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ABSTRACT 

By interrogating polyurethane specimens containing 

bondlines with cracks photoelastically, the authors are 

conducting a study of the effect of fixed ends upon the 

stress intensity factor (SIF) for double edge cracked 

specimens for test specimens of relatively short height. 

Preliminary results suggest that, while the presence of 

the bondline increases the SIF with increasing crack 

length, reducing the specimen height will reduce the 

SIF level for all crack lengths. 

INTRODUCTION 

Solid propellant is a particulate composite, con- 

sisting of hard polyhedral particles embedded in a soft 

rubber matrix. When bonded to a rubber liner, the 

joint may be subject to cracking along the bondline. 

Except to very low temperatures, the material behaves 

as a very soft material with substantial crack tip blunt- 

ing. When the hard particles dewet allowing the soft 

matrix to produce severe blunting of the crack tip, the 

crack will then resharpen by joining with voids devel- 

oped by dewetting along and ahead of the crack front. 

The process of blunt-growth-blunt-growth becomes a 

highly nonlinear process. Numerical analysts often at- 

tempt to smooth out the process by linearizing the 

problem into one with slow, steady growth. 

Optical grade polyurethane is a transparent, soft, 

linear material which approximately simulates a lin- 

earized propellant material during crack opening and 

growth. For this reason, it was selected to study the 

interactive effects of boundaries and bondlines on the 

stress intensity factors (SIFs) of bondline cracks. It 

has been established that, because of the soft nature 

of propellant near room temperature and above, long 

single edge cracked specimens tend to undergo signifi- 

cant bending. 

ANALYTICAL AND 

EXPERIMENTAL CONSIDERATIONS 

For the present study, a double edge cracked 

bonded specimen was selected with cracks in the bond- 

line to reduce the bending effect and experimental re- 

sults have been obtained for both square specimens 

(for which an analytical solution (Bowie, 1964) is avail- 

able with no bondline present) and specimens with 

shorter heights. The Bowie solution for square, dou- 

ble edge cracked specimens with no bondline, which 

employed conformal mapping has been found accurate 

above crack length to half width ratios of 0.2. 

It was considered important to produce an accu- 

rate through the thickness crack front with a rounded 

tip to simulate blunting and a razor blade was em- 
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ployed to produce the crack. In order to account for 

any effects due to tip blunting and specimen thickness, 

a test was run on a homogeneous single edge cracked 

Polyurethane specimen (E = 4.70 MPa) (Fig. 1) and 

the results were compared to a boundary collocation 

two dimensional (2D) solution (Gross, Srawley and 

Brown, 1964, also Srawley and Brown, 1967) and the 

SIF was determined using a two parameter algorithm 

from Appendix A (Smith and Kobayashi, 1987) which 

has been widely employed on photoelastic data. While 

this algorithm was developed for application to a ho- 

mogeneous material without a bondline, it is expected 

to be reasonably accurate for bondline work here since 

for plane strain states in incompressible materials, the 

interface fracture theory reduces to the homogeneous 

case for loads away from the crack tip (Hutchinson and 

Suo, 1992). Results from the single edge crack test in- 

dicated that the experimental result was 7.8% higher 

than the boundary collocation plane stress solution. 

This value will be used to correct subsequent test data 

to plane stress solutions for double edge cracks. 

TESTS ON SPECIMENS WITH DOUBLE 

EDGE CRACKS IN THE BONDLINE 

A series of polyurethane test specimens (Fig. 2) 

were prepared with double edge cracks in the bondline 

for both square specimens and some with the speci- 

men height reduced by half. Specimen ends were in- 

serted into grooves in aluminum plates and bonded 

to simulate methods used for bonding solid propellant 

material specimens. The extent to which this method 

achieves a uniform axial stress field in the direction 

of the load will be shown by global stress fringe pho- 

tographs of the test specimens under load. The analyt- 

ical models also assume zero transverse displacement 

of the test specimen at the boundaries. Companion 

tests were run for different crack lengths as shown in 

Fig. 2. These specimens were made by fitting the 

adherends to teflon coated razor blades on each side 

of the specimen and then pouring an adhesive which 

chemically matched the polyurethane adherends into 

the opening in between and then curing at 160° F. for 

12 hrs., after which the razor blades were removed. It 

had been previously found (Smith, Finlayson and Liu, 

1998) that modulus mismatch exerted negligible effect 

upon the SIF values for the cracks within the bond- 

line for modulus ratios not exceeding about 3.5 so no 

modulus mismatch was introduced into the models. 

Figs. 3a and 3b are global fringe photos of the 

square and short specimens respectively under load. 

They reveal some irregularities along the fixed edges 

possibly due to adhesive slippage. This results in slight 

dysymmetry of the near tip fringe patterns but the 

effect on K\ is well within the expected experimental 

scatter of ± 5%. This effect was accommodated by 

averaging the K\ values for the two cracks in each 

specimen. Figs 4a and 4b show that the near tip 

fringe patterns show no rotation of the fringe loops 

which suggest the absence of any shear mode K2. The 

data zones for K\ determination in Figure 4 are taken 

along a line normal to the crack plane and passing 

through the tip of the crack. The data zone locations 

are indicated. The dark bands surrounding the crack 

opening in Fig. 4. are part of the crack surface which 

turns outward due to increased crack opening at the 

near surface of the specimen. 

RESULTS 

Using the near tip fringe pattern photos, the al- 

gorithm described in Appendix A was used to extract 



Ki values from the local fringe pattern data. An ex- 

ample of the procedure is given in Fig. A-2. Ki values 

were computed both above and below the bondline 

and agreed to well within experimental scatter of 5%. 

A summary of the test data and results are found in 

Table 1. 

A plot of the results for the square and short 

specimen test data are presented in Fig. 5. Also 

shown is the theoretical solution for the double edge 

crack with no bondline due to Bowie (1964). The 

experimental data are corrected for thickness and 

Poisson Ratio {y = 0.5) effects for comparison with 

Bowie's solution. Two results are apparent: i) As 

a/b increases, the SIF increases faster for a crack 

in the bondline than for a crack in a homogeneous 

material and ii) Reducing the height of the double 

edge cracked specimens reduces the SIF level for all 

a/b ratios studied to date. 

The reasons for the two above noted observed 

behaviors have not been experimentally investigated. 

Consequently, at this stage in our study, we can only 

conjecture as to why the above noted departures from 

the behavior of homogeneous specimens occurred. 

For the case of the more rapid increase in SIF 

with crack depth in the bonded cracked specimens 

than for the homogeneous ones, it may be that when 

the bondline adhesive cures between the adherends, an 

added constraint is developed in the crack tip region, 

producing a stiffer response. 

The reduction in the SIF level for all crack sizes 

examined thus far which occurs when the specimen 

height is reduced may result from the constraint which 

the fixed ends exert upon the crack opening tendencies 

of the material behind the crack tips. 

It is intended to extend the cracks toward a/b = 

0.5 and beyond since this is the region of greatest rate 

of increase in SIF with increasing a/b. These studies 

are underway. 
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APPENDIX A 

(Mode I Algorithm) 

Beginning with the Griffith-Irwin Equations, we 

may write, for Mode I, for the homogeneous case, 

°<i = J^fihW + °ii («'•>• = n> *)     (1) 

where: 

Oij are components of stress, 

Ki is SIF, 

r,9 are measured from crack tip(Fig. A-l), 

a°j are nonsingular stress components. 

Then, along 0 = ir/2 the direction of greatest local 

fringe spreading, after truncating ay 

(T     \ -       Kl       J- r° -     KAP 

(2) (8;rr)i ' ' (8jrr)i 

where r° = /(<T?) and is constant over the data range, 

KAP = apparent SIF, (r„z)mos = maximum shear 

stress in nz plane 

.  KAP Ki    +v$ 
r    \a/ (3) ä(7ra)i      ä(na)i        o 

where (Fig. A-l) a - crack length, and ä = remote 

normal stress 

KAP i.e.——-r vs • V^isU 

Since from the Stress-Optic Law: 

linear. 

and from Eq. 2 

KAP  =  rn"i«(87rr)i=^(87rr)i, 

then Ä",4p (through a measure of n) and r becomes 

the measured quantity from the stress fringe pattern 

at different points in the pattern. 

A typical plot of normalized KAP VS. \J7Ja for a 

cracked, bonded specimen is shown in Fig. A-2. 

w = 38.1 mm 
t = 12.7 mm 
h= 127 mm 
b= 102 mm 
P = 2.74 kgs 

(MPa v'm) 

a (mm) a/w Kexp Kth % difference 

7.54 0.20 12.76 11.84 7.80 

(fn*)max = -57 where 

n = stress fringe order 

f = material fringe value 

t = specimen thickness 

* Srawley and Brown, 1967 

Fig. 1   Single Edge Crack Results 
for Artificial Cracks 
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b = 50.8 mm 
t= 12.7 mm 
c = 0.22 mm 

test    a (mm)     h (mm)      a/b 
DS2 
DS3 
DS4 
DS5 

DS6 
DS7, 

DS8 
DS9 

12.7 
17.4 

20.6 
25.4 

12.7 
17.4 

20.6 
25.4 

50.8 
50.8 

50.8 
50.8 
25.4 
25.4 

25.4 
25.4 

0.25 
0.34 

0.41 
0.50 

0.25 
0.34 

0.41 
0.50 

P(kg) 
7.64 
7.64 

7.64 
7.64 
7.64 
5.37 

5.17 
5.17 

Fig. 2  Bonded Specimens with Double Edge 
Bondline Cracks 
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Fig. 3+:   Global Stress Fringe Patteras for a) 
Square Specimen, b) Short Specimen. 

+A11 fringe patterns have a bright 
background, (i.e. integral fringes are white, 
half fringes are black). 

Fig. 4+:  Local Stress Fringe Patterns for a) 
Square Specimen, b) Short Specimen. 
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K/K, 

1.4 

1.2 

1 

0.8 

0.6 -. 

0.4 -. 

0.2 i 

0 

♦ experimental (h = 50.8 mm) 

■  plane stress theory 
(no bondline) 

A experimental (h = 25.4 mm) 

0.2 
a/b 0.4 0.6 

Fig. A-l Mode I Notation 

Fig. 5: Comparison of Bondline Crack Test 
Results with Double Edge Crack Results for 
Homogeneous Double Edge Crack Theory. 

TABLE 1 
exp. 

name a/b P(kg) 
exp. 
K/Ko 

corr. 
(v = 0.5) 
K/Ko 

DS2 
DS3 

0.25 
0.34 

7.64 
7.64 

1.15 
1.21 

1.06 
1.11 

DS4 0.41 7.64 1.31 1.20 
DS5 0.50 7.64 1.43 1.32 
DS6 0.25 7.64 0.98 0.91 
DS7 0.34 5.37 0.99 0.91 
DS8 0.41 5.17 1.06 0.99 
DS9 0.50 5.17 1.24 1.14 

Bowie 
(v = 0.3) 
K/Ko 
1.04 
1.04 
1.06 
1.10 

* - plane stress, no bondline        K<,=ac 

y = 0.9068x + 1.2442 

0.1       0.2      0.3      0.4      0.5      0.6      0.7 

Ar/a) 

n !' *"* Jktemtiwtion of K, from Test 
Data for DS3. 
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