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"Use of the Shadow Spot Method in Evaluating J -
for Ductile Steelso ,.

A. Marchand, L. B. Freund, C. C. Ma and J. Duffy

ABSTRACT

In fracture testing of ductile materials, it is important to characterize the

crack tip mechanical fields in terms of measurable parameters, and the value of the -

J-integral is adopted here as a characterizing parameter. For a planar fracture

specimen containing an edge crack and subjected to loading which results in mode I

deformation, the lateral contraction of the specimen in the crack tip region is

calculated in terms of J from the plane stress HRR asymptotic field of

nonlinear-fracture mechanics. In a recent analysis, the caustic curve that would be t

generated by reflection of incident parallel light from points of the deformed

specimen surface lying well within the crack tip plastic zone is determined for

several values of the hardening exponent n [1]. A principal result of the analysis is

a relationship between the observed diameter D of the shadow spot and the

prevailing value of J. The purpose of the present article is to examine the validity

of this expression. This is done through an experiment in which J is evaluated

simultaneously by two independent experimental techniques. One of these techniques

is the shadow spot method, and the other is a direct determination of J from the

load and load point deflection data. Tests are performed with a modified double

cantilever beam specimen with two different thicknesses. The materials are an

oil-hardened tool steel and a 304 stainless steel. Results indicate agreement between

the two inferred values of J provided that two size conditions dictated by the

underlying analysis are met. One condition is that the initial curve must be deep

enough into the plastic zone so that the HRR field can be expected to provide a

reasonably accurate description of the prevailing strain distribution there. The second
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-1--

condition is that the initial curve must be far enough from the crack tip so that

conditions of plane stress are met along the initial curve. These conditions are

assumed to be satisfied if the mean radius of the initial curve is less than one-third

of the plastic zone size and greater than one-half the thickness of the plate

specimen.

INTRODUCTION

- Caustic curve patterns obtained by the shadow spot method have been used in the

past to give direct optical measurement of the elastic stress intensity factor in nominally

brittle material. An advantage of the optical shadow spot method is that it provides a

direct measure of the intensity of the crack tip stress field. The method is based on the

idea that the value of the stress intensity factor can be related to features of the optical

field obtained by transmitting parallel light through the crack tip region of a transparent

specimen or by reflecting light from the surface of an opaque specimen.

Most structural materials that contain cracks undergo substantial plastic

deformation under rising load prior to onset of crack growh. Recently, the range of

applicability of the shadow spot method was extended to the elastic-plastic power

hardening materials [I). It was noted that the value of Rice's J-integral can be viewed as

a plastic strain intensity factor. Methods for measuring values of J for ductile fracture

specimens are available but the methods are indirect, in the sense that values of J are

inferred from other measured quantities, typically load-deflection data. The shadow

spots obtained in the test should be formed by reflection of light rays from points well

within the crack tip plastic zone where the one parameter plastic intensity singular field

is dominant. The method of caustics provides a measurement which is customarily

interpreted on the basis of plane stress theory. ,xThis approximate theory is believed to 1,c

valid only in cases in which the gradients of in-plane fields are small, and this criterion

becomes increasingly difficult to meet as the observation point moves closer to the crack
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tip. Hence, the region on the specimen where the information is sensed should be deep

within the crack tip plastic zone where the plastic singular field can be expected to

provide an accurate description of the local deformation field, but it should also be far .

enough from the crack tip so that the neglected three dimensional effects are not large

enough to violate the two dimensional plane stress condition. A way to estimate this

region on the specimen from the observed caustic curves on the screen is the main

purpose of the next section.

1I. THEORETICAL BACKGROUND

Consider a family of light rays parallel to the x3 axis incident on the

reflective surface x3 = f(xl,x 2 ) of an opaque material. It is supposed that the'f ,

specimen thickness is initially uniform, so that the function f represents the

nonuniform lateral contraction due to deformation. Because of the nonuniform

contraction at the crack tip, the reflected rays deviate from parallelism and, under

suitable conditions, the family of rays possesses an envelope in the form of a three

dimensional surface in space. This surface, which is called the caustic surface, is the

locus of points of maximum density of reflected rays. Suppose a screen is placed

parallel to the specimen at some distance zo in front of or behind the deformed

specimen surface. If the screen intersects the three dimensional caustic surface in

space, the image will be a completely dark area (the shadow spot) surrounded by a .. ,.

bright curve (the caustic curve). The locus of points on the specimen which map

exactly into the caustic curve is called the initial curve. This property gives the

initial curve its special importance. It will be shown subsequently that the size of

the initial curve relative to the thickness of the specimen plays an important role in

the analysis of caustics in the presence of crack tip plasticity. Experimentally, the

plane of the screen will be the focal plane of a camera which is used to observe and

record the caustic curve in the reflected light field. The caustic curves and

* -..-. , . .
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corresponding initial curves have been analyzed within the framework of plane stress

theory.

If the plane of the specimen is the x 1 , x2 -plane, then let the X 1 , X 2 -plane be '-

the plane of the screen, where the screen's coordinate axes are obtained by .- :

translating the specimen's coordinate axes in the direction normal to the specimen,

(see Fig. 1). It is now assumed for small deformation that f << zo and f «if,i << 1.

Under these conditions, the light ray which strikes the specimen at points xi then

intersects the screen at the point X i given by

8f
X i  xi - 2zo  i =1,2 (2.1)

° ,

It was observed that applicability of the method does not hinge on a linear elastic

response of the material in the crack tip region [1]. Instead, the key feature is that the

deformed shape of the specimen surface in the crack tip region is known up to a scalar

amplitude. In the case of elastic materials, this amplitude is the elastic stress intensity

factor. Asymptotic elastic-plastic analyses of near crack tip fields for power hardening

materials suggest that this situation may prevail for this case as well, and the value of

the J-integral is adopted as the characterizing parameter. It was shown in [1] that for

power hardening materials with hardening exponent n, the value of J is proportional to

the diameter of the corresponding shadow spot raised to the power (3n + 2)/n.

For points deep within the crack tip plastic zone, the plastic field near the crack

tip was analyzed by Hutchinson [21 and by Rice and Rosengren [3]. They limited

consideration to the zone in the immediate neighborhood of a stationary crack tip where

the plastic strains are large compared to the elastic strains, and to the case of a

monotonically increasing applied load. They used a description of nonlinear

elastic-plastic material response based on a power hardening relationship betwecn

rectangular components of plastic strain ctj and stress oij of the form

..... ...- *... .*,. .k* ~ ~ --- .. ***~* .. *.-. .*p.. -.-.-.....
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where r,

Sij = oij - Okkij

3 m
3

Oe = sijsij

and oo is the tensile yield stress, co is the associated tensile yield strain, a is a material

constant and oe is the effective stress. For a small strain formulation, the asymptotic

strain distribution in the crack tip region is

Cij e o Eij(n'O) . (2.3)

The quantity In is a nondimensional parameter determined from the singularity

analysis. Its value depends on n, and it ranges from about 5 for n = 1 to about 2.49

as n approaches infinity. Numerical values of the angular variation Eij are available

for many values of hardening exponent n from the work of Shih [4]. From the

results in [1], the radius of the inital curve can be expressed as

n+l

_ 3n+2r(n,G) (HG) (2.4)

where

a + + 413
2

a(n,0) ; [ +

2n+ I 2n +I

B(n,8) = 1 2 n + 2n + 1
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lf %
In+I .

G-B eo 0 0  -.~

K(n,O) Err(n,e) + E99(n,e)

The prime denotes the derivative with respect to e. Equation (2.4) gives the initial

curve on the specimen surface for a given intensity of local deformation field. The size

of the initial curve depends on the specimen thickness B, the distance zo and the strength -

of the plastic strain singularity J. The numerically determined initial curve for n = 2,

3, 5, 9, 25 is shown in Fig. 2. It indicates that the shape of the initial curve depends

strongly on the strain hardening exponent n. For small n, the initial curve is almost

circular, and it elongates in the y direction as n increases.

The points on the initial curve as expressed in (2.4) will map to the

corresponding caustic curve on the screen according to (2.1). Adopting the maximum

transverse diameter, denoted D, as the characteristic dimension, the intensity of the

strain singularity can be expressed as [I]

n+l 3n+2

j Sne oz n D n (2.5)

where Sn is a numerical constant depending on n and expressed as:

Sn  - 0.0712 + 0.54e 1 /n 1.1375e 2 /n + 1.2936e 3 / n - 0 .5 5 6e4/n

Equation (2.5) provides a simple relationship between the size of an observed caustic and

the strength of the plastic strain singularity near the tip of a crack in an elastic-plastic

power law hardening material under plane stress conditions. .'-"

For the linear elastic case n - 1, the initial curve in (2.4) reduces to a circle with.. .. ..

the radius
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S"3zoBvK ]2/5
re  --- (2.6)

. " _

where E is the elastic modulus and v is Poisson's ratio. The relationship between the size -

of an observed caustic curve and the elastic stress intensity factor K is %

ED5/ 2

10.71 z Bv

in this case. Using the relation J = K2/E for the elastic case, J can be written as

0.0087 ED 5
J -(2.7)

B2 v2 z2
0

To gain further insight into the optical phenomenon, the reflected optical fields were

simulated numerically and displayed by means of a computer plotter. A closely spaced

rectangular array of parallel light rays was assumed to be incident on the deformed

specimen surface. The pattern of reflected rays that would be observed by a camera .. .-

focussed on a suitable plane behind the specimen is shown in Fig. 3 for n 1 and n = 3.

The central parts of these simulated reflected fields contain no rays, and these parts arc

the shadow spots. The reflected rays are most dense on the perimeters of the shadow

spots, and these perimeters are the caustic curves. Another way to obtain the same

caustic curves is to directly map the initial curves (2.4) according to the formula (2.1).

The numerically determined caustic curve for n 2, 3, 5, 7, 9, 13, 25, and 100 is shown

in Fig. 4.

A caustic curve observed on the screen corresponds to a mapping of the initial

curve located on the specimen. Since the stress field at the crack tip is interpreted in

terms of the stress intensity factor, the analysis is appropriate only in a specific region

around the crack tip. Thus the reliability of the method of caustics depends on the

location of the initial curve which can be varied by changing the focussed distance zo in

-"-' -. ., , -- ,. . . .. .... . . .*.' .., ". . - . ..-. . ... .. '-"*.... . . ... --- ' .. -... ,-'i
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the optical set up (see Fig. 9). Increasing or decreasing zo will cause the initial

curve to move away from or toward the crack tip. If the plastic intensity factor J

is the parameter to be determined by means of the shadow spot method applied to
...- :.

ductile material, then the initial curve should be located within the HRR dominated

zone; see Fig. 5. If the caustic method is applied to brittle materials, the initial

curve should be located in the elastic field so as to evaluate the elastic stress

intensity factor K at the crack tip; see Fig. 5. A proper choice of zo will place the

initial curve either within the region of dominance of the HRR singularity, or within

the stress intensity factor controlled region.

From equations (2.4) and (2.5), the relationship between the observed maximum

diameter D and the corresponding initial curve radius r is found to depend only on

." the hardening exponent n and the angular position 0, . ..

nIn - 1-n - .

D = r Vn H 3n+2 (2.8)

Numerical analysis indicates that the shape of the initial curve depends strongly

on the strain hardening exponent, Fig. 2. The initial curve "radius" r, defined as the

distance from the crack tip to the initial curve, is a function of n and the angular

position e. Figure 6 defines three essential values of the distance r(e,n) used to

characterize the size and shape of the initial curve: rox = r(O,n) = the distance in the

x-dircction, roy = the maximum distance in the y-direction, and ro  r(emax(n), n) = the

distance to the point of the initial curve which maps on the maximum transvcrsc

diameter of the caustic.

From the numerical computation, the value of Bmax is calculated for some n. For

n 1,emax = 720, and it decreases to 680, 650 62.50, 61, 59.50, 58.5, 57.50, 56.50, 560

for n 2, 3, 4, 5, 7, 9, 13, 25 and 100. W7.

. ... . .,.
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The numerical analysis relates the maximum diameter D of the caustic to each of

these three parameters through

D Ro(n)rox = Ri(n)roy = Rc(n)ro (2.9)

where

Ro(n) 3.516 -.552el/n 2 .9 54e2/n 4.33e 3 /n + 2.2le 4 / "
Ri(n) = -0.135 + 23.44e 1/n - 5 g.91e2/n + 62.45e "3/n - 2 48C 4 /n .- -.

Rc(n) = 4.70 - 9 .6 2el/n + 22.7e 2 /n - 24.7e 3 /n + 9.45e 4 /n

Figure 7 gives the variation of the functions Ro(n), Ri(n), Rc(n) with the strain

hardening exponent n. They appear to be strongly dependent on n. For the linear elastic

case (n = 1), the initial curve is circular and the radius r is constant. Then the above

functions are simply

R o (l) = Ri(l) = Rc(l) 3.17 (2.10)

Hence from the results shown in Fig. 2 and Fig. 7, enough information is available about

the initial curve to estimate its shape and its size, and to locate its distance from the

crack tip, by measuring the diameter D of the corresponding caustic curve observed on

the screen. These results provide important information which will be used in the next

section to interpret the experimental work.

III- EXPERIMENTS

I. J-Intcml Reference Value

The aim of this research is to evaluate the J-integral based on data derived

from the caustics experiment and compare the resulting values of J with reference

\alues based on the load-displacement record obtained in the same test. In general,

the J-integral can be interpreted as the rate of energy release with respect to crack .

length for nonlinear elastic materials. For this reason, some studies have been

. . .. . . .t.
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carried out to express J as a function only of load and displacement so as to apply

it for any crack length. Rice et al. [5] developed a method for deeply cracked 3-point '.'-'-?

bend and compact specimens in which the value of J is determined as a function of

load point displacement 6 through

J(P, 6) 2A(P, 5)
Bxb

Lwhere A(P,S) is the area under the load-displacement curve at a given displacement 6,

b is the length of the uncracked ligament and B is the specimen thickness.

However, based on the results of a series of experiments, Landes et al. [6] showed

that this expression underestimates the J value as determined by the energy rate

interpretation.

Merkle and Corten [71 developed a theory, also based on compliance analysis,

for a compact tension specimen (CTS) with a fully yielded ligament. Their solution

holds for the linear elastic case when a/W ) 0.5, where a is the crack length and W

the specimen length, and for the rigid plastic case for all geometries. By assuming

that the complementary energy is much smaller than the total energy, a simplification

of their result was made by Landes, et al. [61 that provides the following expression:

A(P, 6 ) .-..
J(P, 6) = rr B x b (3.2)

2(1 + t)
here r  -2

S2[(a/b) 2 + (a/b) + 1/2]1/2_ 2(a/b + 1/2)

According to Landes et al. [6], this expression, when applied to the CTS, provides

the best approximation for J from small scale yielding conditions to fully plastic

conditions for a/W ) 0.5; it does not depend on the material behavior (elastic or

plastic) at the crack tip. For these reasons, the expression for J provided by

S::I' i
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Equation (3.2) is taken as the reference value in the present paper.

2. LoadinaZ Fixture - Snecimem Desigim and Prenaraion L1

It is common, in fracture experiments using the caustics method, to employ a

double cantilever beam (DCB) specimen. For the present experiments, however, the

shape of the specimen had to be modified. As previously seen, we must record the

load P and the displacement 6 during the test so as to evaluate the reference value

of J. Wedge-loading of the customary DCB specimen cannot be employed, however,

since the frictional component of the applied force would make it difficult to arrive

at an accurate value of the separating force. As a result, the specimen was

modified so a short hydraulic cylinder jack of 25.4 mm diameter could be inserted

between the beams of the specimen (see Figure 8). This jack was chosen to have a

maximum displacement large enough to deform fully and plastically a wide range of

materials. With the jack in place, the load is applied and recorded by means of a

pressure transducer. The relative displacement of the two load points is measured by

a differential transformer and recorded against the load on an x-y plotter.

Some preliminary tests on AISI 1020 hot-rolled steel specimens allowed us to

establish a specimen size suitable for our purposes, a comparison between the two

experimental values of J1 being possible only when the plastic zone is confined to the

crack tip region. However, in these preliminary tests, we noticed that when the

displacement 6 (or load P) reached a critical value BC (or PC), some plastic

deformation appeared at the outer edges of the beams making it impossible to obtain

an accurate value of J by the load-displacement method. In order to eliminate the

plastic deformation at the outer edges of the beams a further modification was

effected in the shape of the specimen, in which the beams were made thicker than

the central portion of the specimen. This was done by starting with a thick

specimen, 12.7 mm, and thinning it in the region of the crack by milling a groo~c
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5 cm. wide along the crack path on both faces of the specimen. Furthermore, in

order to increase 6S, and also measure more precisely the displacement 8, we used a

reasonably long crack length a, about 18.5 cm, giving the specimen a length W of INK[

27.9 cm (a/W - 0.66) and a width of 15.2 cm. In addition, by thickening the two %

beams, the value of 6c was also increased.

In these experiments, considerable attention was given to the preparation of the

specimens. The starter crack was first cut using a saw and then, in order to achieve

a "sharp" crack tip, the crack was extended another 8 mm by employing an EDM

spark cutter. The resultant crack tip was given a width of either 0.5 mm or

0.27 mm by using electrodes of two different thicknesses.

Since the specimen material is opaque, the caustic was formed by reflection of light

from the specimen's surface. For this purpose the surface is kept flat and polished to a

mirror finish. This was achieved by grinding and then polishing the surface, as

described in Reference [1].

Lastly, the significance of the specimen thickness was also examined in this

study. For each material studied, two thicknesses were tested: 6.35 mm and

12.7 mm.

3. Some Relevant Remarks

For an accurate determination of the value of J through the load-deflection

method, it is necessary that all plastic deformation in the specimen be confined to

the neighborhood of the crack tip. For our specimen shape, since some plastic zone

eventually will appear at the edges when the load is increased sufficiently, the

plastic zone at the crack tip may not extend all the way to the bottom of the

specimen. However, the plastic zone size surrounding the crack tip is large enough to

make us confident that the material's response is one of large scale yielding in the

neighborhood of the crack tip. A necessary condition to produce fully plastic

-..7
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behavior in a compact tension specimen is that the specimen length must be about 1.2

times the specimen length W [8]. In our case, this ratio is about 0.55, and this

explains why the load is limited to a critical upper value PC when plastic

deformation appears at the edges. However the range of load values suitable to

our comparative study is quite large.

A lower bound for the load PL is defined by two related criteria: the plane stress

condition and the size of the plastic zone in which the HRR field dominates. A rcccnt

analysis carried out by Yang and Freund [9] for an elastic plate shows that plane stress

prevails at distances r from the crack tip up to one-half to three-fourths of the plate

thickness B, depending on the value of Poisson's ratio. Some experiments performed by

Rosakis and Ravichandar [10] on elastic materials using the method of caustics, analyzed

consistent with plane stress conditions, confirm this solution. Their results show that a

plane stress field is approached at r/B - 0.5 for which the experimental elastic stress

intensity factor Kexp is found to be 90% of the theoretical value Kth. On the other

hand, for ductile materials, the extent of the plane stress field remains unknown at the

present time.

The second criterion has to do with the plastic zone size, which must be large -'-

enough to include the HRR field under plane stress conditions. Some numerical

analyses, for small scale yielding and plane strain conditions, have shown that the

HRR field dominates at a distance R ahead of the crack tip of approximately

R - to jRpx (3.3)

where Rpx is the distance to the boundary of the plastic zone ahead of the crack

tip. For the bend configuration and the compact tension specimen under fully plastic

and plane strain conditions, numerical studies [11] indicate that ....

R - 0.07b (3.4)
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where b is the length of the uncracked ligament, i.e. W-a. td i mea

In their analysis of applicability of caustics experiments to ductile materials,

Rosakis et al. [11 tried to define a criterion for satisfying the condition of

incompressibility of material response. For plane stress conditions, they used the ,

HRR asymptotic strain distribution ahead of the crack tip along the x-axis for a

perfectly-plastic material to derive

-22/co  0.9 (Rpx/r) (3.5)

where e. is the yield strain. By assuming that the ratio e2 2/e o must be greater than

2 or 3, Rosakis et al. [1] showed that the ratio of the distance R to the plastic zone

size Rpx along the x-axis must be --

R 1 1
< -or-. (3.6)

Rpx 2 3

The region of dominance of the HRR singularity fields in plane stress conditions and

large scale yielding behavior has not been examined yet. Using plane strain results as

a guide, it can be expected that the numerical analysis in plane stress will show that

the size of this region depends strongly on the specimen configuration and on the

strain hardening behavior of the material. Section 7 of this report shows that the

method of caustics is an experimental method well suited to this specific problem.

4. Optical Set-Up"

Figure 9 shows the optical set-up adopted for our static caustics experiments. A

beam of parallel light rays impinges upon the specimen at an angle a and is

reflected towards the screen Sc, passing through a system of either one or two lenses.
depending on the total necessary magnification to measure precisely the caustic

diameter D. The camera is placed behind the screen and focussed on it. A

helium-neon laser light of 25 milliwatts maximum output was used to improve the

clarity of the caustic. This arrangement is very precise in the determination of z0

. ...



and D, and allows for a large range of values of zo, i.e. a large range for the initial

curve radius ro (0.25 ( ro/B 4 2.5 where B is the specimen thickness and the given

values come from a numerical analysis in the HRR singularity field). -

In using this arrangement it is important to make the angle a as small as

possible. Separate tests were conducted to see if the value of a influenced the

observed width of the caustic. These tests were performed by using a half-silvered

mirror in order to reduce a to zero, i.e. in order to direct the light beams normally

onto the specimen's surface. Although this technique does not provide sufficient light

for conventional testing it serves as a valuable check; and it indicated that a value

of a less than 10* made no observable change in the width of the caustic.

For the optical set-up shown in Figure 9, the distance zo behind the specimen,

on which the camera is focussed, is evaluated from the equation for a thin lens,

1 1 1-.- -
+ - (3.7a)

P+Z 0  q f1

where p is the distance from the specimen to the lens L1, q is the distance from the

lens L1 to the screen Sc and f, is the focal length of the lens L1. The total 1C.

magnification X is given by

(3.7b)

The focal length f, and the distance p being established, different distances zo are

obtained by moving the screen Sc perpendicularly to the light beam, i.e. varying thc

*. image distance q.

* Once the distance zo is established, the corresponding maximum diameter D of

the caustic is evaluated by means of the relation D = A/X, where A is the direct

measure of the diameter on the screen Sc The total magnification X is determined
p.,

from a scale mounted on an unstrained portion of the surface of the specimen [12].

For ductile materials, because of the large plastic zone, the scale has to be mounted

,,. 4
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in a zone quite far from the crack tip and therefore generally not illuminated by the

laser. Quite a precise value of ), is achieved by using the above method, equation "'

(3.7). "'"-

From equation (3.7), it appears that a large distance z is obtained by

decreasing the distance q. When q approaches the focal length fl, Figure 9 shows ,

that the beam size becomes smaller. A second lens then is inserted into the optical ,,, -

set-up between the lens L1 and the screen Sc. This lens is used to enlarge the

image and thus allows for a more precise measurement of caustic diameter A. The

size of the initial curve ro depends upon the distance zo, a larger zo giving a greater

ro. The initial curve can thus be located either outside or inside the plastic zone.

Therefore the shape and the diameter D of the caustic change with the distance zo.

For instance, when the initial curve is inside the elastic field (large radius ro), the

caustic looks like a circle, while for an initial curve inside the HRR field (inside the

plastic zone), the shape of the caustic depends on the strain hardening exponent n. ".'--;-

It is obvious that the amount by which the specimen thickness decreases in the

neighborhood of the crack tip, creating the optical effect on which the existence of

the caustic depends, varies with the applied load P. Thus both the distance zo and -

the load P affect the caustic size. An increase of P at fixed zo, or of zo at fixed

P, leads to enlargement of the diameter D on the screen Sc.  This means that, in

both cases, the radius r of the initial curve, which is the locus of points having the

same deflection u3 , also increases. The main difference is that in the first case u3

remains constant, while in the second it decreases.

5. ticrils""

The chemical compositions of the two steels used in the present experiments is .-

presented in Table 1. Figure 10 gives the quasi-static tensile stress-strain curve

along with mechanical parameters derived from these curves for these steels. In this

.....................................-
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table, ao represents the experimentally determined yield stress at an offset strain of

Co = 0.20%. The parameters c and n, the latter representing the strain hardening --

exponent, are chosen to match the Ramberg-Osgood [13] stress-strain relation

E/ Co - 0/00 + Qa/ o/)n (3.8)

since this is the equation generally adopted in defining HRR singularity fields. The

evaluation of the parameters for the 304 stainless steel was relatively straight-forward

since the experimental points form a smooth curve (Figure 10). In the case of the

tool steel some material instabilities are visible at initial yield and only the plastic

portion of the curve following these instabilities was used in the modelling.

Some preliminary fracture tests were also performed on an AISI 1020 hot-rolled

steel. In spite of extra care taken in polishing the surfaces of these specimens, the

shadow spot was very poorly defined. It is believed that this blurring of the shadow

spot is due to Luder's bands emanating from the plastic zone. Indeed, as loading "___

continues, the elastic-plastic boundary on the specimen becomes visibly more and more

ragged until plastic zones are seen to shoot out. This non-uniform plastic strain

distribution in the metal produces a caustic with a blurred boundary that is,
,:--'7.-

therefore, difficult to interpret. Accordingly, no results are presented for this steel. .-

6. Experimental Procedure

With the instrumented specimen and the optics in place, as described in

Sections 2 and 4, a load P is applied and maintained fixed. The corresponding area .

A(P,S) under the load-displacement curve is then calculated, and by invoking

Equation (3.2) it now becomes possible to obtain a reference value for J(P.5)

appropriate to the particular value of P. Next, the caustic diameter D is measured '-".

on the screen Sc for several values of zo. For a given load P, the curve D(z o ) is

called the caustic envelope. The value of J, noted Js, is calculated using either

A---7

..-. .' .'''" "'" " .'-" '""-"-.'.-"- " -" - ' -.- ' -"-" .-. - "."' ."'" -" "" "- - . -" . *' -" '- ' - .
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Equation (2.5) or (2.7) depending upon the extent of plastic strain at the crack tip. All

these calculations are performed during the course of the experiment in order to find the 4%,,.
exact positions of the screen Sc for which Js, evaluated either by the elastic or the

plastic equation, is equal to J(P,6). By this process the initial curve is located either

inside the K field or inside the HRR field (Figure 5). Some representative photographs

were taken in order to show the different shapes of caustics corresponding to different

values of the ratio ro/B, Figures 17 and 24.

For purposes of analysis, it is necessary to compare the plastic zone size

surrounding the crack tip with the size of the initial curve. In the case of the 1020

steel or the tool steel, this size is macroscopically well defined by slip-lines, and can be

measured directly. But the 304 stainless steel does not show slip lines. At the present

time, no numerical analysis is available that provides an estimate of the plastic zone size

in large scale yielding and for plane stress conditions. For the 304 stainless steel we

observe that the surface of the specimen gradually loses its reflectivity when plastic

deformations are imposed. The size of this region, like the plastic zone size, increases

with load. Furthermore, as zo is decreased, the initial curve shrinks toward the crack tip,

where larger deformations are present; the corresponding caustic becomes blurred and the

diameter A ceases to be measurable.

7. Rcsults

The results of two experiments are presented for each of the two steels tested.

The experiments were performed with specimens of two thicknesses (6.35 mm and 12.7

mm) and two widths for the crack tip (0.27 mm and 0.50 mm). The crack length a

was established such that the ratio a/W was equal to 0.66 for three specimens and

0.696 for one specimen. The experiments were stopped before any crack growth. The

results of these experiments are presented as follows:

1. Evaluation of J Based on Results of the Load-Displacement Exneriments

For each specimen, with an initial specific value of the ratio a/W, the load

- *. . . . . . . . . .. . . . . .%° *

7. ' .: . -, .° -' .' . -. ' ,." - .. -"- -. *% -'."." ".'-"."-. -. . . ,"--." .** ' .' ." •• " ' &? , - .. . L-, .. * .- , * ' ' ' '



-18- -

P divided by the specimen thickness is plotted against the load-line
displacement 5, Figures 11 and 18. Figure 11 represents an average curve of

tests with three specimens of the tool steel. After calculating the area A(P,S)

under each curve at various displacement values 6, the reference values J(P,6)

are calculated as functions of 6 used in Equation (3.2), Figures 12 and 19.

2. Evaluation of J Based on Results of the Caustics Exveriments

As described previously, a typical test consists in loading the specimen to a

number of values of the load P. With P fixed, the diameter of the caustic

D is measured for various settings of zo. These values of D are then

plotted as functions of zo. Typical results are shown in Figures 13 and 15

for the tool steel and Figures 20 and 22 for the stainless steel.

For three of these specimens, the crack was cut with a width of 0.50 mm and with a

square crack tip, Figures 13, 20 and 22. Under these conditions a power law function

of the form

D 04z3 (3.9)

fits the results quite satisfactorily, as may be seen by the solid lines drawn in the

figures.

For each fixed value of the load P and for each point (D,zo ) we evaluate JS

and compare it to the reference value J(P,6). In order to apply the elastic expression

for J, Equation (2.7), and then compare it to the reference value J(P,6), measurements

were taken at a very low load for each test, i.e. within the limits of small scale

yielding. Under these conditions, the caustics appeared circular but very small and

blurred so that elastic measurements of J were not valid because the condition ro/B )

0.5 was not met. As the plastic zone increases with load, the K field will be erased

and the plastic expression for J will be used. Thus the results only deal with the

validity of the expression for J derived for a power law hardening material.

A .* . * . . *.... ",. .
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In Figures 14, 21, 23, the values of Js/J(P,6) versus ro/B are plotted for

different loads. The arrows indicate the restrictive domains of ro/B in which

0.9 4 Js/J(P,6) 4 1.1. They represent regions ahead of the crack tip where the HRR

singularity fields provide a good approximation. The effect of a sharper crack tip -'.

(0.27 mm wide) becomes clear in Figure 16, where J. is plotted against ro/B so as to

distinguish each curve corresponding to different values of J(P,6).

The size of the plastic zone has been defined and measured in two directions

(Figure 4):

Rpx = the maximum extent of the zone ahead of the crack tip in the
x-direction,

RtP= the maximum extent of the zone in the y-direction.

For the tool steel, measurements were taken directly from the macroscopically observable

plastic zone. Tables 2 and 3 give for different values of J(P,B) the minimum and the

maximum values of ro/B for which Js/J(P,5) lies in the range 0.9 to 1.1. Table 2 gives

a comparison of the plastic zone size, defined by Rpx and R py, with the initial curve

radii rox and roy corresponding to the preceding values of ro/B.

8. Discussion

Figures 14, 16, 21 and 23 provide values of the ratio Js/J(P,6) as functions of

ro/B for each of the two steels. Each curve in these figures represents one value

of the applied load and hence gives a range of validity for Js as a function of" ro B.

This range of validity of ro/B is a restricted domain of the initial curve radius ro

in which the HRR fields provides a good approximation to the value of J. In

order to locate this restricted region, the values of the initial curve radius arc

compared with the specimen thickness B and with the extent of the plastic zone. For

each specimen tested, the value of Js approaches the reference value J(P,6) when the -:

ratio ro/B is greater than 0.5. This means that a plane stress field is reached only at .

. . . . . . . . . . . . . . , - * . -* ..--- -. •- .°-

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



'a. *.. "

-20-

rQ. a distance r ahead of the crack tip greater than half the thickness. Hence, the."--

dominance of plane stress conditions, which are known to hold in the elastic case,

appear to hold as well for the ductile deformation in specimens of the steels tested. %

For values of ro/B greater than 0.5, it appears that the shape of the curve

Js/J(p,B) versus ro/B can be affected strongly by the sharpness of the crack tip. The role -N,

of crack tip width and sharpness were investigated for the tool steel with results as

shown in Figures 14 and 16. For the 304 stainless steel, specimens were tested with a

blunt crack tip, Figures 21 and 23. For a blunt crack tip, one with a width of 0.50 mm,

Figures 14, 21, 23, the ratio Js/J(p,6) continues to increase indefinitely as ro/B is

increased (up to the highest value tested, ro/B = 2.5). Hence the Js expression

overestimates the value of J as compared to the load point-displacement value. On the

other hand, with a sharper crack tip, 0.27 mm wide, Figure 16, for each value of the

applied load, a shelf appears such that 0.9 ( Js/J(P,S) 4 1.1 after which the ratio Js/J

(P,B) decreases very rapidly, the plastic expression for J evaluated in the HRR field - -

underestimates the value of J(P,S).

Whether the crack tip is narrow or wide, as the load increases the plastic zone

becomes more extensive. Simultaneously the zone of dominance of the HRR field

increases in diameter. However, the width of the HRR field depends on the width of

the crack tip. For a wide crack tip, the width of the HRR field remains constant as the

load and its diameter increase. For a sharp crack tip, the width of the HRR field

increases as its diameter and the load increase. This is implied by the results presented

in Figures 14 and 16 and Table 2 for the tool steel: the region of validity broadens by a

factor of about two between the lower and upper values of J(P,S), shown by curves I and

3 in Figure 16, and whose values are indicated.

Direct measurements of the size of the plastic zone on the specimen's surface

show that the relative location of the HRR field with respect to the plastic zone is

independent of load, but depends on the specimen thickness and the shape of the

......%.' 
°*
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crack tip. The following estimates give the region of dominance of the HRR singularity

field in plane stress for large scale yielding conditions, for n - 4.26 as in the tool steel.

As may be seen in Table 2, the condition prescribed by Equation (3.6) is satisfied for

both a sharp and a blunt crack tip. However, the measurement imposed by Equation

(3.3) is satisfied for a sharp crack tip, but is not satisfied for the blunt crack tip. Values

of rox/Rpx in the range 0.32 to 0.35 exceed the values presented in Equation (3.3).

The ratio Ee/Eo, where Ee is the effective deformation given by the following

equation e2 = 2/3 - e-- where cij is the asymptotic strain distribution in the crack tip

region given by equation (2.3), has been evaluated for the minimum and the maximum --. +.

values of ro/B in the HRR field and different values of J(P,S). For the materials and

the thicknesses tested, it appears that the minimum value of Ee/co is about 1. The ratio

ce/co equals unity only at the lowest value of load P for which plane stress conditions

are met and for which the ratio rox/Rpx satisfies the previous estimate. This ratio

increases with load; we find the maximum value Ee/co , 3.5 for B = 6.40 mm and

Ce/Eo - 9 for B = 012 mm. The fact that ee/Eo is equal to or greater than unity

confirms the fact that the initial curve always lies well within the plastic zone.

Figures 17a and 17b show two photographs of caustics obtained for the tool steel

with specimen No. 4 tested with a sharp crack tip. The photographs were taken at the

same load but for two values of the ratio ro/B corresponding to two values of the

distance zo. In both photographs, slip lines can be made out in the mottled region

surrounding the shadow spot. Calculations indicate that the initial curves lie well within

the plastic zone. The caustic diameter is measured, as shown, as the maximum width of

the shadow spot in a direction perpendicular to the crack tip. The shadow spot and

hence its width appear better defined in Figure 17(a) than in (b). The blur in Figure

17(b) is due probably to the presence of the slip lines in the neighborhood of the crack

tip and the fact that the shadow spot lies well inside this blurred region. The

photograph in Figure 17(a) is taken for a ratio ro/B = 0.272, giving Js/J(P,S) = 0.221,

. .. . ..
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which indicates that plane stress conditions are not satisfied. In this case, the ratio

rox/Rpx is equal to about 1/12 and the distance rox does not satisfy the conditions

specified by Equation (3.3). The slip lines emanating from the crack tip indicate that the

initial curve is very close to the process zone where intense deformations are induced.

For Figure 17 (b) the ratio ro/B = 0.533, giving Js/J(P,6) = 1.06, which indicates that the

initial curve is inside the elastic-plastic HRR field and that plane stress conditions are

met. In this instance, the ratio rox/Rpx is equal to 1/4.63 which falls within the bounds

imposed for the applicability of Equation (3.3).

The caustics obtained with the 304 stainless steel with specimen number 2, Figure

24, appear brighter than those obtained with the tool steel. This is because the stainless

steel does not show slip lines, even at higher loads. In spite of that, as the load

increases and the plastic zone grows, this material loses more reflectivity than the tool

steel, particularly in the region surrrounding the crack tip where plastic deformation is

more intense. As a result, the caustic diameter D ceases to be measurable. This

phenomenon becomes a hindrance in the experiment when higher loads are reached. In

the present tests, the caustic in the 304 stainless steel becomes blurred for a ratio
I.,.-.-'.

ro/B = 0.70 of the corresponding initial curve, when the load per unit thickness attains a

value of 1.08 kN/mm. This introduces another load limitation since ro/B in the present

tests cannot be less than 0.7, so that the initial curve cannot be located in the HRR

dominated zone. However, if the load per unit thickness is less than 1.08 kN rm,

Figure 24 shows a caustic for a 304 stainless steel specimen, taken for ro/B = 0.665

giving Js/J(P,6) - 0.976: the corresponding initial curve lies inside HRR field and plane"

stress conditions are satisfied. While a wider specimen might be useful to concentrate

all plastic deformation at the crack tip, very wide specimens of the 304 stainless \tccl

cannot be carrricd to high loads.

. .. ." -.
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9. Conclusions

The object of the experiments described was to determine the validity of the

expression for the plastic strain concentration factor J, as derived by Freund and

co-workers, for ductile materials and applicable to caustics experiments. According to

the analysis, this expression is valid as long as the initial curve is located within the

region of the plastic zone where the plane stress HRR singularity field dominates,

and not valid elsewhere. An experiment was conducted in order to evaluate J

simultaneously by the caustics method and by a load-displacement analysis. The

latter analysis gives a reference value of J. The results may be summarized as - ,,,

follows:

1. A plane stress field is reached at a distance r ahead of the crack tip greater than

half the thickness B.

2. The HRR field, where direct plastic measurements of J are possible, is a zone

whose limits increase with load. It is located at a distance R from the crack tip

such that, for n 4.26, and for a sharp crack tip,

R/Rpx = to"]

where Rpx is the extent of plastic zone ahead of the crack tip. The ratio R/RpX is

independent of the load. The results of the experiment show that the optical method of

caustics provides a powerful experimental tool for the characterization of this region

under plane stress conditions, through the extent of the plastic zone.

* .. . . . . . . . .. . . .*
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FIGURE CAPTIONS

Figure 1: Schematic diagram of the formation of the caustic envelope obtained by
reflection from [1].

Figure 2: Numerical prediction of the initial curve shape for n - 2, 3, 5, 9, 25.

Figure 3: Simulated reflected optical field for a rectangular array of light incident on
the crack tip region. Caustic curve for n - I and n = 3 from [1].

Figure 4: Numerical prediction of the caustic curve shape for n = 2, 3, 5, 7, 9, 13, 25, M
100 [from equation (2.4)].

Figure 5: Various stress and strain fields at the crack tip.

Figure 6: Definition of dimensions referred to plastic zone and initial curve.

Figure 7: Variation of the functions Ro(n), Ri(n), Rc(n) with the strain hardening
exponent n.

Figure 8: Test arrangement showing modified DCB specimen and instrumentation for ..

load-displacement/caustics study.

Figure 9: Optical set-up for static caustics study.

Figure 10: Quasi-static tensile curves for materials tested.

Figure 11: Experimental record of the load per unit thickness versus displacement
for a/W = 0.66. Average curve of three specimens tested.

Figure 12: Reference values J(P,B) as a function of 6, calculated from equation (3.1).

Figure 13: Experimental caustic envelope (D, zo) corresponding to one value of the load
P applied to specimen number 3. Specimen with a blunt crack tip and a
thickness B - 12.7 mm.

Figure 14: Ratio of Js evaluated from shadow spot measurements divided by the
reference value J(P,S) versus the distance ro from the crack tip divided by
the thickness B for one value of J(P,6) at the crack tip of the specimen
number 3.

Figure 15: Experimental caustic envelopes (D, zo) for three values of the load P.
Specimen number 4 with a sharp crack tip and a thickness B = 6.30 mm.

Figure 16: Variation of Js evaluated from shadow spot measurements versus the
distance ro from the crack tip divided by the thickness B, for three
different values of J(P,S) at the crack tip of the specimen number 4.

Figure 17: Photographs of caustics obtained with the tool steel, specimen number 4. The
photographs are taken at one load but for two different distances zo and
hence two different sizes of the initial curve, as specified by ro/B.
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Figure 18: Experimental records of load per unit thickness versus displacement for
two values of the ratio a/W tested.

Figure 19: Reference values J(P,B) as a function of 6, calculated from equation (3.1).

Figure 20: Experimental caustic envelopes (D, zo) for different values of the load P
applied to specimen number 1. Specimen with a blunt crack tip and a
thickness B - 11.43 mm.

Figure 21: Ratio Js/J(P,6) versus r/B for different reference values J(P,S) at the
crack tip of specimen number 1.

Figure 22: Experimental caustic envelopes (D, z9 ) for different values of the load P
applied to the specimen number 2 with a blunt crack tip and a thickness
B = 6.48 mm.

Figure 23: Ratio 3s/J(P,6) versus ro/B for different reference values J(P,S) at the
crack tip of the specimen number 2.

Figure 24: Photograph of a caustic obtained with the 304 stainless steel, specimen
number 2. The photograph is taken at one load, and for one distance z
such that the initial curve is located inside the HRR dominated region.

°J. -. •
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Table 1. Chemical Compositions of the Two Steels (weight %)

C Mn Si Cr W V P S Ni

Tool Steel 0.90 1.12 0.30 0.50 0.50 0.15

304 Stainless Steel 0.08 2.00 1.0 19.00 0.045 0.030 10.00

im-

7~j
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Table 2. Comparison of Initial Curve Radius with Plastic Zone Size R
p

and Specimen Thickness B, for the Tool Steel (n -4.26)

Blunt Crack Tin, (0.5 mmr wide)

Specimen No. 3 Bj-.2.7..mm b W- a -94.5 mm

______rWB rox/RPX _________

J(P,5)
(MPa mm) Minimum Maximum Minimum Maximum Minimum Maximum

Value Value Value Value Value Value

87.71 0.493 0.560 0.3 12 0.355 0.332 0.378

98.82 0.490 0.641 0.300 0.391 0.330 0.432

109.47 0.550 0.650 0.321 0.379 0.344 0.406-

Sharp Crack Tip (0.27 mm wide) .

Specimen No. 4 B . m b =W- a 95 mm

J(P,8)
(MPa mm) Minimum Maximum Minimum Maximum Minimum Maximum

Value Value Value Value Value Value

25.8 0.508 0.604 0.206 0.245 0.215 0.256

40.14 0.564 0.724 0.172 0.221 0.171 0.219

47.7 0.594 0760.172 0.228 0.180 0.238 ..
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Table 3. Comparison of Initial Curve Radius

with Specimen Thickness B, for 304 Stainless Steel (n =5.90).

Both Specimens Have a Blunt Crack Tip (0.5 mm wide)

Soecimen No. I B 1.43 mm b W a 94.87 mm

J(PBo)
(MPa mm) 12.42 17.61 29.72 71.96

Minimum -

Value 0.482 0.470 0.518 0.532
ro/B

Maximum
Value -- 0.612 0.633 0.675

Sr~ccimen No. 2 B 6.48 mm b W -a =85 mm

J(P,6) 3. 92 7. 07 13. 23 20. 75 27. 87 36. 73
(MPa mm)

Minimum
Value 0.568 0.585 0.590 0.633 0.590 0.6 10

ro/B _ _ __ _

Ma ximum
Value 0.654 0.680 0.676 0.735 0.680 0.668
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Figure 10: Points represent experimental values. The solid lines are
computed stress-strain curves with the following parameters:

Parameters in Ramberg-Osgood
Yield Stress Law, Equation (3.8)

Material 00 (MPa) at
f- 0.002 Range of Hardening Coef ficient

Applicability Exponent n 01

Tool Steel 408 0.012<e<0O.12 4.26 4.82

304 Stainless Steel 323 0.007< 0.21 5 5.90 2.069
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Figure l7a

J.4

Figure l7b

z0 Magnification x caustic ro/B Js/J(P,B)r
mm Diameter DNU

mm

Figure 17a 75.1 6.16 4.73 0.272 0.22 0.082

Figure 17b 200.5 4.53 9.28 0.533 1.06 0.215
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