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ABSTRACT

estimate the stress intensity factor distribution in complex, three dimensional
cracked body problems. The extension of the method to Predict both flaw shapes
and stress intensity distributions where neither are known a-priori along with ac-
companying limitations of the method are discussed. Use of the method is then
illustrated by citing results obtained by applying it to three dimensional frac-
ture problems from the aerospace and nuclear industries to show the differences
which arise between results for real flaws and those assumed by analysts. It is
concluded that, within prescribed limitations, the method exhibits good potential
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INTRODUCTION

The majority of in-service fractures of structural components are preceded by the
sub-critical growth of a flaw under cyclic loading until critical crack size is
reached. The sub-critical or stable flaw growth stage usually involves complex

able in the full field sense. However, progress in numerical methods of analysis
and improved digital computer storage capacities is resulting in more powerful
approximate methods as noted by Rybicki and Benzley (1975). A major problem which
remains is that of insuring proper formulation and tuning of complex, three dimen-
sional numerical solutions for 3D cracked body problems through computer code veri-
fication in the form of an inexpensive proof test.
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Nearly a decade ago, the writer and his colleagues, based upon an idea of Irwin
(1958) began to evolve a technique consisting of a marriage between the field equa-
tions of linear elastic fracture mechanics (LEFM) and the frozen stress photoelas—
tic method for estimating stress intensity factor (SIF) distributions in 3D cracked
body problems. Originally proposed for Mode I loadings only by Smith (1975), the
method was first modified by Jolles, McGowan and Smith (1975) and then extended by
Smith (1980) to include mixed mode loads. After successful application to a number
of technological problems such as those studied by Smith, Peters and Gou (1979) and
Smith and colleagues (1979), it was noticed by Smith and Peters (1979) that natural
crack shapes produced by the method were virtually identical to those produced by
fatigue loads on steel structures by Broekhoven (1977).

The present paper briefly describes the modified method as currently being used and
cites results of the use of the method in current 3D fracture problems in the aero-
space and nuclear industries to show how real flaws differ from those often assumed
by analysts. It is suggested that the method possesses potential for predicting
both flaw shapes and SIF distributions for certain problems where neither are known
a priori.

REVIEW OF ANALYTICAL CONSIDERATIONS (MODE I)

For the case of Mode I loading, one begins with equations of the form:

o
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for the stresses in a plane mutually orthogonal to the flaw surface
and the flaw border referred to a set of local rectangular carte—
sian coordinates as pictured in Fig. 1, where the terms containing
K1, the SIF, are identical to Irwin's Equations for the plane case
and Ogj represent the contribution of the regular stresses to the
stress field in the measurement zone. The Og' are normally taken !
to be constant for a given point along the flaw border, but may Fig. 1 General
vary from point to point. Observing that stress fringes tend to Problem Ggometry
spread approximately normal to the flaw surface (Fig. 2), Egs. 1 and Notation
are evaluated along 6 = m/2 (Fig. 1) and for Mode I
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which, when truncated to the same order as Equations 1, leads
to the two parameter Equation:

A = K_//8m
A I (3)
[ 1/2 + B where o
r B = f(oij)
which can be rearranged into the normalized form
o 1/2
K £(0;.)(8)
KAP = z + ( =J Lt (4) Fig. 2" Typical
1/2 e q - Mode I Fringe
m Ta
o e Pattern
where Kpap = Tmax(SWr)l/z and, from the Stress-Optic Law, ) 1
Tpax = Nf/2t' where N is the stress fringe order, f the material fringe value and

t' the slice thickness in the t direction, q is the remote loading parameter (such

as uniform stress, pressure, etc.) and a
the characteristic flaw depth. Equation
(4) prescribes that, within the zone domin-
ated by Equations (1) with 09 as described 151
above, a linear relation exists between the
normalized apparent stress intensity fac-
tor and the square root of the normalized ==
distance from the crack tip. Thus, one E
need only locate the linear zone in a set b 13F
of photoelastic data and extrapolate across e

a very near field non-linear zone to the o
crack tip in order to obtain the SIF. An 12 : a/c =045|
example of this approach using data from A a/T=0699
cracked plate tests described in the se- e /// ¢ =10°
quel is given in Fig. 3. i

By following similar arguments, but not 10
specifying 0 = 7/2, equations for the Mixed ; A J
Mode case have been developed by Smith, 0 02 03
Jolles and Peters (1977). u/gf/z

EXPERIMENTAL PROCEDURE 0 is remote uniform tension normal

to the flaw plane.
The experimental procedure begins with the Fig. 3 Estimation of Normalized SIF
casting of parts of a scale model of the from Frozen Slice Data
prototype structure out of suitable stress
freezing photoelastic materials. Such materials possess diphase properties which
are similar to those of a Kelvin material. That is, at room temperature, the mater-—
ial exhibits time dependent behavior under load, while above critical temperature,
in addition to being an order of magnitude more sensitive to load optically and two
orders of magnitude less stiff, it responds in an essentially elastic, time inde-
pendent manner to load except in the very near field non-linear zone ahead of a
crack. Since the majority of cracks encountered in service originate at a speci-
men surface, only those will be discussed here. Starter cracks must be inserted
into the cast part. If the crack is to represent a mechanically induced crack, it
can be produced by striking a sharp tapered blade held normal to the specimen sur-
face. The blade tip will indent the specimen surface slightly and a crack will
emanate from the indented region forming a nearly semi-circular border which sub-
sequently arrests. Thermal flaws with larger surface lengths than depths can be

produced in the same way after a thermal gradient is produced across the specimen
thickness.

Once the starter crack is produced, the cast parts of the scale model are assembled
and glued together, taking care not to locate a crack or its path near a glue line.
After assembly, the cracked model is placed in a temperature controlled stress
freezing oven, heated to critical temperature and loaded sufficiently to grow the
starter crack to it's desired size. Upon reaching this size as viewed through a
glass port in the oven, the load is reduced, terminating crack growth and the
specimen is cooled under a reduced load to room temperature, freezing in the opti-
cal stress fringe system and deformation field produced above critical temperature.
Due to the relative insensitivity of the material to load both optically and in
mechanical deformation at room temperature, the model may then be unloaded with
negligible optical or mechanical recovery. Moreover, slices may be removed from
the model (normally mutually orthogonal to the flaw surface and the flaw border,
i.e. parallel to nz plane, Fig. 1) without altering the "frozen in" stress fringe
and deformation fields. These slices are then coated with a matching index fluid
and analyzed in a crossed circular polariscope at about 10X using white light and
employing the Tardy Method for obtaining fractional fringe orders. Dlesults are
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displayed as shown in Fig. 3 and the normalized 161 o_%a%;§zv
: : i >
stress intensity factor is estlmateg fﬁomfiUChbar 079% g%STEEL
o F slice location around the flaw bor- Lo,v,e-SM-
graph for each slic 4 sine- M-S0 s
der. 3 L
As shown by a survey of current test data in Fig. 12F4 @ AL-Mg «-0I9
4, a substantial variation in aspect ratio (a/c) t2040 *-0l0
can result in shallow flaws depending upon the ol ° o novopy e b
starter crack aspect ratio. Moreover, for deep Veted o Two o
flaws (a/T > 0.5) the flaw shapes tend to deviate Tt o
from semi-ellipses. UOB- . o ko o,
S + ry
| IR
os6f o @¥ Toogo
RESULTS FROM USE OF METHOD . )% cey e
e A0 *
In this section, we discuss the results of the ap- 04+ " VN-
plication of the foregoing method to two current -
problems taken from the aerospace and nuclear indus-— - ” P ‘
tries, respectively. ) s *
Problem No. 1 - (Surface flavs in flat plate§ under Oo dg oﬁ Ob Oé RS
remote uniform uniaxial tension.) A best estimate e

numerical solution has recently been provided by
McGowan and colleagues (1980) for certain size
semi-elliptic surface flaws. Analysts also often
imply self-similar flaw growth in this problew.
However, experiments such as those of Collipriest
(1971), Sommer, Hodulak and Kordisch (1977) and
Smith and colleagues (1980) reveal that, once the
crack has penetrated to near mid-depth of the

plate, the flaw shape begins to deviate from that

of a semi-ellipse, producing a change in the ac-.
companying SIF distribution. The assumed analytical
crack size is pictured in Fig. 3 and Fig. 5 shows
how a real flaw deviates from a semi-elliptic shape
of the same aspect dimensions. Fig. 6 shows how
the flaw shape deviation alters the experimental
results from best estimates predicted by nume¥ical
analysis for semi-elliptic shapes. The experimental
results are taken from the work of Smith and collea-
gues (1980) and the theoretical results and from McGowan
gnd colleagues (1980). The experimental results here
are believed to be lowered near ¢ = 90° due to some un-—
wanted out of plane bending but the SIF elevation near

) = 0 is believed to be accurate.

Fig. 4 Test Data from Litera-
ture for Uniaxial Tension
2219-T87 - Newman and Raju

(1979)
Ti,6A1,4V - Hoeppner and
Colleagues (1968)
Ni Steel - Nishioka and Coll-
eagues (1977)
SM-50,HT-80 - Kobayashi and
Colleagues (1977)
Al-Mg 3 - Sommer and Collea-
gues (1977)
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Fig. 5 Natural vs. Theo-
retical Crack Shape f[or
Same Aspect Ratio

i ctors.)
Problem #2 - (Nozzle corner cracks in nuclear rea )
Analysts usually model these cracks as quarter C1rcul?r E? quirger e;ltgzizsizg
i imi ‘ irst phase of this study, pho
imply self-similar flaw growth In the firs 2
moée{s of flat plates containing central nozzles with a single cornggfcrac% er?ii
to the uniform uniaxial plate tension were used to grow cracks to d;..eﬁen iy Pgters
and SIF distributions were obtained by the frozen stress Teth?d by. m;Fo a;(a)
(1978). The local geometry and notation for the problem 1s’g1ven 19 lg't>0 e.
Results of these tests were compared with results from tension—ién51ggta?u;§uby

i ks at the same location
tests on A508 reactor steel models with crac ; : :
Broekhoven (1977). Flaw shape comparisons are shown in Fig. 7(b) and show that

(i) Flaw shapes from the two test programs exhibit the same shapes and for cracks
of the same relative size they virtually overlay each other.
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Effect of Flaw Shape Devia-
tions Upon SIF

i1) Flaw shapes are not simple

urves.

sroekhoven (1977) fitted a quarter

~1lipse

to measured values of a

md ay and computed a SIF distribu-
tion using a finite element analy-

‘is. A comparison of such a com,

law shape suggests that real crack
radient along the flaw border (Fig

ubsequent studies were conducted b
wdels of boiling water reactor ves
wdel contained two diametr
in either the 0° or 45°

malyzed for the smallest crack.

‘racks initiated from the 45°

‘e nozzle wall as they grew b
vear the

‘tress direction (Fig. 1la).

vessel surface as the

t nv (Fig. 1la) but beyond a/T ~ 0.

‘cont disappeared and a single non-
ile SIF distributions are shown in

nozzle tests and showed non-self-similar flaw growth a
ly changing SIF distribution (Fig. 10b).

planar crack resulted.
Fig. 1lb.
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Fig. 7 (a) Problem Geometry, Notation and
(b) Flaw Shapes for Nozzle Corner

Cracks in Flat Plates

putation with photoelastic results on the real
s tend to take shapes which minimize the SIF

. 8).

y Smith and colleagues (1979) on photoelastic
sels containing cracks in nozzle corners.
cally opposite cracked nozzles (Fig. 9a) with cracks
orientations (Fig. 9b).

‘le tests confirmed the deviation of the cracks f
vbserved in the plate-
ranied by a continuous

Each

For cracks in the 0° orientation,
rom quarter-ellipses (Fig. 10a)

ccom-
Only one slice was

orientation remained in the initial flaw plane along
ut underwent continuous reorientation of flaw plane

y grew towards the plane normal to the vessel hoop
The shallow flaws acted as two different flaws joined

3, the discontinuous point (nv) on the crack
Accompanying changes in
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Fig. 8 SIF Distributions for Natural
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SUMMARY AND OBSERVATIONS

An experimental technique consisting

of a marriage between the frozen stress
photoelastic method and the local field
equations of linear elastic fracture
mechanics was briefly reviewed. 1It's
use as a computer code verification me-
thod was then illustrated by citing re-
sults from two kinds of problems where
real cracks deviate from classical be-
havior assumed by analysts. It is ob-
served that:

(1) Sub-critical flaw growth generally
produces complex flaw shapes and non-
self-similar growth patterns.

(ii) SIF distributions for real flaw
shapes exhibit lower gradients along

flaw borders than for assumed flaw shapes.

(iii) SIF distributions change substan-
tially with changes in flaw shape and
orientations.

The method has its own limitations:
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Fig. 10 (a) Flaw Shapes and (b) SIF Dis-

tributions for Cracked BWR Models
at 0 Orientation

(i) It is restricted to an elastic, incompressible material.
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Fig. 11 (a) Flaw Geometry and (b) SIF Distributions for Cracked BWR Models at 45°
Initial Orientation (B is the angle in the plane of the initial flaw turned
from the nozzle wall.)

(ii1) 1Initial flaw shape and size should be the same for model and prototype.

(iii) Only small scale yielding should be permitted in the prototype.

(iv) Fatigue loads should be tension-tension.

Nevertheless, the method is believed to offer a cost effective alternative to full
scale testing for computer code verification of numerical analyses to within appro-
ximation + 5% experimental error for Mode I problems.
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