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INTRODUCTION

Literature 1s abundant with applications of Dugdale strip yield zone
[11 which models the plastic yield zone ahead of a stationarypciack (see
for example [2,3]) as well as the extending plastic yield zone ahead of a
moving crack (see for example [4,5,6]). Studies on the Dugdale strip
yleld zone associated with mixed-mode crack extension, however, are few
due 1o the lack of an analytical solution for a Z~-shaped crack with
prescribed variable crack pressure distribution. The 1imited
experimental results in Reference [7] suggest that with suitable
modifications, the Dugdale strip yield zone of a straight crack could
model the elastic-plastic field surrounding the strip yield zone
associated with mixed-mode crack-tip loading. In this paper, we report
on a modified Dugdale strip yield model which was used to model the

?;::g—mOde crack-tip Joading associated with a slanted crack in a tensfon

MIXED-MODE DUGDALE STRIP YIELD MODEL

5 The modiftied Dugdale strip yield model with two prescribed
baﬁgential forces, Q and Q,, which model the residual stresses generated
Yy the wake of an extending ductile crack is shown in Fig. 1. This
simplified modeling of the residual stress field reproduced the trailing
isochromatics 1eft bshind in the wake of rapidly axtending ductile cracks
in polycarbonate fracture specimens [6]. The mixed-mode crack tip
1oading is modeled by the variable normal surface tractions, oy, along
the strip yield zone and two constant tangential forces, Q and Q
irescribed at the physical crack tip. Only the variable normal sur ;ce
r‘ren:'tfons are assumed to govern the tength of a Dugdale strip yield zone,
ng;ma]De;::g;asc:ftrihceﬂ%r;?asckastl;;}s;tresz fi;]ds generated by the variable
s
are given fn Rereoet1 o a Y e two tangential surface forces

The final Dugdale strip yield model for mixed-mode crack tip loading

is constructad by superposing the nonsin
gular mods I and mode II crack
tip stress fields as well as that of the two tangential surface forces.
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PHOTORELASTIC VERIFICATION

The abovementioned modified Dugdale strip yield model for mixed-mode
crack tip loading was verified through an experimental program consisting
of static photoelastic analysis of thin, 1.6 mm thick, and 50.8 mm wide
polycarbonate tension specimens with slanted central notches. Standard
tensile tests of annealed polycarbonate plates, from which the specimens
were machined, showed that this material has a well-defined static yield
point of 68.9 MPa, flows under stress and exhibits tensile instability
with accompanying Lueder's bands. The starter crack consisted of a ld-mm
‘ength sawed crack with fatigued crack tips and was slanted 0, 30, 45 and
60 degrees to the specimen width direction. The central notch tensile
specimens were loaded under increasing load and the changing photoelastic
patterns surrounding the crack were photographed continuously. The
residual isochromatics after complete unloading of the specimens were
also recorded. Fig. 2 shows the {sochromatics surrounding a straight
cracks i.e., O-degree central notched (CN) spscimen. The apparent
trifurcation of the two Dugdale strip yield zones is due to the two
shadows casted by the surface dimplings due to the out-of-plane flow of
the strip yield zone. Fig. 3 shows the isochromatics surrounding a
30~degree slanted central noiched (SCN) specimen. The strip yield zones
in this specimen as well as all other specimens were orfented in the
spacimen width dirsection. This inevitable orientation of the strip yield
zone, regardless of crack slant angle, under mixed-mode crack tip loading
differs with the fatigue cracks which emanated from a slanted crack in
aluminum specimens and which gradually extended into the width direction
[9]. The unambiguous straight strip yield zones, which were oriented in
the width direction of the polycarbonate specimens, provided the physical
insight of using a straight crack with a modified Dugdale strip yisld
zone which modeled the Z-shaped crack-strip yield zone.

Lengths of the Dugdale strip yield zones, r_, ahead of the crack
tips of the slanted cracks were measured directly from the photoelastic
racords. Fig. 4 shows the variations in normalized Dugdale strip yield
zone length, r , with increasing applied load for 0, 30, 45 and 60~degrae
slanted central notched (SCN) specimens. Also shown for comparison is
the theoretical length of the Dugdale strip yield zone for mode I crack
tip loading in an infinite plate. The reasonable agreements beitween ths
theoretical strip yield zone length of the horizontal crack and the
measured strip yield zone lengths of the horizontal as well as the
slanted cracks are additional justifications for our use of the Dugdale
strip yield zone associated with a straight crack. The crack tip stress
71e1d, which is represented by a polynomial function of the crack tip
coordinates, of the modified Dugdale strip yield model was then fitted to
the recorded isochromatics in the elastic region surrounding the strip
yield zone. An overdeterministic least square fitting routine [10] was
used to determine the coefficients of the polynomial stress function
which was then used to generate the theoretical isochromatics of the
modified Dugdale strip yield model. Isochromatics inside the plastic
yield zone surrounding the crack tip were generated by converting the
calculated elastic isochromatics to plastic isochromatics using an
estimated strain-optic law [11]. Agreements between the experimental and
theoretically generated isochromatics justiffed the existence of a
modified Dugdale strip yield model as developed. Figs. 5 and 6 are
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computer generated graphical displays of the recorded and fitted
isochromatics, Agreements between the recorded and

specimens, respectively, as well as in 45 and 60-degree SCN specimens.
As  expected, substantial discrepancies between the recorded and
theoreticaﬂy generated jsochromatics are noted in the region behind the
strip yield zone where the actual Z-shaped crack-strip yield zone is
replaced by a theoreticai straight crack of Fig. 1.

STABLE CRACK GROWTH CRITERION

The modified Dugdale strip yield modei for mixed-mode crack tip
loading was then used to model the elastic-plastic states of a

in a polycarbonate tension specimen under increasing 1load.
Physical parameters,
Strip yield meodel,

parameters are the critical crack opening displacement (CTOD) and the
Fig. 7 shows the CTOA
variations during stable crack growth of a straight crack and a Z-shaped
crack of 0~ and 30~degree initial slant angles, respectively. Identical
results were obtained for Z-shaped cracks with initial slant angles of
45~ and 60-degrees. The relative constancy of the CTOA for mode I as
well as mixed-mode crack tip loadings suggests that CTOA is a viable
stable crack growth criterion for thin polycarbonate fracture specimens.

CONCLUSIONS

A modified Dugdate strip yield model
e'lastic'-plastic state surrounding the strip

model remained constant during stable crack growth of straight and
nitially slanted cracks in thin polycarbonate tension specimens.

ACKNOWL EDGEMENT

The results of this 1investigation were obtained through a NSF
"ssearch grant No. CME-792507. The authors wish to acknowledge the

sSupport and éncouragement of Dr. C. J, Astill of NSF during the course of
this investigation.

REFERENCES

(11 oDugdale, D. S.» "Yielding of Steel Sheet Containing S1its", J. of
Mechanics and Physics of Solids, 8 (1960), 100.

[2] Hayes, D, j. and Williams, J. G., "A Practical Method for

Deter‘r'r'nning Dugdale Model Solutions for Cracked Bodies of Arbitrary
Shape", Int. J. of Fracture Mechanics, 8 (1972), 239,

584

{51

{81l

7

8]

{91

{103

{111

Nisitani, H. and Murakami, Y., "Interaction of Elasto-plastic Cracks
Subjected to a Uniform Tensile Stress in an Infinite or a
Semi-infinite Plate", Proc. of the 1971 Int. Conf. on Mechanical
Behavior of Materials, The Soc. of Materials Science, Japan, 346
(1972).

Goodier, J. N. and Field, F. A.» "Plastic Energy Dissipation 1in
Crack Propagation", Fracture of Solids edt by D. C. Drucker and J.
J. Gilman, Interscience Pub., 103 (1963).

Kanninen, M. F., "An Estimate of the Limiting Speed of a Propagating
Ductile Crack", J. of Mechanics and Physics of Solids, 16 (1968),

215.

Kobayashi, A. S. and Lee, O, S.» "Elastic Field Surrounding a
Rapidly Tearing Crack", to be published in Elastic-plastic Fracture
Mechanics (2nd), ASTMSTP, (1983).

Kobayashi, A. S., Engstrom, W. L. and Simon, B. R.» "Crack-opening
Displacements and Normal Strains in Centrally Notched Plates,"
Experimental Mechanics, 9 (1969), 163.

Lee, 0. S., "Dynamic Ductile Fracture", a PhD thesis to be submitted
to University of Washington, August 1983,

Iida, S. and Kobayashi, A. S.» "Crack Propagation Rate in 70-75-T6
Plates Under Cyclic Tensile and Transverse Shear Loadings™", J. of
Basic Engrg, Trans. of ASME, 91 (1969), Series D, 764.

Betser, A. A., Kobayashi, A. S., Lee, 0. S. and Kang, B. S.-J.,
"Crack Tip Dynamic Isochromatics in the Presence of Small Scale
Yielding", Experimental Mechanics, 22 (1982), 132,

Kobayashi, A. S. and Lee, O. S.» " Dugdale Model of a Rapidly
Tearing Crack", Fracture Tolerance Evaluation," sdited by T.
Kanazawa, A. S. Kobayashi and K. Iida, Toyoprint Co., Japan, 129
(1981)

585




Fig. 1 Modified Dugdale Strip Yield Model
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