. 25.43 72.03 37.01 1,946 33.25 2,166
9 17.250 0.750 0.250 -46.5 0. 18.47 78. 44 39.21 2.001 34,98 2.243
10 17.404 0.904 0.301 =20.9 a. 11.68 83.54 21.84 1.997 36.84 2,268
11 17.704 1.204  0.401 23.6 0. 0.06 95.00 48,47 1.960 40.78 2.329
12 18.000 1.500 0,500 57.8 0. -8.75 107.91 55.92 1.930 45.15 2.390
13 18.304 1,804  0.601 84,3 0. -15.38 121,29 63.10 1.922 49,75 2.438
1 18.622 2.122 0.707 104.8 0. -20.39 135.26 69.95 1.934 54.21 2.495
15 18.904 2,404 0.801 119.4 0. -23.83 140.34 76.14 1,843 57.84 2,426
16 19.050 2,550 0.850 126.5 0. =25.52 133.70 79.71 1.677 59.76 2.237
17 19.200 2,700 0,900 134.0 0. -27.28 116.28 83.85 1.387 61.85 1,880
18 19.355 2,855 0,952 142.1 0. =29.M 80.50 88.82 0.906 64,28 1.252
TEMPERATURE INTERVAL NUMBER = 20, TIME = 2,667 MIN., PRESSURE = 0,000 KSI
1 16,500 0,000 0,000 -125.0 0. 39.83 0.00 33.35 0,000 31,90 0,000
2 16,530 0,030 0,010 =123.1 0. 39.27 13.09 33.48 0.391 31.90 0.410
3 16,579 0,079 0.026 -120.7 0. 38.53 20.64 33.63 0.614 31.90 0.647
4 16.668 0,168 0.056 -117.6 0. 37.52 29.61 33.83 0.875 31.90 0,928
5 16.729 0.229 0.076 -=114.1 o. 36.46 35.49 34,07 1.042 31.90 1.112
6 16.804 0,304 0.101 -107.6 0. 34.63 41.00 34,50 1,188 31.90 1.285
7 16.950 0,450 0.150 =~92.7 0. 30.49 49.88 35.52 1.404 31.98 1,560
8 17.104 0,604 0.201 =~T74.0 g. 25.36 58.01 36.91 1.572 33.17 1.749
9 17.250 0,750 0.250 54,1 0. 20.01 65.08 38.54 1.689 34,46 1,888
10 17.404 0,904 0,301 -~32.3 0. w21 70.72 40.59 1.743 35.98 1.965
11 17.704 1.204  0.401 8.6 0. 3.47 82.40 45.88 1.796 39.31 2.096
12 18.000 1.500 0.500 42.3 0. -5.26 94.67 52.27 1.811 42,97 2.203
13 18.304 1,804  0.601 70.3 0. =12.37 106.87 59.15 1.807 47,17 2.266
1 18.622 2,122 0,707 93.8 0. -18.19 119.07 66.07 1.802 51.72 2,302
15 18.904 2,404 0,801 110.7 0. -22.28 123.22 72.31 1,704 55.64 2,214
16 19.050 2,550 0,850 118.5 0. =241 17.24 75.74 1,548 57.62 2.035
17 19.200 2,700 0,900 126.0 0. -25.84 101.90 79.43 1.283 59.61 1.709
18 19.355 2.855 0.952 133.3 0. =27.55 70.55 83.47 0.845 61,66 1.144
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TSE6 12/9/81 TO 3M 148 LONGIT. CRACK

KICTYP m 6, RTNDTO = 0.0 DEG., ®%CU = 0.000, FO =0.00E19

SEQ RADIUS  DEPTH A/W  TEMPER. DLRTNDT CIRCUMF. ELLIPTIC
NO. IN. IN. DEG.F DEG.F STRESS KSI  KI KIC KI/KIC KIA KI/KIA ANGLE
TEMPERATURE INTERVAL NUMBER m 21, TIME = 3.000 MIN., PRESSURE =  0.000 KSI

1 16.500 0.000 0.000 -57.0 . 22,16 0.00 38.28 0.000 34,27 0.000

2 16.530 0.030 0.010 -56.3 . 21.93 7.30 38.35 0.190 34.32 0,213

3 16.579 0.079 0.026 -56.0 . 21.79 11.58 38.37 0.302 34,34 0.337

4 16.668 0.168 0.056 -54.9 . 21.39 16.76 38.46 0.436 34,41 0,487

5 16.729 0.229 0.076 =-53.2 . 20.86 20.14 38.62 0.522 34,52 0,583

6 16,804 0,304 0,101 -50.9 . 20.18 23.41 38.82 0.603 34.68 0.675

7 16.950 0.450 0,150 =45.3 18.57 29.00 39.32 0.738 35.06 0.827

8 17.104 0,604 0,201 -37.5 . 16.38 34,44 40,06 0.860 35.61 0.967

9 17.250 0,750 0.250 -28.4 13.90 39.46 41,00 0.962 36.27 1.088

10.97 43.78 42,24 1,037 37.10 1,180
4,64 52.73 45.53 1.158 39.11 1.348
-1.76 61.50 49.89 1.233 41,59 1.479
=7.18 69.70 54.55 1.278 44,31 1,573
-10.78 78.37 58.16 1.347 46,54 1,684
-13.55 82.33 61.34 1.342 48.59 1.695
-15.69 78.95 63.67 1.240 50.13 1.575
-18.53 68.93 67.14 1,027 52.43 1.315
-21.81 47.84 72.66 0.658 55.85 0.856

10 17.404 0,904 0.301 -17.5
11 17.704 1,204  0.401 6.4
12 18,000 1.500 0.500 31.0
13 18.304 1.804 0,601 52,2
1 18,622 2,122 0,707 66.6
15 18,904  2.404  0.801 78.2
16 19,050 2.550 0,850 86.2
17 19.200 2.700 0.900 97.0
18 19.355 2.855 0.952 111.6

.
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TEMPERATURE INTERVAL NUMBER = 22, TIME = 3.233 MIN., PRESSURE @ 0.000 KSI
1 16,500 0,000 0.000 -33.0 0. 16.34 0.00 40.52 0.000 35.93 0.000
2 16,530 0.030 0.010 -32.3 0. 16.13 5.38 40.59 0.132 35.98 0.149
3 16.579 0.079 0.026 -32.0 0. 15.99 8.51 40,62 0.209 36.01 0.236
4 16,668 0.168 0.056 ~31.5 0. 15.79 12.33 40.67 0.303 36.04 0.342
5 16.729 0,229 0,076 =-30.5 0. 15.47 14.85 40.78 0.364 36.12 0.411
6 16,804 0.304 0,101 -28.9 0. 14.99 17.30 40,95 0.423 36.23 0.478
7 16.950 0.450 0.150 =24.7 0. 13.77 21.146 41,41 0.518 36.55 0.587
8 17.104 o0.604 0,201 -19.3 0. 12.25 25.53 42,03 0.607 36.96 0.691
9 17.250 0.750 0.250 -13.3 0. 10.61 29.37 42,76 0.687 37.43 0,785
10 17.404 0.904  0.301 =5.7 Q. 8.55 32.76 43,76 0.748 38.06 0.861
11 17.704  1.204  0.301 12.3 0. 3.78 39.67 46.49 0.853 39.65 1.000
12 18,000 1.500 0.500 30.6 0. ~-1.00 46.45 49.83 0.932 41,56 1.118
13 18,304 1,804 0.601 46.1 0. =4.95 52.93 53.13 0.996 43.47 1.218
14 18.622 2.122  0.707 56.7 0. -7.60 59.96 55.63 1.078 44,97 1.333
15 18.904 2.404 0.801 66.4 0. -9.93 63.40 58.11 1.091 46.51 1,363
16 19,050 2.550 0,850 73.7 0. -11.93 60.97 60.08 1,015 47.77 1.276
17 19.200 2.700 0.900 84.0 0. -14.66 53.30 63.02 0,846 49,70 1.072
18 19.355 2.855 0.952 98.1 0. -17.84 37.02 67.51 0.548 52.66 0.703



224

TSE6 12/9/81 TO 3M 145 2-D CRITICAL CRACK DEPTHS
KICTYP = 6, RTNDTO = 0.0 DEGF, %CU = 0,000, FO = 0,00E19
TIME INITIATION ARREST
1.02 0,150
1.03 0.201
1.04 0.707
1.04 0.801
1.05 0.250
1.07 0.101
1.07 0.601
1.08 0.301
1.10 0.500
1.11 0.401
1.1 0.850
1.13 0,082
1.13 0.857
1.16 0.076
1.17 0.075
1.17 0.865
1.23 0.150
1.24 0.201
1.26 0.101
1.27 0.250
1.32 0.056
1.32 0.301
1.32 0.900
1.33 0.076
1.33 0.076 0.055
1.33 0.309 0.901
144 0.401
1.47 0.707
1.48 0.500
1,48 0.601
1.50 0.057 0,043
1.50 0.768 0.919
1.51 0.056
1.52 0.801
1.62 0.850
1.67 0.046 0,036
1.67 0.860 0.934
1.83 0.036 0,031
1.83 0.892 0.945
1.88 0.900
1.94 0.952
2.00 0.029 0.028
2.00 0.912
2.17 0.027 0,027
2.17 0.925
2.27 0.027  0.027
2.27 0.931
2,30 0.027 0.027
2,30 0.933
2,40 0.027 0.027
2,40 0.938
2.44 0.026 0,026
2,50 0.026 0.026
2,50 0.942

2,50 0.026



225

TSE6 12/9/81 TO 3M 145 2-D CRITICAL CRACK DEPTHS
KICTYP = 6, RTNDTO = 0,0 DEGF, %CU m 0.000, FO = 0.00E19
TIME INITIATION ARREST
2.50 0.026
2.62 0.056
2.64 0.056
2.67 0.071 0.064
2.67 0.933
2.69 0.076
2.74 0.076
2.77 0.101
2.82 0.101
2.83 0.952
2.87 0.150
2.92 0.150
2.93 0.201
2.98 0.250
2.99 0.201
3.00 0.276 0.215
3.00 0.904  0.936
3.03 0.301
3.03 0.900
3.07 0.250
3.12 0.401
3.13 0.301
3.18 0.500
3.23 0.601
3.23 0.606 0,401
3.23 0.854  0.910

2.50

MAX ON INITIATION CURVE: A/W = 0.942, TIME

0.952, TIME 2.83

n

MAX ON ARREST CURVE: AW

"
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