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Dynamic Mixed Mode Crack Propagation Behavior of Structural
Bonded Joints

Ouk Sub Lee*, Jae Chul Park, Gyu Hyun Kim
School of Mechanical, Aerospace and Automation Engineering, InHa University

The stress field around the dynamically propagating interface crack tip under a remote mixed
mode loading condition has been studied with the aid of dynamic photoelastic method. The
variation of stress field around the dynamic interface crack tip is photographed by using the
Cranz-Shardin type camera having 10°® fps rate. The dynamically propagating crack velocities

and the shapes of isochromatic fringe loops are characterized for varying mixed load conditions
in double cantilever beam (DCB) specimens. The dynamic interface crack tip complex stress
intensity factors, K and K, determined by a hybrid-experimental method are found to increase
as the load mixture ratio of y/x (vertical/horizontal) values. Furthermore, it is found that the
dynamically propagating interface crack velocities are highly dependent upon the varying mixed
mode loading conditions and that the velocities are significantly small compared to those under
the mode I impact loading conditions obtained by Shukla (Singh & Shukla, 1996a, b) and

Rosakis (Rosakis et al., 1998) in the USA.

Key Words | Dynamic Interface Crack, Propagating Velocity, Dynamic Stress Intensity Fac-
tors, Rayleigh Wave Speed, Mixed Mode Loading

1. Introduction

During the last few decades many interesting
problems pertaining to dynamic crack propaga-
tion and arrest phenomena have been investigated
by many researchers throughout the world
(Dally, 1991; Kobayashi, 1978; Lee & Kim, 1999;
Singh & Shukla, 1996a, 1996b). In recent years,
there has been considerable interest in the study
of dynamic bimaterial interface crack propaga-
tion from both theoretical and experimental view-
points (Anderson, 1977; Deng, 1992; Deng,
1993). Even though the majority of these studies
have been either analytical or numerical in
nature, a few experimental studies on the dynamic
interfacial fracture have been appeared in the
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Technical Journals from 1991. Rosakis group at
California Institute of Technology and Shukla
group at University of Rhode Island are the
representatives among others.

This study is motivated by the need to establish
procedures and investigate the applicability of
dynamic photoelasticity to study interface failure
under mixed mode loading condition (Gdoutos,
1985; Mohammad, 1995), and thus, attempts to
develop the framework of employing photoelas-
ticity to observe and investigate the phenomena of
dynamic interface failure. The initial failure was
obtained by subjecting the bimaterial specimen to
dynamic mixed mode loading. The dynamic iso-
chromatic fringe patterns surrounding a crack tip
propagating along a bimaterial interface are
photographed and characterized. A parametric
investigation has been carried out to study the
influence of varying fracture parameters on iso-
chromatic fringe patterns. The primary relevant
fracture parameters such as the complex stress
intensity factors, K1 and K2, for the stress field
surrounding the dynamic interface crack tip are
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extracted by using a hybrid experimental-theoreti-
cal technique.

2. Theoretical

2.1 Stress field and dynamic stress intensity
factors at the dynamic interface crack
tip

The stress field shown in Fig. 1 at the dynamic

interface crack tip developed by Deng (Deng,
1993) are rearranged to fit the photoelastic analy-
sis conducted in this study as below in polar
coordinate system.
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Combining the stress-optics law (Dally &
Riley, 1991) with 7= Nf,/2¢, we may relate the

experimental results with the theoretical stress
field as below.

(N—{d)zz (22-’”)2: (Oxx— 0'y,v)2+ (20'xy)2 (2)

where N =the experimental fringe order of the
dynamic isochromatic pattern.
fs=the dynamic fringe constant of the
photoelastic material (6.7 EN/m-fringe for
polycarbonate)
t=the specimen thickness (=4.5 mm)

2.2 Characterization of isochromatic fringe
loops at the dynamic interface crack tip
In this study, the Newton-Raphson method
and over-deterministic least square method
(OLSM) are used to extract the complex stress
intensity factors, K, K; appeared in Eq. (1) for
the dynamic interface crack tip stress field. To
determine the stress intensity factor, K; and K,
we should take experimental data at the vicinity
of the crack tip to eliminate boundary effect.
However, it is difficult to distinguish the experi-
mental isochromatics data due to concentrated
fringe and local plastic zone at the vicinity of the
crack tip. Therefore a multi-functional determina-
tion procedure should be used to extract the more
precise stress intensity factors. The functional
relationship between maximum shear stress and
isochromatic fringe loop may be written as.

F=BQwn)*—1=B[(0xx—0)*
+ (25xy)2] —1=0 (3)
where, A= (Nétfa) 2
In the case we could express an equation in the
functional form as

Fr=F(An Bn)=0 4

Sanford (Sanford, 1980) developed an algorithm
to determine the best A, and B, by using ODLS
optimizing process summarized as follows:
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where, ;=the iteration number to obtain the best
value.
A,, Br=the variables need to determine.
Using Eq. (5), we can get the results satisfying
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(F%) :+1=0 in the following loop iteration equa-
tions.
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Changing the above to the matrix formation, we
get.
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To get the solutions of Eq. (6) with the aid of
ODLS method, we multiple the transposition of
the matrix [A] to get,

[A]T[F]1=[A]"[A][4X] (7
where,

[A)"[F]=[D]
(A]"[A]=[C] (8)

Putting Eq. (6) into Eq. (7), we obtain the
following.

[4X])=[C]7'[D] ®

Summary of the process are shown in the below.

1. Gathering enough number of data from
dynamic isochromatics.

2. Put arbitrary initial values of A4,, B, into
Eq. (4).

where, n=1~N and m=1~M, in this paper,
N=M.

3. Calculate[ A], [F]

4. From Eq. (7), calculate 4X.

5. Renew the values of 4, and B, as the

following process.

[An] i+1— [An] i"‘AAm
[Bm] i+1— [Bm] i+ dBn

6. Reiterate the calculation until we get max
(4%) <0.00001. If not, go back to step 3.

If the values of A, and B, are increasing in
step 5, the calculation with the Newton-Raphson
method is not converging but diverging. Prevent-
ing the calculation from resulting at wrong X
values, we used X;,;=X;+84X. Where X;,, is
determined by minimum function, §, when [ F;,,]
T[Fiy1] is less than [ F;]7[ Fy].

2.3 Regenerating dynamic isochromatic
fringe-A hybrid experimental-theoreti-
cal procedure

Substituting the K, and K, extracted by the

above procedure into Egs. (1) and (2), we can
regenerate dynamic isochromatic fringe patterns
and compare the regenerated fringes with experi-
mental results. By this final check process which
we may call a hybrid experimental-theoretical
procedure, we can confirm the right values of K;
and K.

3. Experimental

3.1 Multi-spark camera system

The dynamic photoelasticity method consists of
the Cranz-Shardin camera system with a multi-
spark camera set, a dynamic photoelastic appa-
ratus, a loading equipment, field lens and control-
lers as shown in Fig. 2. A general view of the
experimental setup

The spark time delay can be controlled by
using the start delay and horizontal - vertical delay
in the range from 1usec to 0.1sec for each frame.
The pulse time to high speed camera frame is
measured by using optical detecter to check the
reliability of the framing rate. A time delay is
setup to trigger the camera and oscilloscope sig-
nals at the moment when the aluminum tape
attached behind the crack tip on the specimen is
cut while the loading is increased by the manually
operated oil jack.
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3.2 Loading equipment

Figure 4 shows a mixed mode loading appara-
tus and it is possible to apply the mixed mode
load on DCB specimen by using two ton capacity
oil jack. The loading angle can be varied by
changing the fixing holes in the angle changer.

Tnterframe | [Tnterframe | [Intectrame delayl | Trigger

Setting IN [~ |Setting IT [ | Setting I Mms(:lmm; Mode

L. Start L Make

‘TrlngTnmlelzvml 2.Break

Amp 9-12{ | Amp 5-8 Amp 1-4 | BHorkzonta 3.Pulse
] | |

Fig. 2 Block diagram of photoelasticity experimen-
tal setup

1. Polarizer 2. Analyser 3. Field lens 4. Loading apparatus
5. Multi-spark high speed light source 6. Trigger controller
7. Screem

Fig. 3 A general view of dynamic photoelasticity
experimental setup

When we manually operate the oil jack, the
connecting-rod is moving up to exert mixed mode
loading in the specimen.

3.3 Specimen and loading

Revealing the dynamic interface crack propaga-
tion phenomena and the dynamic stress field
surrounding the dynamically propagating inter-
facial crack tip, we manufacture specimens using
polycarbonate (PC) and aluminum (Al). After we
clean up the interface of PC and Al, the halves are

Fig. 4 Mixed mode loading apparatus

T~ free crack
‘/ g

Aluminum t i ;
N l .5m
inter face N 3mm

[}

Polycarbornate\ 7,+._ =] 2

Pl 1
Aluminua / - \ 3 2
25 30
crack tlp 2-¢ 9 HOLES
110
400

Fig. 5 Configuration of test specimen

Table 1 Material an physical properties of Polycarbonate and Aluminum

Property Material Polycarbonate Aluminum
Poisson’s ratio 0.38 0.33
Young’s modulus, E (Gpa) 2.72 71.0
Material stress optics fringe value (MPa-mm/fr) 6.7

Shear modulus (Gpa) 0.98

Density (g/cm?®) 1.196 2.80
Dilatational wave speed (m/s) 1960 6320
Distortional wave speed (m/s) 910 3100
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bonded by epoxy and utilizer with the ratio of 1:
1. The interface thickness should be kept as 0.09
~0.Imm. We use a comercial aluminum tape of
width 3mm as a trigger band to initiate the cam-
era. An 0.5mm single edge notch is introduced
into the aluminum tape as shown in Fig. 5 to
make it easy to be broken The residual stress
along the interface is checked to be negligible by
using a photoelasticity setup. The specimen thick-
ness is 4.5mm.

The mechanical and physical properties of PC

53
37
15!
(3 F
Intertace F
y
Polycarbornate
— X
—
Aluminum j

A4

Fig. 6 Various mixtures of applied loads

(b) 501 usec

and Al-7075 are listed in Table 1.

4. Results and Consideration

Figure 6 shows the varying directions of mixed
mode loadings which changes the load mixture
ratio of y/x (vertical/horizontal) values. Three
different y/x ratios such as 3.7(=F), 1.3(=F)
and 0.75 (=F") are applied in the present study.

Figure 7 shows a typical full field dynamic
surrounding a dynamically
propagating interface crack tip in the DCB speci-
men. Figures 8, 9 and 10. show the dynamic stress

isochromatics

Fig. 7 Typical dynamic isochromatic fringe patterns
at a crack tip propagating along the interface
in DCB specimen (crack runs left to right
direction, scale: 1/0.7)

(c) 1001 psec

!
(a) 1501 usec

(b) 2001 psec

(c) 3001 usec

Fig. 8 Dynamic isochromatic fringe patterns in polycarbonate for a crack dynamically propagating along the
interface by initial load F (crack runs left to right, scale: 4/1)
(usec=time after break, ——: propagating crack tip location)
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H

(a) 1001 pusec

(a) 3501 usec

(b) 2001 usec

(b) 4501 ysec

(c) 3001 usec

(c) 5501 psec

Fig. 9 Dynamic isochromatic fringe patterns in polycarbonate for a crack dynamically propagating along the
interface by initial load F’ (crack runs left to right, scale: 4/1)
(usec=time after break, —: propagating crack tip location)

(a) 1 usec (b) 501 psec

(a) 2001 usec

(b) 2501 usec

(c) 3001 psec

Fig. 10 Dynamic isochromatic fringe patterns in polycarbonate for a crack dynamically propagating along
the interface by initial load F” (crack runs left to right, scale: 4/1)
(usec=time after break, —: propagating crack tip location)

field at the vicinity of the interface crack tip with
varying loading condition such as F, F" and F”,
respectively. It is interesting to note that the ini-
tially mixed loading condition considerably
affects the characteristics of isochromatic loop
comparing to the results under the mode I loading
condition obtained by Rosakis(Rosakis et al,
1998) and Shukla(Singh, 1996) groups in the
USA.

Figure 11 summarizes the variation of crack
velocities of dynamic interfacial cracks propagat-
ing under three different mixed loading condi-
tions.

Comparing the crack propagating velocities for
three different loads, we find that the crack
propagating velocity decreases as y/x values
(ranging from 3.7 to 0.75) becomes smaller. This
implies that the crack propagating velocities get
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faster when the part of mode I load increases as
we may expect from the experimental results for
the isotropic materials (Ramulu, 1982). However,
the crack velocities for the dynamic interface

0.07 . o F
0.06 «—F
0.06 4 —s—F"
0.04 4
o o.03
]
0.02 4
o -/-/
A
0.00
-0.01 T T T T T T T T T T T T T T
110 120 130 140 150 160 170 180 180 200 210 220 230 240
crack tip(mm)
Fig. 11 Crack propagating velocites(C/Cg) vs.

location of crack tip (C: crack propagating
velocities Cy: Rayleigh wave velocity of
polycarbonate)

Ki 1 -1.608245, Kz : 0.450180

(a) 1 usec

Ki 1 -1.608526, K2 : 0.441253

(c) 1001 psec

Ki @ -1.610525, Kz : 0.420244

(e) 2001 usec

fracture in the present study, which are about 7%
of the Rayleigh wave speed of PC, are found to be
very low comparing to other investigator’s experi-
mental results appeared in literatures (Singh &
Shukla, 1996; Wang, Huang, Rosakis & Liu,
1998) which were measured mainly under mode I
loading condition. More studies on the geometri-
cal shape, thickness, the donding strength of the
interface, the direction of mixed load and etc are,
thus, needed to be done.

Figures 12, 13 and 14 show the comparison
between the theoretical isochromatics and the
experimental fringes on the quantitative aspect.
The two isochromatic fringe loops agree well at
the vicinity of the crack tips. Furthermore, it is
found that K; and K; increase as y/x increases.
The propagating crack velocities of about 7% of
the Rayleigh wave speed of PC is found to be
decreased. Therefore, more studies on the geomet-

Ki 1 -1.607420, Kz : 0.429493

(b) 501 usec

Ki : -1.606250, Kz : 0.424270

(d) 1501 psec

K, : -1.607559, K2 : 0.425104

(f) 3001 psec

Fig. 12 Theoretical and experimental isochromatic fringe patterns for a crack propagating along the interface

by initial load F
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Ki 1 -0.139491, Ko : -1.963408

(a) 1001 pusec

K : -1.336133, Kz : 0.757302

(c) 3001 usec

Ki @ -1.347988, K : 0.753443

(e) 4501 psec

Ki © -1.801115, Ko : 0.716241

(b) 2001 psec

(d) 3501 psec

K: : -1.358226, K : 0.763198

(f) 5501 psec

Fig. 13 Theoretical and experimental isochromatic fringe patterns for a crack propagating along the interface

by initial load F’

rical shape, thickness, the bonding strength of the
interface, the direction of mixed load and etc are
needed to be done.

The experimental and theoretical isochromatics
agree well at the vicinity of the crack tips. How-
ever, it is noted that the errors are getting bigger
as we compare the two at the location far from the
crack tips where we need to incorporate the
higher order effects.

The variation of K; and K, during dynamic
interface crack propagating periods for DCB
specimens under three different loading condi-
tions are shown in Figs. 15, 16 and 17.

5. Conclusions

In this study, the dynamic mixed mode crack

propagation behavior for structural bonded inter-
faces are investigated by using a hybrid experi-
mental-theoretical method with the aid of
dynamic photoelasticity technique. The following
results are obtained:

(1) The experimental and theoretical iso-
chromatic fringe loops agree well at the vicinity of
the dynamic interface crack tips. However, it is
found that the errors are getting bigger as we
collect the data at the locations far from the crack
tips where the higher order coefficients are needed
to incorporated.

(2) The dynamically propagating crack tip
velocities of DCB specimen were of the order of
about 7% of Rayleigh wave speed of PC. It is
found that these are significantly small comparing
to those obtained under the mode I impact load-
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Ki 1 -1.468156, Kz : 0.928031 Ki @ -1472811, K2 : 091735

5Ty

R

(b) 501 usec

Ki : -1.492832, K : 0.918565

(c) 1001 usec (d) 2001 usec

Ki © -1.498425, K2 : 0.885811 Ki : -1.501738, K2 : 0.873212

(e) 2501 usec (f) 3001 usec
H

Fig. 14 Theoretical and experimental isochromatic fringe patterns for a crack propagating along the interface
by initial load F”

e -
s
A807 4 0448
-1.000 4 0440
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«1.008
] I
1810 4 0428
e I b
» % e e & = 0 = R R S R
crack tip(mm) crack tip{mm)
(a) K, : Crack tip (b) K;: Crack tip
Fig. 15 Stress intensity factor vs. Crack tip location by initial load F
ing condtions by Rosakis and Shukla in the USA. on dynamic interface crack propagation velocities
Therefore, it is suggested that more experimental =~ should be carried out.
studies pertaining the effects of geometrical shape, (3) The shapes of isochromatic fringes around

thickness, the bonding strength of the interface,  the dynamically propagating interface crack tips
the ratio of mixture of the load in structural joints  under the mixed mode loading conditions are
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Fig. 16 Stress intensity factor vs. Crack tip location by initial load F”
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(a) K, : Crack tip

(b) K, : Crack tip

Fig. 17 Stress intensity factor vs. Crack tip location by initial load F”

very similar to ones obtained at the vicinity of the
dynamic crack tip in the isotropic material under
the mode II dominated loading condition.
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