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Experimental techniques for the direct optical measurement of the
value of the J-integral allow the determination of J for planar cracked
bodies of arbitrary geometry and loading. Several methods such as photo-
elastic coatings [1], wmoire interferometry [2], and caustics [3] have been
successfully applied to the measurement of J in elastic-plastic materials
under static loading conditions. In this report, preliminary experimental
investigationis of the applicability of caustics to elastic-plastic frac-
ture are communicated. All the experiments are performed under conditions
of small scale yielding.

Consider a parallel beam of light incident on an initially optically
flat, polished planar fracture specimen. The out of plane near crack tip
deformation of the specimen, due to loading, causes the reflected rays to
deviate from parallelism. If certain geometrical conditions are met, a
shadow spot bounded by a bright curve (caustic), is formed on the film
plane of a camera placed in front of the specimen to collect the reflected
light. To obtain an image of the shadow spot the camera is focused not on
the specimen but pehind it at a distance z,. For further details of the

. 0
method of caustics see [4] and [5].

The light that forms the caustic curve is reflecced from a unique
curve on the specimen called the imitial curve. Let the distance from the
crack tip to the initial curve along x, = 0, be called the initial curve
radius and denote this distance by r,, where x, is the abcissa of a local
coordinate system centered at the crack tip as“shown in Fig. 1. Since
the caustic curve comes only from light reflected from the initial curve,
whatever data are obtained come from essentially just one curve. By vary-
ing z_., the initial curve radius r, may be varied and tlus data may be
taken from varying distances from ghe crack tip.

Under conditions of small scale yielding the elastic 1/Vr singular
field dominates at some distance outside the plastic zomne. Thus for
r, »>> r , where r_1is the plastic zone size, the analysis of caustics
based oR the elasPic crack tip fields [5] may be used yielding
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K, = ID /LO.7ZO\)L (D
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Ty = 0.316D (2)

T

where X_ is the mode T stress intensity factor, D is the maximum diameter
of the Caustic in the x, direction, E is the modulus of elasticity, v is

Poisson's ration, t is %he specimeun thickness, and z, is the distance from
s P 5 0
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the1specimen.to the plane the camera is focused on.

‘Equation (1) is valid only when the initial curve is outside the plas-
tic zone (r,/r >> 1). To quantify how large r,/r must be, compact ten-
sion specimenstof annealed 4340 steel and of co?d Polled 1018 steel were
tested. Specimens 29, 30, 30A, and 44 illustrated in Fig. 1 were used in
thése tests. The material properties of the 4340 steel are g, = 827 MPa,
a = 3.3, and n = 8,7 for a best fit to the Ramberg-Osgood mateérial model.
The 1018 steel had 00 = 560 MPa and no hardening, (n -+ =),

The experiment consisted of determining K_ from caustics (K ) and
from boundary conditions (KBC) while varying Ehe ratio of the ifittial
curve to plastic zone size.” The initial curve radius is determined from
{(2). The results are given in Fig. 2 where K / is plotted as a
function of r./r . The ratio r /w in the figh?e, wheére w is the uncracked
ligamentﬂlenggh,pindicates the Bxtent of the plastic zone relative to
the specimen dimensions. According to earlier results presented in [6]
plane stress conditions prevail at a distance r > 0.5t, where t is the
specimen thickness. Therefore only data from caustics with r /t > 0.5
are plotted, thus insuring plane stress conditions. Figure 2%demonstrates
that for the materials tested r_ /r_ must be greater than 1.5 for the elas-
tic caustics analysis to hold in sRall scale yielding. This ratio is con-
sistent with the value of 2 given in [7] for an analysis based on a plane
stress Dugdale model. Further details and results of these experiments
will be discussed in a planned full paper.

- In similar experiments, caustics formed due to reflection of light
from within the crack tip plastic zone (rO/r .< 1) were investigated with
the ‘goal of determining how to use caustiés Bo measure the J integral
direetly. The same 4340 and 1018 steels as before were used. The speci-
mens used were 3, 28, 30A, 42, and 44 illustrated in Fig. 1.

The existing analysis of caustics for plastically deforming crack tip
regions is valid only when the initial curve lies well within the plastic
zone where the plane stress HRR fields dominate. When this condition is
satisfied the numericélly,predicted caustic shape is as shown in Fig. 3a,
for hardening exponent n = 9. Figure 3b shows a caustic found experiment-

ally for n = 8.7. The agreement between the two figures is very good.
For this particular case rO/rpié 0.3.

When the initial curve is within the plane stress, HRR dominant region,
J for a hardening material is rela;ed to the caustic diameter by [8]

J ='Sndeaco[l/aeozot](n+1)/n_D (3n+2)/n : .

where ¢, is the yield strain and Sn is a numerical factor dependent on n
-and given in [8]. ' For a non-hardening material [3]

J = 00D3/13.Sz (4)

Ot
and
Ty = 0.363D : o (5)

For a material of low hardening r, is well approximated by (5). The actual

0
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near tip crack field is three dimensional Lut approaches the plane stress
field as r/t increases. The three dimensionality of the field was investi-
gated by experimentally determining J /J_ . as a function of r_/t, using
(3) or (4) to calculated J and (5$ag8 cggculate r.. The data in TFig.

4 show this relationship £68"8mall scale yielding. Only data from caustics
with shapes similar to the predicted HRR shape are presented. Thus the
data show ounly the effect of three dimensionality. J /J approaches
unity at around r./t = 0.6 or 0.7. This indicates th&f"% /%Cmust be greater
than 0.6 or 0.7 for (3) and (4) to be valid. Further tesgs with the pur-
pose of more thoroughly investigating the three dimensional effects are
under way.

A sequence of caustics obtained by reflection of light from different
distances from the crack tip is shown in Figs. 5a--5f. Thase photographs
were obtained by varying r./r while keeping the load applied to the speci-
men constant. For r,./r > Y (gig. 5f) the caustic retains the shape pre-
dicted by the analysis®of caustics based on the elastic crack tip fields
[5]. As r_ /r_ is reduced, the shape deviates from the elastic shape,
reaching tge ghape predicted by the analysis of caustics based on the HRR
crack tip field [8] when r./r_ < 0.37 (Figs. 5a and 5b). As explained
earlier, only caustics with shapes corresponding to either elastic or HRR
field predictions were analyzed here. Caustics in the transition region
between the two limits cannot be analyzed since a full-field, analytical,
elastic-plastic solution for the crack tip fields is not as yet available,
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Figure 3. Caustics formed due to reflection of light from well within crack
tip plastic zone. (a) Numerically simulated (from 81
(b) Experimental.
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Figure 4. J -aus/.] c Vs r./t. Deviation from unity indicates three dimen-
s§3na1 ¥1eld for r/t < 0.6 or 0.7.
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Figure 5. Sequence of caustics obtained for reflection of light from
regions near a plastically deforming crack tip.



