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I. Introduction

The purpose of WISECRACK (Wisconsin semi-elliptical crack growth code) is
to predict the lifetime of first walls, limiters, neutral beam dumps, divertor
collector plates, or other high heat flux components used in fusion reactors.
The component is modeled as a flat plate containing a small, pre-existent
semi-elliptical surface flaw and is subjected to membrane loads, cyclic
temperature gradients, irradiation creep and swelling, embrittlement, and wall
erosion caused by sputtering or vaporization. The crack grows along both its
major and minor axes due to the combined action of cyclic stresses (fatigue
crack growth) and constant stresses at high temperatures (creep crack growth).
Failure results when the crack either penetrates through the wall, therefore
causing coolant to leak into the plasma chamber, or when the maximum stress
intensity factor exceeds the material's fracture toughness and causes cata-
strophic fracture. Figure 1 illustrates a typical flaw growth pattern one
might expect for a tokamak first wall component. In this example, WISECRACK
predicted leak-through failure (leak-before-break) after 621,000 cycles of
normal operation.(l)

Because of the unique environment in a fusion reactor, it was necessary
to devise a special lifetime code that would include the effects of radiation
damage and surface erosion. Table 1 highlights the important features of
WISECRACK which make it an ideal choice for fusion applications.

Radiation damage and surface erosion have an impact also on the stresses
and temperatures in these high heat flux components. For this reason,
WISECRACK is designed to couple with the TSTRESS inelastic stress analysis
code, written by R. Peterson(Z). TSTRESS in turn couples with a program

written by G. Moses called WALL that solves the one-dimensional heat



Figure 1

2-D FLAW GROWTH PATTERN

a LEAK- THROUGH
- /4
\« 6mm
% I } t c ?
621,000 394,000 | 25,000
548,000 34,000 CYCLES

Typical two-dimensional flaw growth pattern predicted by WISECRACK.



Table 1. Highlights of WISECRACK Code

Linear elastic fracture mechanics.

Semi-elliptical surface flaw in a flat plate.

Two-dimensional shape change growth model.

Time-dependent stress cycle (variable R-ratio).

Fatigue and creep crack growth rates linearly superimposed.
Leak-through and catastrophic fracture failure modes.

Bending stress intensity factor solutions.

Linearization over-the-crack of nonlinear stress gradients through the
wall.

Fatigue crack growth model includes temperature effect, R-ratio effect,
threshold AK, and embrittlement.

Short crack correction factor for ag < 1 mm.

Wall thinning and crack erosion included.

Neutron induced reduction in fracture toughness.

Fourth order Runge-Kutta numerical integration method with automatic step
size selection.

Two different models for fatigue crack growth rate.

Option for one-dimensional crack growth.



conduction equation for pulsed, arbitrary surface heat fluxes. Future
versions of TSTRESS will also couple it to a temperature code written by A.
Hassanein(3), called A*THERMAL, which includes the effects of melting and
evaporation at the surface. If TSTRESS is not available, then any other
existing inelastic (or elastic) stress analysis program may be used as well.
However, the user must then write a short pre-processor program to correct the
data output from the stress code into the appropriate format for input to
WISECRACK. Instructions for doing this are described in section IV.B.

When all of these codes are linked together, as shown in Fig. 2, they
form an integrated lifetime assessment package. With this integrated method-
ology, it is now possible to study the complex relationships between the
structural response and crack propagation which, hitherto, have not been fully
explored. The strongest feature of the two coupled codes, TSTRESS and
WISECRACK, is their flexibility, which allows the user to study parametrically
the effect of different radiation damage correlations on component Tifetime
without performing lengthy finite element computations. The reader is .
referred to the author's dissertation(4) for examples and discussion of the
application of TSTRESS and WISECRACK to tokamak power reactor fjrst wall

component lifetime.



Figure 2
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are computer codes used in the Department of Nuclear Engineering.



II. Models for Crack Propagation

II.A. Flaw Characterization

The initial, pre-existent defect used in WISECRACK is a semi-elliptical
surface flaw, oriented perpendicular to the direction of maximum principal
stress, as shown in Fig. 3. Although it is a three-dimensional defect, its
dimensions are characterized only by a depth of "a" along its minor axis and a
surface Tength of "2c" along its major axis. The flaw is allowed to grow
independently along each axis, thus changing its aspect ratio, a/c (see Fig.
1).

The flat plate element shown in Fig. 4 represents an idealized model for
a critical location from the global structure itself. This model is a useful
approximation to the thin-walled, curved structures which are characteristic
of high heat flux components. Flaw sizes are typically assumed to equal 25%
of the wall thickness (1-10 mm), therefore giving flaw depths, a5, in the
range from 0.25 mm to 2.5 mm. It is traditionally assumed that the initial
flaw shape is semi-circular (ay/cy = 1).

I1.B. Stress Intensity Factors

The driving force for fatigue crack growth is localized cyclic plasticity
at the crack tip (or, in the case of a semi-elliptical surface flaw, plasti-
city around the entire crack from o6 = 0 to 6 = 180°). 1In linear elastic
fracture mechanics the fundamental parameter that measures this concentration
(or intensity) of stress and strain at the crack tip is defined as Ky, the
stress intensity factor for type I crack opening mode (see Fig. 5). Type II
and type III crack modes (KII and KIII) are not considered in WISECRACK;

hence, the subscript "I" in K; will be dropped from future use in this report.



Figure 3

SEMI — ELLIPTICAL SURFACE FLAW

Model for a semi-elliptical surface flaw.



Figure 4
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Relationship of a thin-walled plate element to the global structure. TSTRESS
uses the membrane loads and bending moments to calculate the stresses distri-
bution through the wall.



Figure 5

Mode | Mode Il Mode Il

Three different modes of crack displacement. Only the opening mode I is used.



In a typical high heat flux component there are two primary sources of
stress: a membrane stress caused by coolant pressure and a bending stress
caused by the linear temperature gradient through the wall. Within the Timits
of Tinear elastic fracture mechanics, the stress intensity factors from each
of these sources of stress can simply be superimposed. Adopting the notation
used in section XI of the ASME -Boiler and Pressure Vessel Code(5) we can write

the total stress intensity factor, K, as

K= (MM + Mo) /%—3 (1)
where: a = crack depth into plate
op = membrane stress
op = bending stress
Q = flaw shape factor
M, = membrane correction factor

= bending correction factor.

=
o
[

Ops Ops and a are defined in Fig. 6. The superposition of the two load types,
tension and bending, is illustrated in Fig. 7. From this it can be seen that
op Or op can be either positive or negative numbers, depending on both the
particular stress distribution through the wall and on which side of the plate
the flaw is located. Note that the bending stress, ops should always be
measured on the same side that the crack is located (compare Fig. 7b and 7d).
Growth patterns are different for pure tension or pure bending loadings,
as illustrated in Fig. 8. Bending causes the flaw to elongate faster along
the surface than it would under pure tension loads. After many cycles, when

the crack reaches leak-through, the final aspect ratio is predicted by

10



Figure 6
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Figure 7

() op< O (d) oyn>0
O} >0 Op < 0

Method for determining o and o,.. o_ equals the stress at the midplane and
a? equals the difference betweeR theMstress at the surface and One I is
alw

ays measured on the same side that the crack is located.
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Figure 8
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13



WISECRACK to equal a/c = 0.76 for pure tension and a/c = 0.12 for pure bending

1oads.(4)

Since most high heat flux components sustain a linear temperature
gradient across the wall and, hence, a linear stress gradient (bending), we
can reasonably expect all surface flaws to grow into long, thin crack shapes.
It is, therefore, incorrect to assume that an initially semi-circular flaw
(a/c = 1) will keep its same shape for its entire 1ife, as has been the
assumption in past first wall lifetime studies.

Over a period of many years while the reactor is running, inelastic de-
formation caused by irradiation creep and swelling will modify the initially
linear stress distribution through the wall. However, the equations given by
Newman and Raju(ﬁ) for the stress intensity factor can only be applied to a
Tinear stress gradient. Therefore, WISECRACK uses a method recommended by the
ASME Boiler and Pressure Vessel Code(s) to linearize these nonlinear stresses
over the crack depth. Figure 9 illustrates the method. First, a straight
line is drawn between points A and B, where point B is determined by the crack
depth a. Line AB represents an equivalent linear stress distribution from
which the two stresses, o and op, are easily calculated by using the drawings
in Fig. 7.

This particular method of linearization derives from the assumption that
only those stresses which act upon the face of the crack are important in
determining the stress intensity factor. For moderately nonlinear gradients
(Tong burn-time plasmas) the method gives very good results. However, it is
not as accurate for the steep stress gradients that are produced from either
ICF microexplosion or plasma disruption heat pulses. This remains an area of

possible improvement in the code.

14



Figure 9
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Technique for linearization over-the-crack of the nonlinear stress distri-
bution, cx(z), through the thickness.
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Returning to Eq. (1), the flaw shape factor, Q, is equal to ¢2, where ¢

is the complete elliptic integral of the second kind

/2 2 2
o= 1 [1- (5L sin?) M2 ao . (2)
0 C

A convenient approximation is commonly used for ¢2, namely
0= 1.0 + 1.464 (3)1-65 (3)

for a/c < 1.0. In the 1imit as ¢ + =, the surface flaw becomes an edge crack,
for which Q = 1.

The expressions used in WISECRACK for Mp and M, are those &eve1oped by
Newman and Raju.(s) They used a 3-D hybrid finite element method to compute
accurate correction factors that depend on the crack depth (a), aspect ratio
(a/c), plate width (w), angular location (6), and load type (tension or
bending) for the following ranges 0 < a/c <1, 0 < a/h <1, c/w < 0.5 and

0 < 8 < m. The membrane correction factor, Mn» is given by

_ a2 a4
where
- a
M1 =1.13 - 0.09 (E) (5)
_ 0.89
Mp = <054 + e (6)
= 1 _ ay24

16



g=1+T[0.1+ 0.35(%)2](1 - sin 8)2 (8)

fe = [(%Jz cosZe + sinzelo‘25 (9)
and
£, = [sec (= /10, (10)

The bending correction factor, My, is given by

Mb = H . Mm (11)
where
H=Hy + (Hy - H) sinPe (12)
_ a a
p=02++ O'G(F) (13)
— a dyqsda
H1 =1 - 0.34(50 - 0.11(EJ(HJ (14)
- a a2
H2 =1+ Gl(ﬁd + GZ(FJ (15)
- a
G1 = -1.22 - O.IZLE) (16)
and
- a,0.75 a 1.5
G2 = (.55 - 1.05(EJ + 0.47(E) . (17)

Going back to Eq. (1), it can be rewritten in a more transparent form as

K=(—_cm+—ob)/ﬁ (18)
/Q /q

or as

17



K = (Fmom + Fbcb) /ma (19)

where we have defined the magnification factors Fn and Fy as

M
F o= _m (20)
YQ
and
M
Fy = _b (21)
)

For comparison, the stress intensity factor for a through-thickness crack of

length 2a subjected to a uniform tensile stress, o, is given by(7)

K= o/ma . (22)

By comparing this to Eq. (19) we see that the magnification factors Fp and Fy
are essentially a measure of the enhancement in stress intensity for a semi-
elliptical surface flaw over that for a through-crack of the same surface
Tength (width). The dependence of F, and Fy, upon the aspect ratio, a/c, and
the dimensionless depth, a/h, is shown in Figs. 10, 11, 12, and 13. Note that
a limiting value of a/c = 0 represents an edge crack and a value of a/h = 0
describes a surface flaw in a semi-infinite body (half-space). A general ob-
servation from these curves is that pure tension loads cause higher stress
intensities than pure bending loads, for the same value of om = op. Also,
when the stress field is predominantly bending, K is higher at the surface
than at the tip of the crack, for a/h > 0.1. This implies that fracture will
usually originate at the surface in high heat flux components, rather than

from within the wall.,

18



Figure 10
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Figure 11
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depth for pure tension loads and 6 = 90°, [6].
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Figure 12
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Figure 13
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II.C. Fatigue Crack Growth Rate

The rate of fatigue crack growth, da/dN, can be defined as the amount of
crack extension caused by cyclic stresses within a single load cycle. It has
been found to correlate very well with the cyclic stress intensity factor, aK,

where

AK

it
~
{
.

max Km1‘n (23)
For most metals, the relationship between da/dN and AK exhibits three differ-
ent regimes of behavior, as shown in Fig. 14.

During stage I, the so-called threshold regime, da/dN becomes vanishingly
small as aK approaches AK,, the threshold stress intensity factor. In stage
II, stable crack growth is observed over the range of aAK from 10 MPa vm to 100
MPa /m for steels. Here, the data can be successfully fit to the traditional

Paris equation
da _ grag)n (24)
dN :

Finally, in stage III, unstable crack growth occurs when aK approaches Kies
the plane strain fracture toughness. Fast fracture occurs when K., > K-
8Ky and Kp. are traditionally considered to be basic materials properties.
However, neutron irradiation is expected to degrade both of these properties,
as will be discussed later on.

Fatigue crack growth rates are also influenced by temperature and mean
stress level. It is observed that an increase in the temperature, T, will

increase da/dN, as shown in Fig. 15. Sadanada and Shahinian{8) have

23



Figure 14
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Schematic of three stages of fatigue crack growth behavior. Stage I is
the threshold regime. Stage II is the linear, stable growth regime, and
Stage III is the unstable, fast growth/fracture regime.
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Figure 15

FATIGUE CRACK GROWTH RATE FBR 316 S.S.
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Effect of temperature on fatigue crack growth in 316 stainless steel.

25



successfully modeled this effect by correlating the data with AK/E(T) instead
of AK, where E(T) is Young's modulus of elasticity. WISECRACK uses this
concept by replacing AK each place it appears in the da/dN equations with

feaK, where f is defined as

f = fﬁf)’— (25)

and T, is room temperature (25°C). Now, since the temperature is a function
of both space and time, we must choose the appropriate value of T to compute f
with. This is done by first selecting the temperature at the specific angular
location along the crack front, & (see Fig. 3). Secondly, the value of T must
also coincide with the value at the particular moment in time when the crack
opening is the greatest (e.g., at Kmax)' This model for temperature effect,
which is based on a modulus correction, is accurate for inert environments
(e.g., helium, 1iquid metals or vacuum). However, aggressive environments
such as salt water, boiling water or even air will add an additional component
to da/dN which has not been included in WISECRACK. Likewise, the current
equations for 316 SS do not include any hydrogen embrittlement effects on
da/dN.

In addition to the temperature effect, increasing the mean stress level
(omax * omin)/2 is also found to accelerate crack growth, as shown in Fig.
16. To model this effect, we can define a mean stress intensity factor,

Kmean» which is directly proportional to the mean stress:

Kmean -7 Kmax * Kmin) : (26)

26



Figure 16

FATIGUE CRACK GROWTH RATE FOR 316 S.S.
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This is related to the so-called R-ratio by

1 1+R

Knean = 7 2 [T— ¢ (27)
where
Km1‘n
R = 4 . (28)
max

From Eq. (27) we observe that for constant aK, increasing values of Kmean a1s0
correspond to larger values of R. Figure 16 shows that da/dN is most sensi-
tive to the R-ratio during stage I and stage III crack growth, but changes
little during stage II. The bulk of da/dN data is usually taken at R = 0.

In order to give the user some flexibility, WISECRACK allows a choice be-
tween two different equations for da/dN: the traditional Paris equation and
the more accurate modified Forman equation. The Paris equation only models
stage II accurately and is given by

da . B(FAK )" . (29)

v - ff
In order to correlate da/dN with the R-ratio (mean stress level), the Paris

equation uses the Walker correction(g):

= m
AK = Kmax(l - R . (30)

eff
Note that the Paris equation is simply a straight 1ine on the plot of
In(da/dN) vs. In(aK), as shown in Fig. 17.

A much better correlation can be obtained by using the modified Forman

equation, originally proposed by Speide1(10) as

28



Figure 17

FRATIGUE CRACK GROWTH RATE FOR 316 S.S.
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m n
da BAT[faK - AKo]

daN AKIc -~ ATAK

where

A= 17451? . (32)

Figure 17 shows how this equation correctly predicts the threshold for crack

growth in stage I. Table 2 1ists the constants used in WISECRACK for 316 SS.

Table 2. Fatique Crack Growth Data for 316 SS

Paris Eq. (29) Modified Forman Eq. (31)
B = 3.94 x 10-13 m/cycle B = 3.122 x 10~9 m/cycle
n = 3.66 n=2.95
m = 0.5 m= 0.5
Kie = 150 MPa /m
5.4(1 - 0.9R) R >0
XK = {

5.4(1 - 0.2R) R <O

IT.D. Short Crack Correction

Most of the data for da/dN is obtained using "large" cracks. However,
when "short" cracks are used, e.g., those with a; < 0.5 mm, then they are ob-
served experimentally to grow faster than Tong cracks at the same aK and
R-ratio (see Pearson(ll), Kitagawa et 31.(12), and E1 Haddad et a].(13)).
Unfortunately, for the thin-walled high heat flux components in a fusion

device, this is within the lower range of flaw sizes we are interested in.
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Two possible effects may explain this behavior and both are related to
the breakdown of continuum mechanics for these small flaws. First, Talug and
Reifsnider(14) have shown that the crack tip stresses are enhanced, when com-
pared to the classical solution, as the tip approaches the free surface. This
would increase AK, and hence, da/dN. The second possibility for an enhanced
&K is related to the reduced flaw resistance of the surface grains, as com-
pared to interior grains, due to their lack of constraint by the surrounding
grains.

E1 Haddad and co-workers(ls) have developed a simple scheme for empiri-
cally correlating the increase in da/dN for small cracks. They recommend re-
placing the actual crack length, a, by an effective length, a + o> whenever

this term appears in equations for aAK. For example, Eq. (1) would then become

mla + 2
- / [ o} (33)
K = (Mmom + Mbob) —g

As a >> 24, we see the effect of the correction becomes negligible.
The reasoning behind using this short crack correction factor, Lg> 18
related to the threshold for crack growth, aK,. If we use the AK correction

for a through-crack in a plate, we obtain
MK = Ac Vala + 20, . (34)
Now, at the threshold, we know that

XK = Aoo Yula + 205 (35)

0
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where Ao, is the cyclic stress range for non-propagating cracked specimens.

Solving this equation for Ao gives

AK
Ag. = — O . (36)

0 Vﬂfa + 205
According to a recent review article by Hudak(16), the use of Eq. (36) has
enjoyed wide success in correlating stage I da/dN data for both Tong and short
cracks.
Next, to determine %,, we must consider the 1imit as the actual crack

depth, a, goes to zero:

AKO
Lim [Aoo] = . (37)
a»0 /nzo

For smooth, uncracked fatigue specimens the left-~hand side of Eq. (37) can now
be interpreted as a definition of the so-called endurance 1limit Aog, below
which failure never occurs. Equating these two concepts then gives us a
theoretical relationship between the endurance 1imit and the threshold stress

intensity:

Ao = —2 (38)

Conversely, if both Ao, and K, are known, it then would allow us to calculate

(39)



Using oK, = 5.4 MPa ym and Acg = 380 MPa (55 ksi) for 316 SS, we find that
Lo = 0.064 mm. Unfortunately, the effect of irradiation on Lo Ts unknown.

IT.E. Irradiation Effects on Fatigue Crack Propagation

One of the most important uses of WISECRACK is to study the sensitivity
of lifetime predictions to different correlations for radiation damage ef-
fects. This is accomplished in three ways. First, the long-term stress
history which is supplied by TSTRESS includes the effects of irradiation creep
and swelling, and wall thinning from erosion. Secondly, neutron induced em-
brittlement may eventually cause a substantial reduction in fracture tough-
ness, Ky (according to a recent paper by Wolfer and Jones(17)). The conse-
quence of this reduction is to enhance the probability of brittle fracture
under peak loads.

The third and most important effect is the potentially damaging impact of
neutron irradiation on fatigue crack growth rates. Existing data by James (18)
indicate little effect for low doses (5-10 dpa). However, if severe em-
brittlement is experienced at higher fluences (50-100 dpa), da/dN may be
seriously affected. The stage III regime of unstable crack growth (as defined
in Fig. 14) represents an upper 1imit to 4K, i.e. aK < Ky, (at R = 0). There-
fore, as Ky, drops with increasing dpa, we would expect stage III to shift to
lower values of aAK. However, it is not obvious what effect this will have on
the stage II regime of stable crack growth.

Because no data exists for da/dN on severely embrittled steels, WISECRACK
gives the user a choice of three different models for da/dN, as shown in Fig.
18. The simplest model is the Paris equation (29), which automatically in-
cludes no irradiation effects on stage II. The second choice uses the modi-

fied Forman equation (31) without irradiation effects to stage II. This is
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accomplished, mathematically, by holding K;. in the denominator of Eq. (31)
equal to its unirradiated value (e.g., 150 MPa vm) while allowing the actual
Kic for the structure to drop with dpa. Figure 18 shows that the only differ-
ence between this approach and the Paris equation appears in stage I.

Finally, a third choice is to model irradiation effects to stage II with
the modified Forman equation by allowing K;. to decrease in the denominator of
Eq. (31), as shown in Figs. 18 and 19. The increase in da/dN for severely em-
brittled steels (Ky. < 50 MPa Ym) is quite large, up to an order of magnitude.
Consequently, Tifetimes are predicted to be significantly less.

Due to a lack of data, none of these three models includes any effects of
irradiation on the threshold regime (stage I). It is expected, however, that
since radiation hardening increases the yield strength, we may expect the
threshold stress intensity factor, aK,, to decrease with dpa. Experiments are
needed to verify this assumption.

II1.F. Creep Crack Growth Rate

Creep crack growth occurs in cracked specimens when held at an elevated
temperature under a constant stress. While many different correlations exist
(see the review article by Fu(lg)), the creep crack growth rate, da/dt, ap-
pears to correlate well with the maximum stress intensity factor, Ky xs for
temperatures below 600°C in 316 SS. Because creep is a thermally activated

process, an Arrhenius expression is assumed, giving

da _ P ~Q/RT
i3 DO(Kmax) e . (40)

Most of the data for 316 SS are taken at 600-750°C and have provided con-

sistent measurements of the activation energy, Q.
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Figure 18
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Figure 19
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However, at these high temperatures the use of linear elastic fracture
mechanics becomes somewhat questionable. This is due to large creep de-
formation at the crack tip which relaxes the r'1/2 stress distribution and,
hence, invalidates the stress intensity factor solutions. In this regime the
data correlates best with the time-dependent J-integral, j or C* (see Taira et
a]_(ZO)). Unfortunately, 3 or C* is very difficult to calculate for the
surface flaw, and no results seem to be available in the literature.

Therefore, the constants P and D, in Eq. (40) were fit by the authors to
data taken by James(ZI) at 538°C, where K-factors are assumed to be valid.
These constants are listed in Table 3. Note that Eq. (40) should be used with
caution for temperatures above 650°C. This is especially true for inertial

confinement reactors, where temperatures may exceed 1000°C.

Table 3. Creep Crack Growth Rate Data for 316 SS

P =15

Do = 1.39 x 1076 m/sec
Q = 391,000 J/mole

R = 8.31

Kmax [MPa vm]

da/dt [m/sec]

I11.G. Total Crack Growth Rate

The total crack growth rate, (da/dN)tota1, is computed as a linear super-

position of fatigue and creep rates, assuming no creep-fatigue interaction to

37



exist. Since creep crack growth will be significant only when the plasma is

burning for a time = tgyy, then we can write

da _ da da
(@tota1 = @  * tonaw - (41)

(Fatigue) (Creep)
Although creep-fatigue interactions have been observed in 316 SS(ZZ), no
models are currently available to predict these effects.

I[I.H. Wall Thinning and Crack Erosion

Both sputtering and vaporization of material from plasma disruptions are
mechanisms that erode the surface of unprotected high heat flux components.
Total erosion rates as large as 1-2 mm/yr have been calculated for INTOR con-
ditions.(23) Because these rates are large, WISECRACK and TSTRESS both model
the effects of surface erosion.

Surface erosion causes wall thinning, which affects the Tong-term stress
history. As the wall thins down, the temperature difference across the wall
decreases, thus lowering the cyclic thermal stress, Acyp. Since da/dN ~ (Aoth)4,
even a small amount of erosion will extend the Tifetime. However, too much
erosion then causes the coolant pressure stress to increase, thereby enhancing
the R-ratio (mean stress) and, hence, accelerating da/dN. Usually the first
effect dominates over the second. TSTRESS computes this complicated stress
history and passes it on to WISECRACK.

Now, if the crack is located on the plasma side of the wall, then surface
erosion is assumed to reduce both of its dimensions, a and c, by an amount
equal to aa and Ac, respectively. For a given number of cycles, aN, we can

write
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(42)

pulse
and
sc =c¢[l - /1 - (%3) ] (43)
where: ep = erosion rate

tpu1se = period of one pulse.

WISECRACK assumes that if the rate of crack erosion in the a-direction:
_A£=et (44)

is greater than the fatigue crack growth rate, da/dN, then the flaw will begin
to shrink in size and eventually be obliterated. Although this seems
plausible, no experimental data have been found to either confirm or refute
this assumption.

There is a third synergistic effect caused by surface erosion that should
be described. Wall thinning will indirectly change the stress intensity
factor solutions by increasing the dimensionless depth ratio, a/h. This ratio
is used in Eqs. (4), (8), (10), (13), (14), and (15) to compute the membrane
and bending correction factors, M, and My. Therefore, since %%-~ (Ac)4, small
changes in a/h due to wall thinning may have a significant effect on da/dN

through M, and My.

I[T1.I. Lifetime Prediction

Conceptually, the propagation of a surface flaw to failure is determined
by integrating over time the rate of crack growth along a particular di-

rection. For two-dimensional growth, this can be written as
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- da
dg = 3, ¢+ g Gaﬁ)total dN (45)
and
N¢
_ dc
C¢g=C * g CHW)total dN (46)

where: a, = initial flaw depth

2cy = initial flaw surface Tength

af flaw depth at failure
2c¢ = flaw length at failure

N

number of load cycles

Nf = cycles to failure.
In practice, however, WISECRACK solves these equations incrementally by
choosing a small increment in cycles, AN, and then computing an approximate

increment in growth as:

~ (da
Ad = (Hﬂototal AN (47)
and
. dc
AC = [Hﬁgtota1 AN . (48)

The new crack size is obtained by adding these increments to the current di-

mensions:

%hew - %o1d +ha (49)

new old *ac (50)
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and

N=N+aN . (51)

Any degree of accuracy can be obtained with this method by choosing a suf-
ficiently small step size aN. Chapter III describes the details of this
numerical procedure.

The end-of-1ife is defined by one of two possible failure modes. One
possible mode is when af > h and coolant therefore leaks through the wall.
Typically this mode is dominant when either the toughness is high (KIc > 100
MPa vm) or when the wall erosion rates are high (ep > 1 mm/yr). The other
failure mode is catastrophic fracture, which occurs when Kmax > Kic+ For
embrittled steels, it is this second mode that controls the lifetime. Obvi-

ously, the leak-through failure mode is preferred over catastrophic fracture.
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IIT. WISECRACK Code Description

TIT.A. Method of Solution

The approach taken in the WISECRACK code to compute the crack propagation
involves a numerical solution of Eqs. (45) and (46), rewritten below as a

coupled set of first order differential equations:

da _
(H'N_)tota] - f(a,C,h,N,T,O,tON,dpa) (52)
and
dc _
(aﬁ")tota] = g(asc9h’NsT9°,t0Ngdpa) . (53)
The initial conditions are assumed to be:
aly-g = 3, (54)
and
cly=g = %o (55)

WISECRACK employs a fourth-order Runge-Kutta multi-step algorithm to numeri-
cally obtain the solution to the equations listed above. The basic concept
used by this method, as diagrammed in Fig. 20, is to compute four separate

estimates (Aal, A3y, Aag, Aag) of the increment in crack size, aAa, and then

average these four values to obtain a more accurate approximation to aa:

21 1 1
pra = 3-[Aa1 t 5 ha, t 5 onayt Aa4] . (56)

It should be noted that the two governing equations for (da/dN)tota1 and

(dc/dN)tota1 are coupled by a common dependence on the flaw shape factor, Q,
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the membrane correction factor, M.,s and on the bending correction factor, Mbs
via the aspect ratio, a/c. The coupling with Q is not very significant, but
the M, and My coupling can be very strong in some cases.

[II.B. Step Size Control

In order to minimize computing times, WISECRACK automatically calculates
the increment in cycles, AN, at the beginning of each program iteration. The
chosen value of AN must then satisfy four separate adjustable criteria which
allow the largest possible AN, without sacrificing accuracy. aN is chosen to

be the smaller of the following two numbers,

- a
€ da/dN
AN = minimum . (57)

_c
€ dc/dN

These numbers are chosen so that Aa < ea and Ac < ec, where ¢ is defined as
the maximum allowed fractional change in crack size. The default value of ¢
is 1% (FRCHNG=0.01).

The first of four limiting criteria prevents aN from exceeding a speci-

fied maximum, therefore

AN < AN . (58)
max

The second rule prevents AN from growing faster than an allowed rate. If

ANo]d is the current value of aN, then

AN < ANO +TGROW (59)

1d
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where TGROW typically equals 1.5.

The third criterion is related to the long-term stress history as com-
puted by TSTRESS. These stresses are stored in an array at specific points in
time: t;, ty, t3...t,. Since these stresses should not change significantly

within the aN cycles, AN may not exceed the ratio

t -t
n+l n
AN € (60)
pulse
This insures that the stress history will be followed accurately.
Finally, the fourth criterion simply prevents aN from taking on any
fractional values, hence
AN >1 . (61)

The user can control the accuracy and/or efficiency of the calculation by
setting his/her own values for FRCHNG, NMAX and TGROW.

IIT.C. Description of Subroutines

Figure 21 shows the flow chart for WISECRACK. In the following, a brief
description will be given of the major sections of WISECRACK.

Namelist BEGIN

This is a namelist called "BEGIN" which includes all of the input vari-
ables that are read into the MAIN program (except any data read from unit 8).

MAIN Program

MAIN computes the increments in crack size by using the fourth-order
Runge-Kutta method as illustrated in Fig. 20 to numerically integrate the

crack growth rates over time. After each iteration, MAIN checks whether or
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Figure 21
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Flow chart of subroutines used in WISECRACK.
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not leak-through or catastrophic fracture has occurred. When that happens,
MAIN calls graphics routines which plot the results.

Subroutine LINEAR

LINEAR takes the actual nonlinear stress distribution through the wall
and replaces it with an appropriate linear distribution. It then determines
the linearized bending and membrane stresses. LINEAR also computes the plasma
ON and OFF temperatures at different positions along the crack front and also
the current value of the wall thickness, h. LINEAR computes the current
values of o(z,t), T(z,t), and h(t) by interpolating between two time data
points which are read from unit 8.

Subroutine INTVAL

INTVAL is a subroutine, called by both LINEAR and MAIN, which determines
a pointer for the appropriate interval from among many data points to which a
specific variable belongs. This information is used for the linear interpo-
lations.

Subroutine TOUGH

TOUGH calculates the plane strain fracture toughness, Ky., for 316 SS (or
for any other metal) as a function of the current radiation damage level
(dpa). For ferritic steels, K;. would also depend on temperature because of
the ductile to brittle transition (DBTT).

Subroutine RATE

RATE calculates, first, the stress intensity factors KgN and KgFF at the

crack tip "A" and KSN and KSFF at the crack's intersection with the surface
"C", for plasma-ON and plasma-OFF conditions, respectively. Then, it compares

these four values and chooses the maximum and minimum stress intensities:

a ° Kgin’ K?ax’ and K@in. From these values the largest K is chosen, Ky,,.
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Next, the two R-ratios are found, Ra and R.. RATE then calls DADNEQ twice to
obtain the total crack growth rates, da/dN and dc/dN. Finally, it reduces
dc/dN by the factor (0.9)3'66 to account for surface effects, as suggested by
Newman and Raju.(6)

Subroutine DADNEQ

DADNEQ calculates (da/dN)total and (dc/dN)tota1' Two different equations
for fatigue crack growth rates are available to the user. If both Knax and
Kpin @re negative numbers, then da/dN (or dc/dN) is set equal to zero. The
creep and fatigue crack growth rates are then Tlinearly superimposed, assuming
no creep-fatigue interaction.

Subroutine PROP

PROP calculates the ratio, f, of elastic modulii at two different temper-
atures, E(T,)/E(T). T, is room temperature and T is the temperature at a
specific location along the crack front corresponding to the appropriate
plasma-ON or OFF conditions when the crack tip opening displacement is a maxi-
mum.

ITI.D. Units

WISECRACK uses the following conventions for units:

stress MPa
time seconds
length meters
temperature °K

neutron damage dpa
K1 MPa vm .
Unfortunately, the output from TSTRESS, which is stored on unit 8, is in the

following units: cm, sec, ksi, °K, dpa. WISECRACK, therefore, converts the
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TSTRESS units after it reads the data from unit 8. Also, TSTRESS solves the
problem in units of "full power" time, e.g., full power years (FPY). However,
WISECRACK operates on a "calendar year" basis for time. Therefore, WISECRACK

converts the TSTRESS time units with the following formula:

t
« pulse ] (62)

tursecrack = trsTress Ty

IIT.E. Spatial Zoning

The plate is divided into NN zones, and NN node points. When ISW=0, then
the zoning data is as originally determined in TSTRESS and this information is
passed to WISECRACK via unit 8. TSTRESS allows a variable zone spacing, as
shown in Fig. 22(a). On the other hand, when ISW=1, then WISECRACK calculates
its own uniformly-spaced mesh (e.g., constant zone size), as shown in Fig.
22(b).

IIT.F. Description of Variables

A crack depth into plate

AEFF effective crack depth (a + 2,)

AOLD previous value of the crack depth, a

ASPECT aspect ratio of the surface flaw (a/c)

BANNER=0 this indicates that KMAX occurred while the plasma was ON
BANNER=1 this indicates that KMAX occurred while the plasma was OFF
C crack half-length along plate surface

COLD previous value of the crack half-length ¢ along the surface

€1,C2,C3,C4 intermediate values of the increment in crack half-length, c
DADN effective value of the crack growth rate from fatigue and creep

DADNCG crack growth rate due to fatigue loading only

49



Figure 22
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DADTOF
DADTON
DELTAA
DELTAC
DELTA1,2,3,4
DELTAN
DLTKEF
DNMAX
ERATE
FLUNCE
FREQ
KAOFF

KAON
KCOFF
KCON
KIC
KMAX
KMIN
LA=0

LA=1

LC=0

creep crack growth rate while plasma is OFF

creep crack growth rate while plasma is ON

actual value of the increment in crack depth, for DELTAN cycles
actual value of the increment in crack half-length, c
intermediate values of the increment in crack depth

number of plasma cycles per program increment step size
effective stress intensity factor range

maximum allowed cycle increment size

wall surface erosion rate (m/sec)

accumulated neutron damage (dpa)

frequency of plasma ON/OFF cycles

stress intensity factor while plasma is OFF at the deepest
point, "A"

stress intensity factor while plasma is ON at the deepest point
stress intensity factor while plasma is OFF at the surface, "C"
stress intensity factor while plasma is ON at the surface, "C"
plane strain fracture toughness

maximum value of the stress intensity factor

minimum value of the stress intensity factor

maximum stress intensity factor at crack tip "A" occurs during
plasma-ON conditions

maximum stress intensity factor at "A" occurs during plasma-OFF
conditions

maximum stress intensity factor at surface "C" occurs during

plasma-ON conditions
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LC=1

NOLD
PHI=0
PHI=1

SBON
SBOFF
SIGOFF(I)
SIGON(T)
SMOFF
SMON
STHMRL(T)
SXON
SXOFF
SYON
SYOFF
TEMPA
TEMPC
TAOFF
TCOFF
TIME

(1)

maximum stress intensity factor at "C" occurs during plasma-OFF
conditions

current number of plasma ON/OFF cycles

previous value of number of plasma cycles

this indicates that KMAX occurs at the surface "C" of the crack
this indicates that KMAX occurs at the deepest point "A" of the
crack

linearized bending stress while plasma is ON

linearized bending stress while plasma is OFF

total stress while plasma is OFF for ith zone

total stress while plasma is ON for ith zone

linearized membrane stress while plasma is OFF

linearized membrane stress while plasma is ON

thermo-elastic stress component while plasma is ON for ith zone
stress at crack tip "A" while plasma is ON

stress at crack tip "A" while plasma is OFF

stress at surface "C" while plasma is ON

stress at surface "C" while plasma is OFF

temperature at "A" while plasma is ON

temperature at "C" while plasma is ON

temperature at "A" while plasma is OFF

temperature at "C" while plasma is OFF

current time

node point Tocations along z-axis, z = 0 at plasma side
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IV. Instructions for Using WISECRACK

IV.A. Problem Setup and Options

The setup for running a problem on WISECRACK is not difficult because
most of the input variables have default values assigned to them. These
twenty-one optional variables can be easily changed, thus giving the user a
large degree of flexibility and control over the program.

The only required input variable that the user must specify each time a
problem is solved is the initial crack depth, g (ANOT). The initial aspect
ratio, ao/c0 (ASPECT), is considered an optional input variable and has a
default value of ASPECT=1 (a semi-circular surface flaw).

WISECRACK accepts data for stress, temperature, plate thickness, etc., in
one of two different modes, depending on the value of ISW. When ISW=0 (its
default value) the stress data is read from the TSTRESS output stored on unit
8. Otherwise, when ISW=1, the stress data must be supplied by the user
directly through the input namelist BEGIN. A list of the required input
variables is given in section IV.B.

WISECRACK always begins with the surface flaw located on the plasma side
of the wall, computes the lifetime and then automatically starts over again
with the flaw now on the coolant side.

The orientation of the plane in which the flaw lies should always be
chosen perpendicular to the direction of maximum principal stress, either Oy
or oy. The optional variable JFLAG controls this choice (default = o).

Section IV.C lists the optional input variables and gives their default
values. The only option which should not be used at the present time is

KFLAG. The inertial confinement version (KFLAG=2) does not work properly due
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to difficulties in the relationship between the stress behavior and stress
intensity factors. Future versions will address this problem.

IV.B. Required Input Variables

NAME TYPE DESCRIPTION

ANOT DP Initial crack depth into plate (m)

If ISW=0, then this is the only required input to be contained in the namelist

BEGIN. However, if ISW=1, then the following variables are also required:

HNOT DP Constant plate thickness (m)
ISW=1 I Time-independent stress cycle flag
NN I Number of equally spaced zones through the thickness. Also

equal to number of node points, see Fig. 22(b)

SON DP Array of size NN of stresses at ith node point for plasma-ON
(MPa)
SOFF DP Same as SON, except for plasma-OFF (MPa)

TEMPON DP Array, of size NN, of temperatures at ith node point for
plasma-ON (°K)

TEMPOF DP Same as TEMPON, except for plasma-OFF (°K)

TIMEON DP Time while plasma is ON (sec)

TIMEOF DP Time while plasma is OFF (sec)

TPUSLE DP Time for one complete ON/OFF cycle (sec)

Note: DP

double precision variable

—
]

integer
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If WISECRACK is to be coupled to an inelastic stress analysis code other
than TSTRESS, such as NASTRAN, ANSYS, or MARC, this would require writing a
short pre-processor program to convert the data output from NASTRAN to the
proper format for input to WISECRACK. This program would have to first read

the NASTRAN data and then write it out onto unit 8 using the following format.

Pre-Processor Program

DO 10 I=1, NTIMEX

A(1)=FLAG

A(2)=TIMEX(I)

A(4)=TIMEON

A(5)=NN

A(6)=THICK(I)

A(7)=FLUX

A(8)=TPULSE

A(9)=TIMEOF

A(10)=ERATE

A(11)=TCOOL

WRITE(8) (A(J),Jd=1,NN)

WRITE(8) (Z(I,d),J=1,NN)

WRITE(8) (TEMPON(I,J),J=1,NN)

WRITE(8) (SIGX(I,J),J=1,NN)

WRITE(8) (SIGY(I,J),J=1,NN)

WRITE(8) (STHMRL(I,J),J=1,NN)
10  CONTINUE
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We have defined the following variables for this program:

FLAG A number greater than zero except when used to signal the end of the
data, in which case FLAG=-1.DO.

TIMEX Array, of size NTIMEX, which stores the points in time when the
stress data was saved.

NTIMEX Number of entries in TIMEX.

THICK Array, of size NTIMEX, which stores the current value of the wall

| thickness at a specific time, TIMEX(I).

TCOOL Coolant temperature.

Z Array, of size (NTIMEX * NN), which stores the node point
coordinates in space and time.

TEMPON Array of temperatures while plasma is ON.

SIGX Stress in x-direction while plasma is ON.

SIGY Stress in y-direction while plasma is ON.

STHMRL Thermal stress for different node points and different points in

time.

IV.C. Optional Input Variables

DEFAULT
NAME TYPE VALUE DESCRIPTION
ASPECT DP 1.D0 Initial flaw aspect ratio
DEVICE 1 1 =1 graphics output sent to plotter
=2 graphics output sent to line printer
=3 no graphics output
DNMIN DP 1.D0 Minimum cycle step size
FLAG I 1 =1 crack on plasma side

=2 c¢rack on coolant side

56



FLUX
FRCHNG

ICCG

IDADN

IDIMEN

IPRINT

ISCATR

ISW

JFLAG

KFLAG

KICMIN

KICON

LZERO
MINPNT

NMAX

DP
DP

DP

DP

0.D0
1.D-2

30.D0

6.4D-5
40

10,000,000

Neutron damage rate (dpa/sec)

Fractional change in crack dimensions per
iteration

=0 turn off creep crack growth law
=1 turn on creep crack growth law

=1 modified Forman equation for da/dN

=2 Paris equation for da/dN

=3 modified Forman equation without
irradiation effects to stage II

=1 one-dimensional flaw growth (aspect ratio
remains constant)
=2 two-dimensional flaw growth

=0 no special output

=1 print out these variables after each call
to LINEAR: SXON, SYON, SXOFF, SYOFF, SMON,
SBON, SMOFF, SBOFF, TEMPA, TEMPC, SIGON(I),
SIGOFF(I) (I=1,NN)

=1 upper bound to scatter in da/dN data:
(nominal * 2)

=2 nominal curve fit to da/dN

=3 Tlower bound to scatter in da/dN data:
(nominal + 2)

=0 read in stress data from unit 8
=1 read data from namelist BEGIN

=0 use stress in x-direction
1 wuse stress in y-direction

=] magnetic confinement version
=2 1inertial confinement version (not used)

Minimum allowed irradiated fracture toughness,
KIC (MPa V/Tn-)

=0 Ki. remains constant over time
=1 K¢ is a function of dpa

Short crack correction factor, %45 (m)

Minimum number of points plotted on graphics
output

Maximum allowed number of ON/OFF cycles
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TGROW DP 1.5D0 Maximum allowed rate of change of aN
TMAX DP 9.461D8 Maximum allowed time (sec)

W DP 1.D4 Plate width (m)

IV.D. Sample Problem and Output

A simple example is presented in this section to illustrate the problem
setup and the subsequent computer output. A1l of the required data was input

through the namelist BEGIN, as Tisted below.

BEGIN File for Sample Problem

&BEGIN
ANOT=1.D-3,
HNOT=6.D-3,
ISW=1,
NN=5,
SON=-400.D0,-200.D0,0.00,200.D0,400,D0,
SOFF=5*50.D0,
TEMPON=700.D0,670.D0,640.D0,610.D0,580.D0,
TEMPOF=5*573.D0,
TIMEON=900.DO0,
TIMEOF=100.D0,
TPULSE=1000.D0,
FLUX=7.D-7,
DEVICE=2,

&END
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The first line of this file begins in column one. Figure 23 shows the ON/OFF
stresses that are used in this example. Thirteen seconds of CPU time on the
UNIVAC 1110 were required to solve this problem. Figure 24 shows the crack
growth as a function of time for a flaw located on the plasma side. The code
predicts leak-through failure after 30 years for this example. For a flaw lo-
cated on the coolant side of the wall, WISECRACK predicted failure by cata-
strophic fracture after 0.5 years. Appendix A is a listing of the WISECRACK

code and Appendix B contains the computer output for the sample problem.
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60

| I ' I
I_l 2 | 3 | 4 I 5
| | | | - 500
| | : I - 400
| |
- 300
| |/ |
| | | | - 200
[oFFPOWER] I/ | | 00
———0——@ ———0—
0
| : L-100
I | --200
| |
| --300
W
ON POWER] | |
: : : l --500
ol | 1
Sy [ R

STRESS (MPa)




6.0

CRACK DEPTH (MM)

WISECRACK output

Figure 24

FIRST WALL CRACK GROWTH
SURFACE FLAW ON PLASMA SIDE

5.0 10.0 15.0 20.0 25.0 30.0

M o

R R AR R RN RS R A RN AN AR AR R LA RA DR RN AR AR NN

peaberesbereederpadoneelormrluesn by uluubiin

b= LU LLLE DL LLLUE LT LU LR AL LA LR DL L

5.0 10.0 15.0 20.0 25.0 30.0

TIME (YERRS)

for the sample problem.

61



References

1.

10.

11.

12.

13.

R.D. Watson, R.R. Peterson, and W.G. Wolfer, "The Effect of Irradiation
Creep, Swelling, Wall Erosion, and Embrittlement on the Fatigue Life of a
Tokamak First Wall," University of Wisconsin Fusion Engineering Program
Report UWFDM-433, August 1981.

R.R. Peterson et al., "TSTRESS - A Transient Stress Computer Code,"
University of Wisconsin Fusion Engineering Program Report UWFDM-382,
December 1980.

A.M. Hassanein and G.L. Kulcinski, "A*THERMAL Code Description,"
University of Wisconsin Fusion Engineering Program Report UWFDM-461,
December 1981.

R.D. Watson, Ph.D. Thesis, University of Wisconsin Fusion Engineering
Program Report UWFDM-460, December 1981.

"Rules for Inservice Inspection of Nuclear Power Plant Components;
Appendix A, Evaluation of Flaw Indicators," ASME Boiler and Pressure
Vessel Code, Section XI, (1977).

J.C. Newman and I.S. Raju, "Analysis of Surface Cracks in Finite Plates
Under Tension or Bending Loads," NASA Technical Paper 1578, December
1979.

S.T. Rolfe and J.M. Barsom, Fracture and Fatigue Control in Structures,
Prentice-Hall, Inc., Englewood CIiffs, NJ, (19777, p. b3.

K. Sadanada and P. Shahinian, "Effect of Environment on Crack Growth
Behavior in Austenitic Stainless Steels Under Creep and Fatigue Con-
ditions," Metallurgical Transactions A 11A, 267-276 (1980).

E.K. Walker, Report AFFDL-TR-70-144, 225 (1970).

M.0. Speidel, "Fatigue Crack Growth at High Temperatures," Proceedings of
the Symposium on High-Temperature Materials in Gas Turbines," ed. P.R.
Sahm and M.0. Speidel, Baden, Switzerland (1973).

S. Pearson, "Initiation of Fatigue Cracks in Aluminum Alloys and the
Subsequent Propagation of Very Short Cracks," Eng. Fracture Mechanics 7,
235-247 (1975). -

H. Kitagawa et al., "Quantitative Analysis of Fatigue Process-Microcracks
and Slip Lines Under Cyclic Strains," ASTM Special Technical Publication
675, 420-449 (1979).

M.E. E1 Haddad, T.H. Topper, and K.N. Smith, "Prediction of Non-
Propagating Cracks," Eng. Fracture Mechanics 11, 573-584 (1979).

62



14.

15,

16.

17.

18.

19.

20.

21.

22.

23.

A. Talug and K. Reifsnider, "Analysis and Investigation of Small Flaws,"
ASTM Special Technical Publication 637, 81-96 (1977).

M.H. E1 Haddad, K.N. Smith, and T.H. Topper, "Fatigue Crack Propagation
?f Short Cracks," Journal of Eng. Materials and Technology 101, 42-46
1979).

S.J. Hudak, Jr., "Small Crack Behavior and the Prediction of Fatigue
Life," Journal of Eng. Materials and Technology 103, 26-35 (1981).

W.G. Wolfer and R.H. Jones, "Flow and Fracture of Alloys in the Fusion
Environment," University of Wisconsin Fusion Engineering Program Report
UWFDM-429, August 1981.

L.A. James, "Fatigue Crack Growth Behavior in Fast-Neutron-Irradiated
Ferritic Steels and Weldments," Journal of Eng. Materials and Technology
102, 187-191 (1980).

L.S. Fu, "Creep Crack Growth in Technical Alloys at Elevated Temperature
- A Review," Eng. Fracture Mechanics 13, 307-330 (1980).

S. Taira, R. Ohtani, and T. Kitamura, "Application of J-Integral to High-
Temperature Crack Propagation: Part I - Creep Crack Propagation,"
Journal of Eng. Materials and Technology 101, 154-161 (1979).

L.A. James, "Some Preliminary Observations on the Extension of Cracks
Under Static Loading at Elevated Temperature," Intnl. Journal of Fracture
Mechanics 8, 347-349 (1972).

D.J. Michel and H.H. Smith, "Effect of Held Time and Thermal Aging on
Elevated Temperature Fatigue Crack Propagation in Austenitic Stainless
Steels," Naval Research Laboratory Memorandum Report NRL-MR 3627, October
1977.

G.L. Kulcinski, "Critical Materials Problems in INTOR," University of
Wisconsin Fusion Engineering Program Report UWFDM-374, October 1980.

63



APPENDIX A

WISECRACK Code Listing




SBEGIN
ANOT=1 «D=3,
ASPECT=1 .DO'
DEVICE=¢g,
ISCATR=Z,
IDIMEN=2,
IDADN=1,
KICMIN=30,00,
1¢CG6=0,

BEND



===== BgGIN1 ===z

EBEGIN
ANOT=1QD-3'
ASPECT=1QDOQ
DEVICE‘Z:
ISCATR=?,
IDIMEN=2,
IDADN=1,
KICMIN=30.DO.
XCCG=O,

SEND



szz=z= BEGIN? =zs==

8BEGIN
ANOT=1.D~3,
HNOT=64.D~3,
ISw=1,
NN=5,
S°N=“00.Do’-ZOUQDOQDOOO'ZOO.DD"OOODOQ
SOFF=5+50,00,
TE"P0~=TOOODD'6?QOD0’6‘00°0'610.DO'580000'
TEMPOF=5+573,00,
TIMEON=G00.00,
TIMEOF=100.00,
TPULSE=1000.00,
FLUX=7.D-7’
DEVICE=2,

LEND
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T=z== PROP L+ 5 % 34

SUBROUTINE PROP (F,R,T,KTH,M1)
IMPLICIT REAL*S (A-H, 0~-27)

REAL*S "1,KTHO'NEXPON'KTH

COHHON/NEXP/NEXPON

KTHO=50400

NEXPON=3,6600

ALPHA1=9,07D~1

ALPHAZ2=2.04D~-1

IF(R.GE D) KTH‘KTHD*“.DQ‘ALPHA’*R)

IF(R.LTL0,) KTH:KTHO*(1-DO'ALPHA2*R)
IF‘ROLT.-1Q) KTH=6,5D0

IF(ReLESDW) M1=1.D0

IFC(ReGE +U ) M1=1.DO-0.30611DO*R-1.22777800*(R*'Z.DO)
IF(RLT.0,) M1=1.8800

CHANGE TEMPERATURE FROM DEGREE K TO DEGREE F

TF=(T=273.00) * 9,p0/5.00 + 32400

AO0=1.1247601
Al==1,64275p=~3
A2==1,3308190-6
A3=3,567476D=10

RATIO = RATIO OF SHEAR MODULUS AT T TO SHEAR MODULUS AT ROOM TEMP

RATIO=(AU*A1*TF*AZ*TF'*Z*A3'TF**3)/1.111701

ENHANCEMENT FACTOR DUE TO TEMPERATURE EFFECT ON FeCob
F = 1.00/RATIO

RETURN
END
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40
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55
60

zxz=x= INTVAL TE===

ititt**t*i*tt*ittﬁ**it*tﬁtﬁ*********t'Q*i***ﬁtt*i'*’*t*itﬁ*ttt*titﬁt*

* *
* “INTVAL® CALCULATES THE INTERVAL IN WHICH THE VALUE X BELONGS *
* MEANING, Y(K) < X < Y(K+1) *
* *

**t***tti*it*t*t*t*ti*'ti'*t*t*i*t**tt**ﬁ***tti*it*titiitt*iit*tttiii

SUBROUTINE INTVAL (XyYyKyN)

X=ACTUAL VALUE INSIDE THE INTERVAL

Y(K)=ARRAY OF VALUES AT THE ENDPOINTS OF EACH INTERVAL (K=1,2,3..eN)
K=INTERVAL COUNTER,EoGo K=1 MEANS THE FIRST INTERVALLETC,

N=TOTAL NUMBER OF POINTS IN THE Y=ARRAY

IMPLICIT REAL*S (A=H,0-2)
REAL*8 Y(100)
K=1

TEST IF X IS OUTSIDE (LESS THAN) THE RANGE OF DATA POINTS Y(K)
IF (XelToaY(K)) 60 TO 40
TEST IF X IS OUTSIDE (GREATER THAN) THE RANGE OF DATA POINTS Y(K)

IF (KeEQ.N) 60 TO 55

K=K+1

IF (XeGT.Y(K)) GO TO 10

K=K=1

RETURN

PRINT SO,X,Y(K),K

FORMAT (07, “ERROR: THE VALUE OF x IS LESS THAN THE SMALLEST VALUE
* OF THE Y-ARRAV”SXQ'Xz"D”."SX"Y‘K)s"011.‘,5x"K="16)

RETURN

PRINT 60,y Xy Y(K) ,K

FORMAY (“0”, “ERROR: THE VALUE OF x IS GREATER THAN THE LARGEST VA
*LUE OF THE Y-ARRAY',SX,'x=‘.o11.4,5x,'va)=’.o11.6.Sx.'K=’,16)
RETURN

END



ﬁﬁﬁﬂﬂﬂﬁﬁﬁ

s=zz=  TOUGH zrz==

tt'iﬁttt*.Qﬁ**it*tiﬁitt‘it*ititit*itﬁ**t.t*ttﬁi***ttﬁtti*iitﬁti*'iti*

* "
* “TOUGH” CALCULATES THE PLANE STRAIN FRACTURE TOUGHNESS,KIC, *
» AS A FUNCTION OF TEMPERATURE AND NEUTRON FLUENCE *
* »

t****itﬁt**ﬁ*iﬁtttttt*'*'*i*ﬁ*i*t***ft*t*i***iiiit*ti*t*ﬁt*ﬁt*'*tﬁ*tﬁ

SUBROUTINE TOUGH

IMPLICIT REAL*8 (A=H,0~2)

REAL*8 KICyKICMIN,KICNOT
COHHONITOUGHZ/KIC,FLUNCE.KICON,KICHIN.KICNOT
KIC=115.DO'DEXP(‘2.50'1*FLUNCE)*3.SD1*DEXP‘-1.34D°Z*FLUNCE)
1F (KICONGEQ.D) KIC = 150.00

IF (KICSLToKICMIN) KIC=KICMIN

KICNOT=150.00

RETURN

END
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-
“OADNEQ” CALCULATES THE EFFECTIVE CRACK GROWTH RATE AT ANY *
LOCATION ALONG THE CRACK FRONT, IT INCLUDES BOTH FATIGUE AND *
CREEP CRACK GROWTH PHENOMENA. *
»*
»

* % % % %

L4 R 2222222 R iR 2R 2Rl a2 2 2 R 2222222232232 222X 2

SUBROUTINE DADNEQ (KMAX oKMIN,DXDNyKONoKOFF,TIMEONyTIMEOF R, T)
IMPLICIT

+ REAL*8 (A=H,0-1)
REAL=8
+ KIC, KICMIN, KICNOT, KMAX,
+ KMIN, KOFF, KON, KTH,
+ LAMBD A, M1, M2, N,
+ NEXPON
INTEGER
+ FLAG
COMMON /TOUGHZ/
+ KIC, FLUNCE, KICON, KICMIN,
+ KICNOT
COMMON /NEXP/
+ NEXPON
COMMON /DATAS/
+ ISCATR, IDADN

COMMON /LINEAZ/

I SRR FLAG' S "K‘F'L‘ﬂﬁ IR

COMMON /CCG/
+ 1CC6

STRESS INTENSITY IS IN UNITS OF MPA ~ SQUARE ROOT (METERS)
FATIGUE CRACK GROWTH RATE (DADNCG) FOR 316 STAINLESS STEEL

DADTON=0,00
DADTOF=0,00

MODIFIED FORMAN EQUATION FOR DA/DN

Nz2.591D0

IF (ISCATReEQe1) (=3,122D~9%2,.,D0
IF (ISCATReEQe2) C=3,1220~9

IF (ISCATReEGe3) (C=3,1220-942,.,00
DNOT=1,388890~6

P=15¢°0

@=391450.00

RCONST=8,3100

G = ACTIVATION ENERGY FOR CREEP CRACK GROWTH (J/MOLE)

IF (ICCGeEQ.U) DONOT=04D0

IF (IDADNGEG.2) GO TO 40

CALL PROP (F R, T,KTH,M1)
LAMBDA=1,00/¢1.00~R)

DELTAK=ZKMAX=KM]IN

IF (DELTAK®F LT<KTH) GO TO 30

IF (KMAXoLT ¢0eDOANDeKMINSLT40e002.60.T0 30
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z=zs= DADNEG =z

IF (IDADNGEQ.1) X=KIC
IF (IDADNGEQ.3) X=KICNOT
DENOM=X-LAMBDA*DELTAK*F
IF (DENOM.LE.D.DO) GO TO 10
DADNCG=C* (LAMBDA**M1)*((DELTAK*F=KTH)I**N)/DENOM
60 70 SO
10 DADNCG=1,020
PRINT 20
20 FORMAT (“0°, DENOMINATOR OF THE MODIFIED FORMAN EQ FOR DA/DN HAS
+ GONE TO ZERO /)
G0 TO 50
30 DADNCG=0,.00
60 Y0 SO

PARIS EQUATION FOR DA/DN

40 CALL PROP (F,R,T,KTH,M1)
CP=3.,940~13
M2=0.500
DKEFF=KMAX* (1,00=R)*am2
IF (DKEFFelLTe0e00) DKEFF=0,00
DADNCG=CP*(DKEFF*F)NXNEXPON

50 CONTINUE
DADTON=CREEP CRACK GROWYH RATE WHILE PLASMA 1S ON
DUMMY=DNOT*DEXP(=1,00%Q/ (RCONST*T))
IF (KON.LTe0.D0) GO TO 60
DADTONZDUMMY X (KON®2P)

DADTOF=CREEP CRACK GROWTH RATE WHILE PLASMA IS OFF

60 IfF (KOFFsLT«0.00) 60 T0 70
DADTOF=DUMMY*(KOFF2*P)

DXDN=EFFECTIVE CRACK GROWTH RATE, A LINEAR SUPERPOSITION OF
FATIGUE
AND CREEP CRACK GROWTHs NO CREEP-FATIGUE INTERACTION IS ASSUMED.

70 DXDN=DADNCG+DADTON*TIMEON+DADTOF*TIMEOF
RETURN
END
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*

“LINEAR® CALCULATES THE LINEARIZED MEMBRANE AND BENDING STRESSES+
FROM A NON-LINEAR STRESS DISTRIBUTION USING THE LINEAR~ENVELOPE=*
OVER-THE=CRACK METHOD. *

*
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* % % ¥ %

SUBROUTINE LINEAR

IMPLICIT

+ REAL*8B (A=H,0-1)

REAL*8
+ 816(50,100,4), SIGOFF(50), SIGON(5Q), TEMP(50),
+ THICK (100D, TIMEX(100), 2(50), TEMPOF(SD)
INTEGER

+ FLAG

COMMON /THREE/

+ SMON, SMOFF, SBON, SBOFF
COMMON /LINEAZ/

+ FLAG, KFLAG

COMMON /ONE/

+ Ay H

COMMON /MAINZ/

+ NN, NP

COMMON /STRESZ/

+ TIME, Zy SIGON, SIGOFF
COMMON /TEN/
+ TIMEX, NTIMEX, THICK

COMMON /B1G/
+ BlG

COMMON /TEM/

+ TEMP

COMMON /TBLOCK/
+ TEMPA, TEMPC, TAOFF, TCOFF

COMMON /1P{
+ IPRINT

COMMON/NEWBLK/TEMPOF

M=1

MM=2

MMM=3

MMMM=4
FIND THE INTERVAL WITHIN THE ARRAY “TIMEX” IN WHICH THE CURRENT
TIME B

CALL INTVAL (TIME,TIMEX,K NTIMEX)

11=K+1

FRACT=(TIME=TIMEX(K))/(TIMEX(II)=TIMEX(K))

CALCULATE THE PLATE THICKNESS BY INTERPOLATING BETWEEN THE TWO
POINTS IN THE ARRAY THICK(I,J)

H=(THICK(II)=THICK(K)I*FRACT+THICK(K)

CALCULATE THE STRESSES AT THE BEGINNING OF THE PULSE (SIGOFF) BY
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sE==== LINEAR =====

LINEARILY INTERPOLATING BETWEEN THE TWO POINTS IN THE ARRAY
SIGMA(I,J)

po 30 I=1,NN

SIGTH=(BIG(Is 11 MM)I=BIG(I K yMM)I*FRACTH+BIG(I K,MM)
STRESS=(BIG(IyI1,MMM)=BIG(]I K yMMM))I®FRACT4BIG (]I K, MMM)

CALCULATE THE STRESSES WHILE THE PLASMA IS ON (AT THE PEAK OF THE
TEMP

BY ADDING THE ELASTIC THERMAL STRESSES TO THE STRESSES AT THE
BEGINNING OF THE

PULSE, IeE« WHEN THE PLASMA IS OFF,

NOTE: PLASMA=OFF CONDITIONS REFER ALSO TO THE BEGINNING OF A
PULSE.

NOTE: PLASMA-ON CONDITIONS REFER ALSO THE THE PART OF THE PULSE
::ERiEHPERATURE GRADIENTS ARE THE LARGEST.

IF (KFLAG.EG.2) GO TO 10
COMPUTE THE STRESSES FOR A TOKAMAK REACTOR

SIGON(I)=STRESS
SIGOFF(I)=SIGON(1)=SIGTH
60 TO 20
COMPUTE THE STRESSES FOR AN INERTIAL CONFINEMENT REACTOR

SIGOFF(I)=STRESS
SIGON(I)=SIGOFF(I)+SIGTH

CONTINUE
CALCULATE THE NODE POINT Z=COORDINATES BY INTERPOLATING BETWEEN
THE TWwO
POINTS IN THE ARRAY ZARY(1,J)

INTERPOLATE THE TEMPERATURE BETWEEN THE TWO POINTS IN TIME
AT A GIVEN NODE POINT

TEMP(I)=(BIG(Iy3 11 yM)=BIG(IKoyMII*XFRACT+BIG(I K, M)

CONTINUE
IF FLAG=1 THEN THE CRACK IS LOCATED ON THE PLASMA SIDE OF THE
PLATE.
IF FLAG=2 THEN THE CRACK IS LOCATED ON THE COOLANT SIDE OF THE
PLATE «

CALCULATE THE TWO NODE POINTS,1 AND I¢1, WHICH ARE ON
EITHER SIDE OF THE CRACK TIP,
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50

60

zzz=z LINEAR zz=z

IF (FLAGJEQ.1) X=A

IF (FLAG.EQ+2) X=H=A

IF (XeLTe2€¢1)) 1=1

IF (XeGEeZ(1)eANDeXeLECZ(NN)) CALL INTVAL (X,2,I,NN)
IF (XeGTe2Z(NN)) I=NN-1

11=1+1

LINEARLY INTERPOLATE THE STRESSES BETWEEN LOCATIONS Z(I) AND
2(1+1)

SXON=(SIGON(II)=SIGON(]I))*(X=Z(1))/(Z(I1)=Z(1))+SIGON(])
SXOFF=(SIGOFF(II)=SIGOFF(I))*(X=~Z(1))/(2¢11)=2(1))+SIGOFF(I)

FIND THE TEMPERATURES AT THE POINT “a“™

TEMPA=(TEMP(II)=TEMP(I)I N (X=Z(I3)/€CZ(I1)=2(1))+TEMP(])
TAQOFF=(TEMPOF(II)~TEMPOF(I)In(X=2(I))/(Z2(11)=2(1))+TEMPOF(])
IF (FLAG.EQ+1) GO TO 40

X=H

I=NN-1

60 Y0 50

X=0.D0

1=1

CONTINUE

11=1+1
SYON=(SIGON(II)=SIGON(I))*(X=2(1))/02¢11)~2(1))+SIGON(])
SYOFF=(SIGOFF(IID=SIGOFF(IIIN(X=2€¢1))/(2(11)=2(1))+SIGOFF(I)

FIND THE TEMPERATURES AT THE POINT "“(¢"

TEMPC=(TEMP(II) =TEMP(I) ) * (X=Z2(1))/AZ(11)=2C1))+TEMP(])
TCOFF=(TEMPOF(II)=TEMPOF(I))I*(X=2(1))/(ZCIX)=Z(1)I+TEMPOF(])

CALCULATE SMON, THE EQUIVALENT MEMBRANE STRESS FOR PLASMA-ON
CONDITIONS

SMON=(SXON=SYONI*H/ (2%A) +SYON

CALCULATE SMOFF,THE EQUIVALENT MEMBRANE STRESS FOR PLASMA~OFF
PERIOD

SMOFF=(SXOFF=SYOFF)*H/ (2. *A)+SYOFF

CALCULATE SBON, THE EQUIVALENY BENDING STRESS FOR PLASMA=ON
CONDITIONS

SBON=SYON=SMON

CALCULATE SBOFF,THE EQUIVALENT BENDING STRESS FOR PLASMA=OFF
PERICD

SBOFF=SYOFF~SMOFF

IF (IPRINTLEQ.D) RETURN

PRINT 60, SXON,SYON,SXOFF,SYOFF,SMON,SBON,SMOFF,SBOFF
FORMATY ('D"a(F‘204'3X))

PRINY , TEMPA,TEMPC



s=z==z= LINEAR ===

DO 80 I=1,NN
PRINT 70, I1,SIGON(I),SIGOFF(I)
70 FORMAT (7 “,13,2X,2(F12.4))
80 CONTINUE
RETURN
END
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“WISECRACK® CALCULATES THE LIFETIME OF A FLAT PLATE SUBJECTED
TO CYCLIC LOADS BY CONSIDERING THE INCREMENTAL GROWTH OF A
PRE=EXISTANT SEMI-ELLIPTICAL SURFACE FLAWe THE CYCLIC STRESS,
TEMPERATURE AND NEUTRON IRRADIATION HISTORY ARE INPUTS TO THE
PROGRAM AND ARE, IN GENERAL, TIME-DEPENDENT FUNCTIONS. CRACK
SHAPE CHANGES ARE CALCULATED ALONG THE MAJOR AND MINOR AXIS.
NON=LINEAR STRESS DISTRIBUTIONS ARE LINEARIZED INTO MEMBRANE
AND BENDING COMPONENTS USING THE LINEAR-ENVELOPE~OVER=-THE=CRACK
METHOD. STRESS INTENSITY FACTORS ARE COMPUTED FROM NEWMAN®S
EQUATION AND USED TO FIND BOTH THE FATIGUE CRACK GROWTH RATES
AND THE CREEP CRACK GROWTH RATESe THE RATES ARE LINEARLY
SUPERIMPOSED TO GET AN EFFECTIVE GROWTH RATE, ASSUMING NO
CREEP=-FATIGUE INTERACTIONe A FOURTH-ORDER RUNGE-=KUTTA NUMERICAL
ROUTINE IS USED TO COMPUTE THE INCREMENTAL CHANGES IN CRACK
SIZEe AUTOMATIC SELECTION OF THE CYCLE STEP SIZE 1S USED TO
MINIMIZE COMPUTING TIME. FAILURE OF THE PLATE IS DETERMINED
WHEN EITHER THE CRACK PENETRATES THROUGH THE THICKNESS, CALLED
LEAK=THROUGH OR THE MAXIMUM STRESS INTENSITY FACTOR EXCEEDS THE
FRACTURE TOUGHNESS (BRITTLE FRACTURE).

» % % % % % % % % % % % % % B * % * RN
* % % % % F ¥ % B ¥ % % % % % % % % % * B ¥
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A=CRACK DEPTH INTO PLATE
ANOT=INITIAL DEPTH OF THE CRACK
AOLD=PREVIOUS VALUE OF THE CRACK DEPTH, A
ASPECT=ASPECT RATIO OF THE SURFACE FLAW (A/C)
BANNER=0 THIS INDICATES THAT XKMAX OCCURRED WHILE THE PLASMA WAS ON
BANNER=1 THIS INDICATES THAT KMAX OCCURRED WHILE THE PLASMA WAS OFF
C=CRACK HALF-LENGTH ALONG PLATE SURFACE
COLD=PREVIOUS VALUE OF THE CRACK HALF=LENGTH ¢ ALONG THE SURFACE
C1,C2,C3,C4=INTERMEDIATE VALUES OF THE INCREMENT IN CRACK HALF-LENGTH, ¢
DADN=EFFECTIVE VALUE OF THE CRACK GROWTH RATE FROM FATIGUE AND CREEP

DADNCG=CRACK GROWTH RATE PER CYCLE DUE TO FATIGUE LOADING ONLY



OO OO OO OO OO OO OO OO OO OO OO OO OO OO MO

===2= MAIN =====
DADTOF=CREEP CRACK GROWTH RATE WHILE PLASMA IS OFF
DADTON=CREEP CRACK GROWTH RATE WHILE PLASMA IS ON
DELTAA=ACTUAL VALUE OF THE INCREMENT IN CRACK DEPTH, FOR DELTAN CYCLES
DELTACSACTUAL VALUE OF THE INCREMENT IN CRACK HALF-LENGTH, C
DELTA1,2,3,4=INTERMEDIATE VALUES OF THE INCREMENT IN CRACK DEPTH
DELTAN=NUMBER OF PLASMA CYCLES PER PROGRAM INCREMENT STEP SIZE
DEVICE=1 MEANS PLOT IS DONE AT MACC.
DEVICE=2 MEANS PLOT IS DONE ON THE LINE PRINTER.
DEVICE=3 MEANS NO PLOT IS DONE.
DLTKEF=EFFECTIVE STRESS INTENSITY FACTOR RANGE
ONMAX=MAXIMUM ALLOWED CYCLE INCREMENT SIZE (CYCLES)
DNMIN=MINIMUM ALLOWED CYCLE INCREMENT SIZE
ERATE = WALL EROSION RATE IN MM/SEC
FLAG=1 WHEN THE FLAW IS LOCATED ON THE PLASMA SIDE OF THE FIRST WALL
FLAG=2 WHEN THE FLAW IS LOCATED ON THE COOLANT SIDE OF THE FIRST WALL
FLUNCE=ACCUMULATED NEUTRON DAMAGE (DPA)
FLUX=NEUTRON DAMAGE RATE (DPA/SEC)

FRCHNG = MAXIMUM ALLOWED FRACTIONAL CHANGE IN THE CRACK SI1ZE
INCREMENT (DELTAA OR DELTAC) PER PROGRAM INCREMENT OF DELTAN CYCLES

FREQ=FREQUENCY OF PLASMA ON-OFF CYCLES (H2)

H=PLATE THICKNESS

IDADN=1 USE THE MODIFIED FORMAN EQUATION FOR DA/DN

IDADN=2 USE THE PARIS EQUATION FOR DA/DN

IODADN=3 USE MODIFIED FORMAN EQUATIONs BUT WITHOUT IRRADIATION EFFECTS

IDIMEN=1 MEANS THIS IS A ONE DIMENSIONAL FLAW GROWTH CALCULATION
IDIMEN=Z2 MEANS THIS IS A TWO DIMENSIONAL FLAW GROWTH CALCULATION

ISCATR=1 USE THE UPPER BOUND ON THE DA/DN DATA SET.
ISCATR=2 USE THE NOMINAL CURVE FOR THE DA/DN DATA,
ISCATR=3 USE THE LOWER BOUND ON THE DA/DN DATA SET.

ISwW=0 READ IN DATA FROM FILE 8.
ISW=1 READ IN DATA FROM THE NAMELIST,

1CC6=0 TURN OFF CREEP CRACK GROWTH.
ICC6=1 TURN ON CREEP CRACK GROWTH.

JFLAG=1 THIS MEANS THAT THE STRESSES IN THE X=0DIRECTION WILL BE USED
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JFLAG=? THIS MEANS THAY THE STRESSES IN THE Y-DIRECTION WILL BE USED
KFLAG=1 TOKAMAK VERSION OF WISECRACK

KFLAG=2 INERTIAL CONFINEMENT VERSION OF WISECRACK

KAOFF=STRESS INTENSITY FACTOR WHILE PLASMA IS OFF AT THE DEEPEST POINT: “A°
KAON=STRESS INTENSITY FACTOR WHILE PLASMA IS ON AT THE DEEPEST POINT: “A°
KCOFF=STRESS INTENSITY FACTOR WHILE PLASMA IS OFF AT THE SURFACE: “C°
KCON=STRESS INTENSITY FACTOR WHILE PLASMA IS ON AT THE SURFACE: “¢”
KIC=PLANE STRAIN FRACTURE TOUGHNESS

KICMIN=MINIMUM FRACTURE TOUGHNESS (MPA(M))

"

KICON 0 MEANS THAT KIC REMAINS A CONSTANT

1 MEANS THAT KIC IS A FUNCTION OF FLUENCE (DPA)

KICON
KICNOT = UNIRRADIATED FRACTURE TOUGHNESS KIC

KMAX=MAXIMUM VALUE OF THE STRESS INTENSITY FACTOR
KMIN=MINIMUM VALUE OF THE STRESS INTENSITY FACTOR

LZERO=ADDITIONAL AMOUNT OF CRACK LENGTH TO BE ADDED TO CORRECT
FOR SMALL CRACK SIZES.

MINPNT = MINIMUM NUMBER OF POINTS TO BE PLOTTED ON GRAPHICS OUTPUT
N=CURRENT NUMBER OF PLASMA ON=OFF CYCLES

NOLD=PREVIOUS VALUE OF NUMBER OF PLASMA CYCLES

NN=TOTAL NUMBER OF NODE POINTS THROUGH PLATE THICKNESS

PHI=0 THIS INDICATES THAT KMAX OCCURS AT THE SURFACE “C” OF THE CRACK
PHI=1 THIS INDICATES THAT KMAX OCCURS AT THE DEEPEST POINT “A° OF THE CRACK
SBON=LINEARIZED BENDING STRESS WHILE PLASMA IS ON
SBOFF=LINEARIZED BENDING STRESS WHILE PLASMA 1S OFF
SIGOFF(ID=TOTAL STRESS WHILE PLASMA IS OFF
SIGON(I)=TOTAL STRESS WHILE PLASMA IS ON
SMOFF=LINEARIZED MEMBRANE STRESS WHILE PLASMA 1S OFF
SMON=LINEARIZED MEMBRANE STRESS WHILE PLASMA IS ON

STHMRL(I)=THERMO-ELASTIC STRESS COMPONENT WHILE PLASMA 1S ON (MPA)
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-a =
SITES=

TPULSE=TIME FOR ONE COMPLETE PLASMA ON=OFF CYCLE (SEC)
TEMPOF(I)=TEMPERATURE WHILE PLASMA 1S OFF (DEGREES K)
TEMPON(I)=TEMPERATURE WHILE PLASMA IS ON (DEGREES K)
TIME =CURRENT TIME (SEC)

TIMEOF=TIME WHILE THE PLASMA IS OFF DURING ONE PLASMA ON-OFF CYCLE
TIMEON=TIME WHILE THE PLASMA IS ON DURING ONE PLASMA ON-OFF CYCLE
TOGROW=MULTIPLIER FACTOR TO KEEP DELTAN FROM GROWING TOO FASTY

W=PLATE WIDTH

Z(1)=NODE POINT LOCATIONS ALONG Z=AXIS (M) eoe 2=0 AT THE PLASMA SIDE

RAARAR A AARN AN AR AR AR RANANAN R AR AARA AR ARNN A AN RS RARN AR AR A A RR I AR AN R AR RAR RN AN

* *
* “MAIN CALCULATES THE SUCCESSIVE INCREMENTS IN CRACK SIZE BY *
* INTEGRATING THE CONTRIBUTIONS TO CRACK GROWTH FROM BOTH FATIGUE »*
* CRACK GROWTH AND FROM CREEP CRACK GROWTH, USING A FOURTH=ORDER ~»
* RUNGE=-KUTTA NUMERICAL ROUTINE. FAILURE IS THEN DETERMINED TO *
* OCCUR WHEN THE CRACK EITHER PENETRATES THROUGH THE PLATE”S *
* THICKNESS OR WHEN BRITTLE FRACTURE HAPPENS. *
* *
* »

\LAA R EL LR R 22222222 228222 2222202222222 X222 22822 2Rt 22 2

IMPLICIT

+ REAL*8 (A-H,0-21)

REAL=*S

+ BIG(50,100,4), HNOT, KIC, KICMIN,

+ KICNOT, KMAX , KM IN, LZERO,

+ N, NOLD, PARACYIY), SOFF(50),
+ SON(SO), TARRAY(800), TEMP(50), TEMPOF(50),
+ TEMPON(S5(), THICK(100), TIMEX(10Q), XLIMIT(2),
+ XSCALEC1Q), Yy1(800), Yy2¢(800), Y3¢(800),
+ Y4(800), ¥Y5(800), YLIMIT(2), YSCALE(ID),
+ (50

INTEGER

+ BANNER, DEVICE , FLAG, PHI
DATAJE/A")

DATAZF/ C”/

COMMON /MAINZ/

+ NN, NP

COMMON /STRESZ/

+ TIME, 1, SIGON, SIGOFF
COMMON /SLOP2/

+ ASPECT, KMAX, KMIN, BANNER

+ DADN, TIMEON, TIMEOF, R

COMMON /TOUGHZ/

+ KIC, FLUNCE, KICON, KICMIN,

+ KICNOT

COMMON /L INEAZ/

+ FLAG, KFLAG
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COMMON /ONE/

+ A,

COMMON /TwWO/

+ By

COMMON /THREE/

+ SMON,

COMMON /FOUR/

+ w

COMMON /FIVE/

+ AOVERT,

COMMON /x/

+ DCDN,

COMMON /TEN/

+ TIMEX ,

COMMON /B1G/

+ BIG

COMMON /TEM/

+ TEMP

COMMCN /DATAS/

+ ISCATR,

COMMON /1P/

+ IPRINT

COMMON /CCG/

+ ICCG

COMMON /LSTAR/

+ LZERO

COMMON /NEWBLK/

+ TEMPOF

COMMON /CYCLE/

+ N

NAMELIST /BEGIN/
ANOT,
FLAG,
1ctcCe,
ISCATR,
KICMIN,
NMAX,
TEMPOF,
TIMEON,

+ 4 e b e be

SET THE DEFAULT VALUES

M=1

Mm=2

MMM =3
MMMM= 4
ISCATR=2
IDIMEN=2
IDADN=Y
IPRINT=0
1sw=0
ERATE=0.00
1€C6=1
FLAG=1
TMAX=9,46808D8
KFLAG=1
KICON=1

SMOFF,

AOVERC
PHI

NTIMEX,

IDADN

ASPECT,
FLUX,
IDADN,
ISwW,
KICON,
NN,
TEMPON,
TMAX ¢

SBON,

THICK

DPEVICE,
FRCHNG,
IDIMEN,
JFLAG,
LZERO,
SOFF,
TGROW,
TPUL SE,

SBOFF

DNMIN,
HNOT,
IPRINT,
KFLAG,
MINPNT,
SON,
TIMEOF,
W
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LZERO=6,4D~5
NMAX=10000000
FRCHNG=1,D~2
FLUX=0.D0
MINPNT=40 .00
ASPECT=1,00
W=1.D4
JFLAG=T
DEVICE=1
KICMIN=30.00
TGROW=1.,500
DNMIN=1.00

READ IN INPUT DATA FROM NAMELISTY BEGIN

READ (5,BEGIN)

ASPOLD=ASPECT
IF (ISW.EQ.1) GO TO 80
READ IN DATA THAT IS STORED ON UNIT 8.

NSAVE=0

NSAVE=NSAVE +1

IF (NSAVE«GT.100) PRINT 20

FORMAT (707, “#xnsax ERROR mhinawn NSAVE 1S GREATER THAN 100
+ wx’)

READ (B8) (PARA(JII 41=1,11)

IF (PARA(T1) «LT+0) 60 TO0 30
NN=PARA(S5)

TIMEX(NSAVE)=PARA(2)
THICK(NSAVE)=PARA(G)

TIMEON=PARA(&L)

TIMEOF=PARA(Y)

FLUX=PARA(?7)

TPULSE=PARA(SB)

ERATE=PARA(10)

TCOOL=PARA(1Y)

READ (8) (BI1G6(J NSAVE MMMM) J=T1,NN)

BIG(I,341) IS THE SAME AS THE ARRAY TEMPON(1,J)
BIG(I,Jd92) IS THE SAME AS THE ARRAY STHMRL(I1,J)
BIG(I4J¢3) IS THE SAME AS THE ARRAY SIGMA(I,J)
BIG(IyJeé) IS THE SAME AS THE ARRAY ZARY(I,J)

IF (KFLAG<EQeT1) READ (8) (BIG(J,NSAVE,M),J=T,NN)
IF (KFLAGeEGs2) READ (8) (TEMPOF(J)4Jd=1,NN)

IF (JFLAGCEQ.1) READ (8) (BIG(JyNSAVE,MMM) ,J=1,NN)
IF (JFLAGEQ.1) READ (8) (DUM,J=1,NN)

IF (JFLAG.EQ.2) READ (8) (DUM,J=T1,NN)

IF (JFLAGSEQe2) READ (8) (BIG(J,NSAVE,MMM) ,J=1,NN)
READ (8) (BIG(J NSAVEJMM) ,J=1,NN)

60 T0 10

CONTINUE

NTIMEX=NSAVE-1

A 2 2
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40
50

60

70
80

90

CONVERT UNITS OF TWISTR OUTPUT TO UNITS FOR USE IN WISECRACK:

CHANGE KSI TO MPA, AND CM TO METERS.

ERATE=ERATE/100.00
poO S50 I=1'NN
DO 40 J=3,NTIMEX
BIG(I yJ MMI=BIG(1I,JyMM)I*46,894800
BIG‘I|J'NM")=BIG‘I’J'HHH)*6-89‘800
BIG(I oJ yMMMM)I=BIG(]IJ 4MMMM)I*1,D=2
CONTINUE
CONTINUE
00 60 J=1,NTIMEX
THICK(JI=THICK(J)*T,D=2

CONVERT “TWISTR” TIME TO “WISECRACK” TIME
TIMEX(J)I=TIMEX(JI*TPULSE/TIMEON

IF (FLAGeEGT) PRINT , JyTIMEX(J)BIG(T,J ,MMM),THICK(J)
CONTINUE

FOR TOKAMAKS, SET TEMPERATURES FOR PLASMA OFF CONDITIONS

EQUAL TO THE COOLANT TEMPERATURE, TCOOL.
IF (KFLAGJEQ.2) GO TO 80
00 70 I=1,NN
TEMPOF(I)=TCOOL

IF (ISW.EQ.0) 60 TO 100

T G e
wonn
I N -

TIME~INDEPENDENT STRESSES, READ FROM NAMELISY “BEGIN .

DO 90 K=1 4NN
BIG(K,I MMMM) =H*(K=1+0,5D0) /NN
BIG(K+I MMM)I=SON(K)
BIG(K,yI yMMI=SON(K)I=SOFF (K)
BIG‘K,I.H)=TEHPO~‘K)
BIG‘K,J;H)=BXG‘K|I'H)
BIG(K,J 4yMM)=BIG(K,I,MM)
BIG(KyJ) 4MMM)=BIGI(K,I,MMM)
BIG(K,J yMMMM) =BIG(K,1,MMMM)

CONTINUE

TIMEX(1)=0,00

TIMEX(2)=TMAX

NTIMEX=2

THICK(1)=H

THICK(2)=H

CALCULATE THE INITIAL VALUES

100 N=0
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110

120
130
140
150

160
+

170
+

180
190
200
210
220
230
240
250

260
270

z=zzzs= MAIN =xz==z

H=THICK (1)
XLIMIT(1)=0.00
XLIMIT(2) =2TMAX
YLIMIT(2)=),4D3#H
YLIMIT(1)=0.00

I1SAVE=Q

ASPECT=ASPOLD

TIME=0.D0
DNMAX=TIMEX(NTIMEX)/ (MINPNT*TPULSE)
DELTANS=DNMAX
FLUNCE=0,00
FREQ=1.D0/TPULSE

C=ANOT/ASPECT
A=ANOT

00 110 1=1,NN
2(I)=BIG(I,1,mMMM)

PRINT OUT ALL THE INITIAL DATA

PRINT 120, NN

FORMAT (“1°,°NUMBER OF NODES = ‘513

PRINT 130, FRCHNG

FORMAT (707, “FRACTIONAL CHANGE IN CRACK SIZE =7,F9,3)

PRINT 140, ANOT

FORMAT (07, “INITIAL FLAW DEPTH = “9F844," METERS”)

PRINT 150, ASPECT

FORMAT (0%, “INITIAL ASPECT RATIO A/C = “yFBel)

PRINT 160, HoW

FORMAT (0%, “PLATE THICKNESS =7 3E1004,° METERS " 410Xy “PLATE WIDTH =
“2E10.4,” METERS”)

PRINT 170, TPULSE,TIMEON,TIMEOF

FORMAT (‘O'Q'TPULSE ="E1004"SEC"QXQ'TIMEON ='|E1Do‘y’ SECONDS"

5Xs “TIMEOF=",E10e4," SECONDS”)

IF (FLAG.EQ+1) PRINT 180

FORMAT (0%, "SURFACE FLAW IS LOCATED ON THE PLASMA SIDE”)

IF (FLAG.EQe2) PRINT 190

FORMAT (°0%, “SURFACE FLAW IS LOCATED ON THE COOLANT SIDE”)

PRINT 200, FLUX

FORMAT (“07, “NEUTRON DAMAGE RATE 27961204, DPA/SEC”)

PRINT 210, ERATE

FORMAT (70, WwALL EROSION RATE =7 E124442X,"METERS/SEC”)

PRINT 220, FREQ

FORMAT (“0°,“PLASMA ON=OFF FREQUENCY =7,€1064)

PRINT 230, DNMAX

FORMAT (“0%, “MAXIMUM INCREMENT IN CYCLES (DNMAX) =“,F10.,2)

PRINT 240, DNMIN

FORMAT (“07, “MINIMUM INCREMENT IN CYCLES (DNMIN)=",F10.4)

PRINT 250, KICMIN

FORMAT (“0%, “MINIMUM FRACTURE TOUGHNESS=" 3 F10e4,” MPA(M)*)

IF (IDIMENJEGW.1) PRINT 260

FORMAT (“07, “ONE=DIMENSIONAL FLAW GROWTH")
IF (IDIMEN.EQ+2) PRINT 270

FORMAT (707, “TWwO=DIMENSIONAL FLAW GROWTH")
I1F (ISCATR.EG.1) PRINT 280



===== MA IN ==z=x=

¢80 FORMAT (0, UPPER BOUND ON DA/DN DATA SET™)
IF (ISCATReEQ42) PRINT 290
290 FORMAT (“0”,°NOMINAL CURVE FOR DA/DN DATA SET®)
IF (ISCATR.EGe3) PRINT 300
300 FORMAT (“0°,“LOWER BOUND ON DA/DN DATA SET”)
1F (IDADNGEQ.1) PRINT 310
310 FORMAT (°0°,“MODIFIED FORMAN EQUATION FOR DAJDN”)
IF (IDADN.EQ.2) PRINT 320
320 FORMAT (0%, PARIS EQUATION FOR DA/DN™)
IF (IDADN.EQ,3) PRINT 330
330 FORMAT (“0”,“MODIFIED FORMAN EQUATION FOR DAJDN,
*WITHOUT IRRADIATION EFFECTS®)
IF (ICCG.EQ.0) PRINT 340
340 FORMAT (“0”, CREEP CRACK GROWTH LAW IS TURNED OFF”)
IF (ICCG.EQs1) PRINT 350
350 FORMAY (“0°,°CREEP CRACK GROWTH LAW IS TURNED ON”)

PRINT 360, NTIMEX
360 FORMAT (“0°, NUMBER OF STRESS POINTS READ FROM FILE 8,
+ NTIMEX=",16)
IF (ISW.EQe1) PRINT 370
370 FORMAT (“0°y“TIME~INDEPENDENT STRESS INPUT FROM NAMELIST®)
PRINT 380
380 FORMAT (‘0'.'~ooe',4x.'2(1)'.7x.'TenPon‘,7x.‘TEMPorr'.7x.‘srness 0
*N y7X3“STRESS OFF~)
PRINT 390
390 FORMAT (- “e8Xy “(METERS)”,3X,“(DEG K) ,6X, (DEG K) 39X (MPA)Y“, 11X
+37(MPA) /7 <y
00 410 I=1,NN
SANDY=BIG(1,M,MMM)=BIG(I,M,MM)
PRINT 400, Iyl(l).BIG(I,M.H).TEHPOF(I).BIG(I,M,HMM).SANDY
‘00 FORMAT “ "12,6X|E703,3X.E7.3,6X.E7.3.7X .E9.3.7X.59.3)
410 CONTINUE

CALL LINEAR
CALL TOUuGH
CALL RATE
KICNOT=KIC

PRINT 420
420 FORMAT (“1°)
PRINT 430
430 FORMATY ('0'.1X,'TIHE',SX.'CYCLES',SX"FLUENCE'.SX.‘A'.?X,'H',Sx.‘
+ AIT‘.éx.’Alc'.2x.‘R-RA710'.4x,‘xMAx'.6x,‘xn1~'.7x,‘xxc’,7x,'oA/oN
4'.7x.'oclnu’.?x.'KMAx'.IZx'chARS)',11x.'(oPA)’,4x.'«nereus>‘.1x,'
*(ﬁETERs)'.ZSx.'(nPAln))‘.2x.’(nPA¢n))',Bx,'(nPAtn))',Zx.'(MICVCLE)
+ 3%y TUMICYCLE) T4 4X,"AT"/)
S=A/H
TYEARS=TIME/3,153607
IF (PHI.EQ.0) PRINT 440, IVEAns.u.rLuncs.A.N.s.ASPECT.R.KMAX.KMIN.
+KIC,DADN, DCDN .
440 FORMAT (~ '.5(58.3.1x).F5.3.1x,2(F7.3,1x),3‘59.3.2x).2¢£10.5,2x).
+“SURFACE”®)
IF (PHI.EQ.1) PRINT 450, TVEARS,N,rLuncs.A.n,s,ASPECT.R.KMAx.KMIN.
+KICsDADN, DCON
450 FORMAT (- '.5(58.3,1x).55.3,1x.2(r7.3.1x).34!9.3.2x).2(£10.5.21)
4+, °TIP mpn~)
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CHECK IF EITHER CRACK GROWTH RATE IS ZERO OR NEGATIVE

IF (DADNeLE.0) PRINT 460
FORMAT (° 4, pA/DN = 0°)
IF (DCONoLE.C) PRINT 470
FORMAT (° “,“DC/DN = D7)

SAVE THE OLD (PREVIOUS) VALUES OF AsC & No

AOLD=A
coLb=C
NOLD=N
HOLD=H

SAVE VARIOUS DATA POINTS FOR GRAPHICS OUTPUT LATER ON

IF (ISAVE.GT,.800) GO TO 490
ISAVE=ISAVE +1
TARRAY(ISAVE)=TYEARS
YT1(ISAVE) =A*1,D3
Y2(ISAVE)=H*1,D3
YSC(ISAVE) 2K MAX

Y4(ISAVE) =KIC

YS(ISAVE) =KMIN

60 T0 510

PRINT 500, ISAVE

FORMAT ("0, ISAVE 1S GREAT THAN 800.es ISAVE=",17)
CONTINUE

HAS THE MAXIMUM TIME BEEN EXCEEDED?
IF (TIME.GT ,TMAX) GO TO 650

HAS THE MAXIMUM NUMBER OF CYCLES BEEN EXCEEDED?
IF (NeGT+NMAX) GO TO0 670

TEST 1F THE CRACK HAS GROWN THROUGH TO THE OPPOSITE
SIDE OF THE PLATE (LEAK THROUGH).

IF (A.GE+H) 60 70 530

CALL LINEAR
CALL TOUGH
CALL RATE

TEST IF THE MAXIMUM STRESS INTENSITY FACTOR.KMAX, HAS EXCEEDED
PLANE STRAIN FRACTURE TOUGHNESS.KICsIeEese “BRITTLE FRACTURE®

IF (KMAX.GE .KIC) GO TO 550
CHECK IF EITHER CRACK GROWTH RATE 1S Z2ERO OR NEGATIVE

IF (DADNeLE.O) PRINT 460
IF (DCDNeLE«Q) PRINT 470
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CALCULATE
SPECIFIED
DELTAN IS
STEP SIZES

IF (DADN.LE.O.DO)
IF (DADN.GT.C.D0)
IF (DCDNeLE+CUe.D0O)
IF (DCDNeGT.0.D0)
DNOLD=DEL TAN

IF (DASLE.DC) DELT
IF (DAGT.DC) DELT
IF (IDIMEN.EW.1) D

CHECK IF T
(DELTAN) .
IF S0, THE
CAN

BE ACCURAT

CALL INTVAL (TIME,
TIMDIF=TIMEX(KK+1)
DTIME=DEL TAN*TPULS
IF (DTIMEGT,TIMDI

1S DELTAN
IF (DELTANSGT.DNMA
PREVENT DE

DNNEXT=TGROW*DNOLD
IF (DELTANSGT.DNNE

1S DELTAN
IF (DELTANGLT.DNMI

DELTAT=DADN*DELTAN
C1=DCDN*DELTAN
N=NOLD+0eS#DELTAN
TIME=N*TPULSE
TYEARS=TIME/3.1536

TEST IF TH
IF (TIME.GTTIMEX(

FLUNCE=FLUX*TIME
ASAOLD+0e S*DELTA1
C=COLD*0.5%C1

IF (IDIMENSEG.1) €
ASPECT=A/C

IF (A.GE«H) 6O TO
CALL LINEAR

CALL TOUGH

CALL RATE

THE NUMBER OF CYCLES DELTAN NEEDED TO GIVE A
INCREMENT IN CRACK SIZE.

CHOSEN AS THE SMALLER OF THE TwWO PREDICTED CYCLE
IN THE “A° AND THE “C” DIRECTION

DA=DNMAX
DA=FRCHNG*A/DADN
DC=DNMAX
DC=FRCHNG*C/DCDN

AN=DA
AN=DC
ELTAN=DA

HE STRESSES VARY FASTER THAN THE CYCLE STEP SIZE

N LIMIT THE SIZE OF DELTAN SO THAT THE STRESS HISTOR

ELY FOLLOWED IN TIME.
TIMEX KKyNTIMEX)
~TIMEX(KK)

E) DELTAN=TIMDIF/TPULSE
TOO LARGE?

X) DELTANSDNMAX

LTAN FROM GROWING TOO FAST.

XT) DELTAN=DNNEXT
YOO SMALL?

N) DELTAN=DNMIN

D?
E TIME HAS EXCEEDED THE MAXIMUM ALLOWED TIME

NTIMEX)) GO TO 610

=A/ASPOLD

530
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DELTAZ=DADN®DEL TAN
AzAOLD+0e S*DELTAZ
C2=DCON*DEL TAN
C=COLD*+0.5%(C2

IF (IDIMENGEGQ.1) C=AJASPOLD
ASPECT=A/C

IF (A.GE4H) GO TO 530

IF (KMAXeGE+KIC) GO TO 550
CALL LINEAR

CALL TOUGH

CALL RATE
DELTA3S=DADN#*DEL TAN
C3=DCON*DELTAN

INCREMENT THE TOTAL NUMBER OF CYCLES,N, BY THE AMOUNT= DELTAN
N=NOLD+DELTAN
CALCULATE THE NEW VALUE OF TIME AND FLUENCE

TIME=N*TPULSE
TYEARS=TIME/3,153607
DTD=DELTAN®TPULSE

TEST IF THE TIME HAS EXCEEDED THE MAXIMUM ALLOWED TIME
IF (TIME«GTTIMEX(NTIMEX)) GO TO 610

FLUNCE=FLUX®*TIME
A=AQLD+DELTA3

C=COLD+(C3

IF (IDIMENJEQ.T) C=A/ASPOLD
ASPECT=A/C

IF (A.GE.H) GO TO 530

1F (KMAX.GE.KIC) GO TO 550

CORRECT FOR 1-p FLAW GROWTH
IF (IDIMENCEQs1) C=A/ASPOLD

CALL LINEAR

CALL TOUGH

CALL RATE

HNEW=H

DELTAL=DADN®DELTAN

C4=DCON*DEL TAN
DELYAA=(DELTA?*Z.OO*DELTAZ*ZoDO'DELTASODELTAG)I6.000
DELTAC=(CT1+42.00%C2+42.00%C34C4)/6.000
RATIOA=DELTAA/AOLD

RATIOC=DELTAC/COLD

INCREMENT THE PREVIOUS CRACK DEPTH,)AOLDy BY THE AMOUNTZDELTAA
A=AOLD+DELTAA

INCREMENT THE PREVIOUS CRACK LENGTH,COLD, BY THE AMOUNT=DELTAC
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C=COLD+DELTAC

CORRECT FOR 1=Dp FLAW GROWTH
1F (IDIMENCEQs1) C=A/ASPOLD

ADJUST THE CRACK DIMENSIONS BECAUSE OF CHANGES IN THE
PLATE™S THICKNESS DUE TO EROSION

DELTA=HOLD=HNEW

1F (FLAG.EQ.2) GO TO 520
AOLDT=A

A=A-DELTA

HAS THE CRACK ON THE PLASMA SIDE BEEN COMPLETELY ERODED AWAY?
IF (A.LE«D.D0) GO TO 630

C=C*DSQRT (1 .D0=(DELTA/AOLD1)*22,D0)
IF (IDIMENEQe1) A=A/ASPOLD
CONTINUE

UPDATE THE NEW ASPECT RATIO, A/C.

ASPECT=A/C

S=A/H

IF (PHIJEQeO) PRINT 440, TYEARS N FLUNCE A HySyASPECTyRyKMAX KMIN,
KICyDADNsDCDN

IF (PHILEQ.1) PRINT 450, TYEARS N,FLUNCE)AsHySsASPECToyRsKMAX KMIN,
KICoDADN,DCDN

THE CRACK SIZE HAS BEEN UPDATED, NOW GO BACK AND REPEAT THE WHOLE

CYCLE
GO TO 480

PRINT OUT MESSAGES FOR EACH TYPE OF FAILURE MODES.

PRINT 540

FORMAT (07 g  nata aa e a i aa A AR AN R AR AN AR AR R AR AR R AR Ak
LEAK=THROUGH /"8 Rt A a AR R A A AR R AR AR R AN A A AN KRR AN R AR AR AR R ARNRT)

IF (KMAXeGE .,kIC) GO TO S50

PRINT 430

S=A/H

IF (PHIZEQeQ) PRINT 440, TYEARSyNyFLUNCE Ay HyS,ASPECT,R,KMAX,KMIN,
KICsDADNy DCON

IF (PHISEQe1) PRINT 450, TYEARS N FLUNCE A, HySsASPECT,RyKMAX,KMIN,
KICsDADNy DCDN

IF (FLAG.EQ.1) 60 TO 690

IF (FLAG.EQe2) GO TO 700

PRINT 560

FORMAT (707 g  at da d e A A A A AR A R A R AR R AR A AR A AN R IR AR RN A AR AR AN kR R )
IF (BANNER,EG.1) GO TO 580

PRINT 570

FORMAT (° “,5X,“BRITTLE FRACTURE OCCURRED DURING PLASMA=QON "/ %asun

(AL B2 RRdRlIRARLEAEZA 2222222 X 2] tfi'*t*")

G0 TO 600
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580 PRINT 590

590 FORMAT (° “,5X,“BRITTLE FRACTURE OCCURRED DURING PLASMA=OFF / anus
2 2 R R R 2 X R R R T R R R 2 2 22 R 2220 2222222 t*t*ti*it')

600 PRINT 430
S=A /N
IF (PH1.EQe0) PRINT 440, TYEARSy Ny FLUNCE A3 HySsASPECT,RyKMAX,KMIN,
+KIC,DADN,DCDN ,
IF (PHIGEQe1) PRINT 450, TYEARSyNyFLUNCE sAgHySoASPECToRoKMAX,KMIN,
4KIC ,DADN, DCODN
IF (FLAG.EQ.1) 60 TO 690
1F (FLAG.EQ.2) GO TO 700

¢
C PRINT OUT MORE MESSAGES.
¢

610 PRINT 620, TIME
620 FORMAT (“0”,“TIME HAS EXCEEDED THE MAXIMUM ALLOWED TIME
+ TIME =7,01245,2%,"SECONDS”)
G0 10 600
630 PRINT 640
640 FORMAT (707 8( “wnannnnaan”)/11X,“CRACK ON PLASMA SIDE HAS BEEN OBL
+ITERATED BY WALL EROSION /B8( #aniksnxawan’))
G0 TO 600

650 PRINT 660, TIME,TMAX

660 FORMAT (“0°,"STOPeeeTIME® ,2X,D10.44,2X, “HAS EXCEEDED THE MAXIMUM AL
YLOWED TIME OF 42X401044,2X,"SECONDS”)
GO 70 600

670 PRINT 680, N,NMAX

680 FORMAT (“0% 4 STOP oo eCYCLES 32X 4,18, HAS EXCEEDED THE MAXIMUM ALLOWE
+D CYCLES 92X110)
60 YO 600

690 FLAG=2

PLOT GRAPHICS OQUTPUT

(e N aN el

IF (DEVICE.EQe2) CALL DEVSET (12)

IF (DEVICE.EG.3) GO TO 100

TT=TARRAY (I SAVE)

IF (TTeLE«S54D0) XLIMIT(2)=5.,D0

IF ‘TT.LE.10000.AND.TT.GTOS.DO) XLIHIT(2)=1OQDO

IF ‘TT.LEo‘SoDO.ANDoTT.G‘.‘OODO) XLIMIT(2)=15.D00

IF (TTeLE e20¢D0eANDeTTeGT«15.00) XLIMIT(2)=20,D0

IF (TTeLE«25eD0cANDeTTeGTe204D0) XLIMIT(2)=25.D0

IF (TTeGTe25D0) XLIMIT(2)=30,D0

CALL GRAPH (XLIMIT,“DOUBLE  YLIMIT, DOUBLE  y2y NONE" s BLANK “y“TIME
+ (YEARS)S$SS”, CRACK DEPTH (MM)S$S/SWALL THICKNESS (MM)S$S”, FRAME”,“F1
+RST WALL CRACK GROWTYHS/SSURFACE FLAW ON PLASMA SIDESS”, “FULL”,”TRB
+IND”)

CALL GRAPHM (TARRAY, “SCALT 3Y¥1,°SCALT1  sISAVE, "NONE”,“SOLID")

CALL GRAPHM (TARRAY,“SCALT 4Y2,°SCALT1 4ISAVE,"NONE", 1)
YLIMIT(2)=1,1D0+KICNOT

YLIMIT(1)==2,D1

CALL GRAPH (XLIMIT, DOUBLE 4y YLIMIT,“DOUBLE 42y NONE”,“BLANK” , TIME
+ (YEARS)S$SS”,” STRESS INTENSITY FACTORSS/SFRACTURE TOUGHNESS (MPA-M
251 /23837 " FRAME  y“FIRST WALL CRACK GROWTHS/SSURFACE FLAW ON PLASM



700

zzZ=s MAIN zz=E=E

+A SIDESS” ,“FULL”,“TRBIND")

CALL QGRAPH (“SCAL1  yXSCALE,YSCALE)

CALL AXLIN (XSCALE,YSCALE y0es040,°NONE“,0,0)

CALL GRAPHM (TARRAY,“SCAL1 ,Y3,"°SCALT ,ISAVE,“NONE“,“SOLID")
CALL GRAPHM (TARRAY,;“SCALT 9Y4, "SCALT 4ISAVEs“"NONE s 1)

CALL GRAPHM (TARRAY, “SCALT1 ,YS5, SCALT1 ,ISAVE,“NONE“,“SOLID")

60 70 100
PLOT SECOND SET OF GRAPHICS OUTPUT
CONTINUE

IF (DEVICE«EG.2) CALL DEVSET (12)

IF (DEVICE.EGe3) STOP

TT=TARRAY {1 SAVE)

IF (TTeLE&5.D0) XLIMIT(2)=5,00

IF ‘TT.LE0100000AN°QTTQG1-5000) ‘LIHIT‘2)=1OQDO

IF ‘TT.LEo‘SoDOcAND.TT.G‘.10.DO) XLIHIT‘2)=15.DO

IF (TTeLEe2ODeDOGANDeTTo6To15.00) XLIMIT(2)z20400

IF (TTQLEoZS-DOohND.TT.GTcZD-DO) XLIMIT(2)=25,.,D00

IF (TTeGT425.00) XLIH17‘2)=30.DO

CALL GRAPH (XLIMIT, DOUBLE“,YLIMIT,”DOUBLE ,2, NONE“,"BLANK , TIME
+ (YEARS)SS” ,“CRACK DEPTH (MM)S/SWALL THICKNESS (MM)$S ,“FRAME",“F1
+RST WALL CRACK GROWTHS/SSURFACE FLAW ON COOLANT SIDESS , “FuLL , TR
+BIND”)

CALL GRAPHM (TARRAY, “SCALT oY1, SCALT yISAVE.s " NONE »“SOLID™)

CALL GRAPHM (TARRAY, “SCALT ,Y2,"°SCALT1 JISAVE,“NONE 1)
YLIMIT(2)=1,100*KICNOT

YLIMIT(1)==2.D1

CALL GRAPH (XLIMIT, DOUBLE yYLIMIT, DOUBLE 42+ NONE" 3 BLANK ", “TIME
+ (YEARS)SS”,” STRESS INTENSITY FACTORSS/SFRACTURE TOUGHNESS (MPA=M
4221 /2188 ,"FRAME ,“FIRST wWALL CRACK GROWTHS/SSURFACE FLAW ON COOLA
+NT SIDESS ™y “FULL y“TRBIND™)

CALL QGRAPH (“SCAL1”4XSCALE,YSCALE)

CALL AXLIN ‘XSCALE.VSCALE'00'0909'N0N5'10|0’

CALL GRAPHM (TARRAY,“SCALT1”,Y3,°SCALT1 7 ,ISAVE,“NONE“,“SOLID")

CALL GRAPHM (TARRAY, “SCAL1 4Y4,"SCALTI ,ISAVE,;“NONE , 1)

CALL GRAPHM (TARRAY,“SCAL1 ,Y5,"SCALT ,ISAVE,“NONE“,“SOLID")

STOP

END
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* *
*  “RATE” CALCULATES THE STRESS INTENSITY FACTORS AND ASSOCIATED  +
*  CRACK GROWTH RATES FOR THE TWO DIFFERENT DIRECTIONS OF GROWTH, #
*  EeGe THE MAJOR & MINOR AXIS OF THE SEMI-ELLIPSE. *
* *
RN RN ANA RN AR AR R R AN AN AR RN A RN R AR AR AR R AR A E AR AN AN RRR AR AN R AN N NSRRI N AR AR A
SUBROUTINE RATE

IMPLICIT

+ REAL*8 (A=H,0-1)

INTEGER

+ BANNER, PHI

REAL*8

+ Jy KAMAX KAMIN, KAOFF,

+ KAON, KCMAX , KCMIN, KCOFF,

+ KCON, KIC, KICMIN, KICNOT,

+ KMAX , KMIN, LZERO, M1,

+ m2, M3, NE XPON,

COMMON /SLOPZ/

+ ASPECT, KMAX KMIN, BANNER,

+ DADN, TIMEON, TIMEOF, R

COMMON /TOUGHZ/
+ KIC, FLUNCE o KICONy KICMIN,

+ KICNOT

COMMON /ONE/

+ A' T

COMMON /THREE/

+ SMON, SMOFF, SBON, SBOFF

COMMON /FOUR/
+ W

COMMON /X /

+ DCDN, PHI

COMMON /NEXP/
+ NEXPON

COMMON /TBLOCK/
+ TEMPA, TEMPC, TAOFF, TCOFF

COMMON /L STAR/
+ LZERO

COMMON/CYCLE/N

AOT=A/T

C=CRACK HALF-LENGTH ALONG THE SURFACE

C=A/ASPECT
Q=T 4041 484> (ASPECT*%1,65)

FW=CORRECTION FACTOR FOR FINITE WIDTH OF PLATE

FW=(COS(3,14162C*DSQRT(AOTI/(2*W)))nna=(0,5
FWw=1.00
M1=1.13~0.09*ASPECT
M22=0,5440s89/(0.2¢+ASPECT)
M3=0e5=100/ (0s6S+ASPECTI+14,4%(1,0-ASPECT) 2924,
H121.0-0, 34 *A0T =0, 11*ASPECT*AQT
61==1.22=0+12*ASPECY
62=0e55=1 405+ (ASPECT#%0e75) 40,475 (ASPECT#+1,5)
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H2=1.046

AEFF=A+L
J=DSQRT(
DUM=MTI+M

F=Fw*DUM

KAON=(SHM

KAOFF=(S
6=1+40.1+
FPHI=DSAQ
H=H1

F=DUM*FP

KCON=(SM

ATE zzxr=s
T*AOTH+G2%x(A0T#22)

USE SHORT CRACK CORRECTION FACTOR
Z1ERO

J¢1416%(AEFF)/Q)
CrlAQTE*2 ) 4MIn (AOTR%4,)

F=MAGNIFICATION FACTOR FOR PURE TE

F*H=MAGNIFICATION FACTOR FOR PURE

CALCULATE STRESS INTENSITY
PLASMA ON

FACTOR

ON*H*SBONI#J*F

CALCULATE STRESS INTENSITY
PLASMA OFF

FACTOR

MOFF+H®SBOFF)#J*F
0e352(A0TH22,)
RY(ASPECT)

HIsGwFW
CALCULATE STRESS INTENSITY FACTOR

ON+*H=*SBON)*J*F

CALCULATE STRESS INTENSITY FACTOR

KCOFF=(SMOFF+H*SBOFF)*)»F

1F (KAON
KAMAX=KA
KAMIN=KA
LA=1

TA=TAOFF
60 T0 20
KAMAX=KA
KAMIN=KA
LA=0

TA=TEMPA

DETERMINE IF THE MAXIMUM STRESS IN
POINT
IA'

CHOOSE THE APPROPIATE TEMPERATURES
INTENSITY FACTORS AT THAT LOCATION

«GT«KAOFF) GO TO 10
OFF
ON

ON
OFF

DETERMINE IF THE MAXIMUM STRESS IN
'cl

LZERO

NSION STRESSES

BENDING STRESSES

AT DEEPEST POINT “A” WITH

AT DEEPEST POINT “A° WITH

AT SURFACE “C” WITH PLASMA ON

AT SURFACE “C” WITH PLASMA OFF

TENSITY FACTOR AT THE DEEPEST

TO GO WITH THE MAXIMEM STRESS

TENSITY FACTOR AT THE SURFACE

OCCURS DURING PLASMA=-ON (LA=0) OR PLASMA=-OFF (LA=1) CONDITIONS
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20

30

40

50

60

===z RATE =s====
OCCURS DURING PLASMA=ON (LC=0) OR PLASMA=-OFF (LC=1) CONDITIONS.

IF (KCON.GT.KCOFF) GO TO 30
KCMAX=KCOFF

KCMIN=KCON

LC=1

TC=TCOFF

60 TO 40

KCMAX=KCON

KCMIN=KCOFF

LC=0

TC=TEMPC
DETERMINE IF THE MAXIMUM STRESS INTENSITY FACTOR OCCURS AT THE
SURFACE
OR AT THE DEEPESY POINT OF THE CRACK.
BANNER=0 MEANS THAT KMAX HAPPENED WHILE THE PLASMA WAS ON
BANNER=1 MEANS THAT KMAX HAPPENED WHILE THE PLASMA WAS OFF
PHI=0 MEANS THAT KMAX IS LOCATED AT THE SURFACE OF THE CRACK “C~°
PHI=1 MEANS THAT KMAX IS LOCATED AT THE DEEPEST POINT OF THE
CRACK “A°

CONTINUE

IF (KAMAX EQ.0¢D0) RA==1,010
IF (KAMAX «NE«OeDO) RAKAMIN/KAMAX
IF (KCMAXeEQGeDeDO) RC==1.010
IF (KCMAX o NEDeDO) RC=KCMIN/KCMAX

IF (KAMAX ¢GE.KCMAX) 60 TO 50
KMAX=KCMA X
KMIN=KCMIN
R=RC
BANNER=LC
PHI=0

60 10 60
KMAX=KAMA X
KMINZKAMIN
R=RA
BANNER=LA
PH1I=1

CALCULATE THE EFFECTIVE CRACK GROWTH RATES AT “A” AND “C°

CALL DADNEQ (KAMAX KAMIN; DADN)KAON,KAOFF,TIMEON,TIMEQOF,RA,TA)
CALL DADNEQ (KCMAX,KCMIN,DCDNoKCONyKCOFF TIMEON,TIMEOF,RC,TC)

REDUCE THE CRACK GROWTMN RATE AT THE SURFACE BY (O.9**NEXPON), AS
SUGGESSTED
BY JIM NEWMAN,DECEMBER,1979,

DCONSDCON*( O 9« *NEXPON)

RETURN
END
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Computer Output for Sample Problem
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