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AN EXPERIMENTAL AND FEM STUDY ON CRACK OPENING DISPLACEMENT
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INTRODUCTION

Wells [1] proposed crack tip opening displacement, 8¢, as a ductile frac-
ture criterion at and beyond general yielding, and he verified the criterion
experimentally with mild steel specimens. Recently, Green and Knott [2]
have shown that 8¢, at the initiation of fibrous fracture, is a constant.
McClintock [3] also proposed that fatigue crack growth per cycle is equal
to half of the crack tip opening displacement. Ke and Liu [4] proposed
near tip strain as a fracture criterion for ductile and tough materials,
and they found a linear relationship between near tip strain and near tip
crack opening displacement, §. St is related to the stress intensity
factor K, in the case of small scale yielding, according to the strip
yielding model [5 - 9]. Subsequently, it has been shown that § is related
to crack tip stresses and strains [10, 11]. All of these studies are two
dimensional analyses which do not take into account the thickness consid-
eration. 1In this study, the effect of thickness on crack opening displace-
ment is studied experimentally. The results are further analyzed with the
aid of the two-dimensional FEM calculations.

EXPERIMENTS AND RESULTS

Aluminum alloys, Al 2024-0, Al 2024-T3, and Al 2024-T351, were used in this
study. The tensile yield strengths of these alloys were 53.8, 310, and

386 MPa, respectively. The specimens were 10.16 cm wide, with central
cracks or central slots, 2a =~ 1,78 c¢m. All the specimens were centrally
slotted, with the exception of specimens 4 and § which were centrally
slotted with a jeweler's saw and then fatigue pre-cracked. The width of
the slots was approximately 0.023 cm. Specimens of two different thick-
nesses, namely 0.041 cm and 0.625 Cm, were tested.

Crack opening displacements, 6, between the upper and lower crack surfaces
under static tensile load were measured with the moire method. The speci-
men surface was polished, cleaned, dried, and coated with photo-resist.

A moire grille, of line density 5275 linesfcm, was printed onto the speci-

tion. A more detailed description of moire method was given by Schaefer,
Liu and Ke [12]. The applied load and plate thickness were chosen to give
a large plastic zone relative to plate thickness ([k/o 1%/t = 18), and a
small plastic zone relative to plate thickress ([K/oy]*/t = 1.12).

The measured crack opening displacements will be compared with those calcu-
lated using the Dugdale model, the elastic nodel, and the elastic-plastic
model. The crack opening displacements of an elastic crack in an infinite
plate is given by Ang and Williams [13] as:
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where 2a is the length of the crack

plane stress

1)

4 0 (1-v?®) (a?-x2)V2/g plane strain,

laying along the x-axis with its tips

at x = + a. v, o, and E are the Poisson's ratio, applied tensile stress,

and Young's modulus, Trespectively.

Goodier and Field [6] used the Dugdale

model to calculate crack opening displacement, §. For plane stress case,
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where oy is the tensile yield strength, 2 is the length of the stri

yielding zone and & = a(secHz-1), 9

2 = M0/2 oy, cos@ = x/(a+l) for Txl < (a+q),

and - T < 6 < m. Similar results, using the continuous dislocation model,
were obtained by Bilby, Cottrell, and Swinden [9].

Specimens 1 and 2 were made of the aluminum alloy, Al 2024-0, and both were

loaded to the same K-value, 4.53 MP

a'm¥2, Both specimens were slotted, but

were of different thicknesses: 0.041 cm and 0.625 cm, respectively. The
values of the quantity, (K/cy)z/t, were 17.5 and 1.12 for these two speci-

mens, where t was specimen thicknes
are shown in Figure 1.

In Figures 1, 2, and 3, the solid 1
equation (1), and the dashed lines
tion (2). The dash-dotted line in
FEM calculation, which agrees well
region r > 7.6 x 10-2 cnm. Figure 1
specimen 1 agreed with the plane st
surements of specimen 2 agreed with
It should be noted that, in the reg
FEM elastic-plastic calculation coi
lation. Unfortunately, no measurem
the crack tip.

Specimens 3 and 4 were made of Al 2
and 0.038 cm were nearly the same.
was fatigue pre-cracked. The appli

s. The results of the measurements

ines indicate the elastic calculation,
indicate the Dugdale calculation, equa-
Figure 1b indicates the elastic-plastic
with the elastic calculation in the
indicates that the measurements of
ress Dugdale calculation, but the mea-
the plane strain elastic calculation.
ion of measurements, the results of the
ncided with those of the elastic calcu-
ents were made in the region closer to

024-T3, and their thicknesses: 0.041 cm
Specimen 3 was slotted, and specimen 4
ed K-values of these two specimens 26.2

and 28.2 MPa'm¥2, The values of (K/0y)?/t for these two specimens were

17.5 and 18.8 respectively. The re
ments of both specimens agreed well
tion in spite of the slot in specim

Specimens 5 and 6 were made of Al 2
0.625 cm. Specimen 5 was fatigue p

sults in Figure 2 show that the measure-
with the plane stress Dugdale calcula-
en 3.

024-T351 and were of same thickness,
re-cracked, and specimen 6 was slotted.
the nearly same K-values, 20.4 and 20.9

MPa-m!2 . The values of (K/Oy)z/t for these two specimens were 0.45 and

0.46, respectively. The results in
men agreed well with the plane stra
specimen fell in between the Dugdal
applied load level, the Dugdale and
were very close of each other. A t
level was needed to make a distinct

Figure 3 show that the cracked speci-

in elastic calculation, but the slotted

e and the elastic calculations. At the
the elastic crack opening displacements
hicker specimen loaded to a higher stress
ion between these two models.
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Part V - Analysis and Mechanics

In an earlier work [12], crack ogening displacements were measured in a
very thin steel specimen, (K/OY) /t = 48. 1In the thin specimen, extensive
crack tip deformation caused localized crack tip strip necking. The strip
necking zone was embedded in a diffused plastic zone which, in turn was

Figure 6 is a picture of the typical moire patterns near a crack tip. It
was taken from specimen 4 which was only 0.038 cm thick, and was loaded

to K = 28.2 MPa-m'2, The heavily deformed plastic region appeared to be
diffused. However, there was a slight indication in the picture that the
plastic zone had the tendency to become strip-necked. The measurements of
specimen 4 agreed with the Dugdale model as was mentioned earlier, even
without a strip necking zone.

CALCULATION OF § WITH THE FEM

Crack opening displacements were calculated with the finite element method
under the conditions of Plane strain and small scale yielding. 1In a
region, re, near a crack tip, the elastic stresses are [15, 16]:

9 = K@ r)°'5]fij () (3)

where r and 6 are the polar coordinates with the origin at the crack tip.
The crack line lies along the negative x-axis. K is the mode I stress
intensity factor. In the case of small scale yielding, a small plastic
zone, r,, is embedded in the elastic crack tip stress field. If Tp << rg,
according to Saint Venant's principle, it could be shown that a regaxation
of the stresses in the plastic zone would not significantly change the
stresses on the boundary of Te. Therefore, for the case of small scale
yielding, the crack tip deformation could be obtained from the calculation
on a semi-circular region with the boundary stresses given by equation 3,
[17].

The configuration of the elements is shown in Figure 7. There are 372
elements and 213 nodes. The smallest element at the crack tip is 5.33 x
1073 cm with a crack length of 2.54 cm. Plane-strain and constant-strain
elements are used. The computer programme is based on the elastic-plastic
constitutive matrix obtained by Yamada and Yoshimura [18]. The values of
yield strength, Young's modulus, Strain-hardening exponent, and Poisson's
ratio are 53.8 Pa, 68.9 x 10° Pa, 0.307, and 0.3, respectively.

The calculated crack opening displacements are shown in Figure 8. The
different symbols in the figure denote the calculated values at different
K-values. Close to the crack tip, 8 could be expressed as,

- m -
d/rp =B (r/rp) 5 B = (G/rp)r=rp . (4)

The value of the slope, m, is 0.37. The value of m from HRR singularity
analysis ;10, 11] is 0.23. B is the value of §/r_ at r = r ; its value is
3.5 x 1077 found from Figure 8. Ty is the plastic zone size, along the
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9 = 60° line, and it is related to K,

r,=a (K/OY)Z = 0.112 (K/OY)Z . (5)

The value of a, 0.157, was obtained by Levy et al [17] using the EEM for
a non-hardening material, along the line 8 = 70°, where T is maximum.

Combining equation (4) and equation (5), one has the following relation for

§=8 al‘m(x/oY)Z(l"m)rm = 8.74 x 107 (K/0,)} 275037 | (6)

A comparison of the § calculated by using the Dugdale model, the elastic )
model, and the elastic-plastic model by the FEM is shown in Figure 9. It is
evident from the figure that near the crack tip, the Dugdale model gives a
much higher value of § than either the elastic model or the elastic-plastic
model.

In the region r/(K/UY)2 < 0.13, the values given by FEM elastic—plastic.
calculation and the elastic results diverge as r approaches the crack tip.
In the region r/(K/Gy)2 > 0.13, the elastic-plastic calculation coin§ides
with the elastic solution. This is also shown in Figure 1b. The moire
measurements fell into the range where the FEM calculations and the elastic
results coincide. In order to see the difference between the elastic and
the elastic-plastic models, the measurements would have to be made in the
region closer to the crack tip.

The Dugdale model is based on the physical model of strip yielding. In the
experimental moire study, no strip yielding has been observed: The quan-
tity (K/GY)Z/t is a measure of the size of plastic zone relative t9 thlckt
ness, and it is also an index of the deviation from the plane strain cond?-
tion. When a specimen is very thin, for example, for the thin steel speci-
men at (K/o,)2/t = 48, strip necking takes place. The strip necking zone
is embedded in a diffused plastic zone. In this case, the Dugdale ca}cu-
lation agrees well with the measurements. As the specimen thickness is
increased, the strip necking zone disappears. However, the Dugda%e model
for the calculation of § is still applicable in the region (K/oy)“/t >.18,
even without a strip necking zone. As the plate thickness is fgrther in-
creased, and the applied K-value is reduced to the point (K/oy)*/t < 1,

the Dugdale model § differs considerably from the moire measurement. In
this region, the measurements agree well with the elastic solution. In
the region of measurements, the elastic solution coincides with the
elastic-plastic FEM calculation. It is expected that in the reglon‘closer
to a crack tip, the measurements would agree with the elastic-plastic
calculation.

CRACK TIP OPENING DISPLACEMENT, St’ AND THE UNZIPPING MODEL
Based on the empirical results shown earlier, it is expected that 5t‘cal—
culated with the Dugdale model, is an appropriate measure of crack tip

deformation only for thin specimens loaded to high K-valugs. The calcu-
lated 8¢ with the Dugdale model by Goodier and Field [6] is

8¢ = (8 oy a/mE) 1n [sec(mo/2 o] . (7)
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Part V - Analysis and Mechanics

Based on the Dugdale model, in the case of small scale yielding, Rice
obtained (7],

8, = K2/E Oy - (8)

Subsequently, dt was calculated by Levy et al using the FEM [17],

- 2
S8, = 0.425 K*/E ay - (9)

St given by these models could be used to characterize crack tip deforma-
tions and stresses in the analyses of brittle and ductile fractures.

McClintock and Pelloux [3, 19] suggested that fatigue crack growth rate,
da/dN, is related to 8t, for the decohesion plane inclined 45° to the

crack plane. Recently, Kuo and Liu [21] made a calculation of the crack
tip opening displacement and the crack tip advancing based on the unzipping
model of shear decohesion taking place on two conjugate decohesion planes
as shown schematically in Figure 10. As the applied stress on a cracked
solid is increases, the decohesion processes take place along slip lines,
a, b, B, ¢, vy, and d successively; while the "slabs' between the neighbouring
slip lines move like the teeth of a zipper during the unzipping process,
causing crack tip opening and advancing. The unzipping model separates

the crack tip opening which contributes to crack tip advancing from those
which cause crack tip blunting. Crack growth rate is related to 8¢,

which in turn is related to AK.  The final result is

da/dN = 0.019 (1-v?) K2/E oy (10)

(c)

where Oy (c) is the cyclic yield strength. If the ratio of the cyclic yield
strength 'to the Young's modulus is 1/400, the agreement between the pre-
dicted crack growth rates and the empirical rates given by Barsom [22],
Hahn et al [23] and Bates and Clark [24], is within a factor of 2; while
the calculated growth rates, according to the classic Dugdale model, are
more than 10 times higher than the empirical rates.

It can be concluded that the Dugdale model is applicable for analyzing

§ and 8¢ only in thin specimens loaded to high K-values. For a thick
specimen at a low K-value, the general contour to the crack tip is, perhaps,
better described by the elastic-plastic FEM calculations, such as those
given by Levy et al. The crack tip opening which contributed to crack tip
advancing is more realistically given by the unzipping model,
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Figure 7 FEM Element Configuration
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