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Photoelastic Determination of 
Flaw Size and Distribution 
Effects on Adhesively 
Bonded Lap Joints 

C. L. CHOW and C. W. WOO 

Department of Mechanical Engineering, University of Hong Kong. 
Pokfulam Road, Hong Kong 

It is well known that the load carrying capacity of adhesively bonded lap joints can be 
influenced by the presence of flaw-like defects which are often created during its bonding 
process. To design an effective adhesive joint containing possible bonding defects, 
adequate knowledge and understanding of the shear stress distribution along the entire 
lap joint are necessary. 

This paper describes an investigation into the effects of internal adhesive flaw size and 
distribution on the fracture bchaviour of adhesively bonded lap joints. Photoelasticity is 
used to gain a quantitative understanding of the localized shear stress concentrations due 
to the presence of the internal flaws along the bonding layer. It is observed that a 20% 
increase in the maximum shear stress may be induced when an isolated amtral flaw of 5.0 
mm was extended to 37.5 mm representing a flaw size of 75% of the lap length. For the 
presence of multiple flaws along the bonding line, there is no significant effect of the flaw 
separation distance on the maximum shear stresses. There is, however, a marked increase 
in the maximum shear stress up to about 45% when a flaw size is increased from 2.5 mm 
to 7.5 mm. 

KEYWORDS: Adhesive bonding, flaw distribution, flaw size, fracture behavior, lap 

1. INTRODUCTION 

The mechanical properties of adherend and adhesive, joint geometry, 
surface preparation, bonding technique, testing method, etc. are known 
to have a definite influence on the load-bearing capability of adhesively 
bonded lap joints. To design an effective adhesive joint, the effects of 
the above mentioned parameters on the shear stress distribution along 

joints, photoelastic method. 
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90 C. L. CHOW AND C .  W. WOO 
the adhesive bond-length need to be investigated and understood. It is 
therefore necessary to develop a simple yet effective method of deter- 
mining the shear stress distribution along the lap joint. 

Earlier investigators confined their stress analysis to the lap joint by 
assuming that the joint could be perfectly bonded free of any bonding 

In practice, adhesive joints do, however, contain flaw- 
like manufacturing defects introduced along the interface between the 
adhering surface and adhesive layer during the bonding process. These 
defects can induce stress concentrations and reduce the bonding 
strength. This observation has prompted recent investigators to take 
into account the significance of the bonding defects on the fracture 
strength of adhesive joints using the fracture mechanics 
All the fracture studies hitherto performed relating to the lap joints 
assumed that the defects, in the form of cracks, existed at the two lap 
ends where the highest stress concentrations are located. Bonding flaws 
observed in practice may not be confined at the lap ends but are 
randomly distributed along the bond line. 

This paper is intended to study the effect of internal flaw size and its 
distribution along the adhesive layer on the fracture behaviour of ad- 
hesively bonded lap joints. This is achieved by examining the shear stress 
distribution developed along the lap joints with or without the presence 
of bonding flaws using the photoelasticity method. 

2. EXPERIMENTAL ANALYSIS 
2.1 Specimen Geometry and Material 

The photoelastic models used for the investigation are depicted in 
Figure 1. The geometry of the specimens was specially designed so that 
the shear stress distribution along the adhesive joint can be measured.* 
The photoelastic material used was PSM-1 (Photolastic, Inc.) with a 
fringe value of 7.0 kN/fr/m (40 psi/fr/in), a Young’s modulus of 2.35 
GN/m2 (340,000 psi) and a Poisson’s ratio of 0.38. The adhesive 
employed was Rapid Araldite (CIBA) with hardner (H2951) to resin 
(AW4101) ratio of 10:8 by weight. 

The bonding surfaces of the lap joint were carefully polished and 
cleaned before the adhesive was applied. An internal artificial flaw was 
‘implanted’ in the bonding layer by placing a suitable thin layer of 
adhesive tape on the bonding surfaces (Figure 2c) before the adhesive 
was applied. The adhesively bonded photoelastic model was sub- 
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FIGURE I 

sequently heat-treated to remove any residual stresses that might have 
been produced during the bonding process. 

In order to ascertain the bonding technique and the suitability of the 
adherend and adhesive materials used for this investigation, the shear 
stress distribution of an ‘ideal’ lap joint and of a ‘perfect’ adhesively 
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6) ‘ PERFECT’ ADHESIVE-BONDED LAP JOINT 
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C) ‘IMPERFECT’ ADHESIVE-BONDED LAP JOINT 
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bonded lap joint were first analysed and compared. The 'ideal' lap joint 
has the same geometry of the bonded joint but is made of a single piece 
of photoelastic material as shown in Figure 2a. The 'perfect' adhesive 
joint as shown in Figure 2b is one which contains no implanted internal 
flaw-like defects or imperfections in the adhesive layer. All the test 
specimens were loaded within a loading frame placed between the 
bench-type transmission polariscope from which fringe developments 
were measured and recorded. 
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2.2 Creep and Relaxation 

Creep and relaxation have been reported to have a definite effect on the 
fracture behaviour of adhesive  joint^.^'-^^ A series of experiments was 
performed to examine the creep and relaxation characteristics of a 
‘perfect’ lap joint (Figure 2b) in a room temperature of 15’C under an 
applied load of 178N (400 Ib). For the lap joint length of 50 mm, maxi- 
mum shear stress measurements (or fringe orders) were recorded at three 
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EFFECTS OF FLAWS IN BONDED JOINTS 9s 

different locations, namely A, B, C, along the lap length as depicted in 
Figure 3. Location B refers to the mid-point of the bonded length 
whereas locations A and C refer to the points a t  25% (or 12.5 mm) from 
the mid-point B. 

It can be observed from Figure 3 depicting the measured creep char- 
acteristics along the interface of the lap joint that the creep effect is 
negligible up to the test period of about 80 minutes. A small decrease 
in the maximum shear stresses was observed up to about 10 minutes 
from the start of load application. The magnitude is, however, small and 
may fall well within the range of measurement uncertainties. 

The relaxation characteristics of the lap joint were also measured and 
achieved by maintaining a constant displacement. The displacement was 
deduced by applying the same load of 178 N on the lap joint as the creep 
test. The maximum shear stress variation (or its equivalent fringe order) 
along the adherend and adhesive interface with time up to 90 minutes 
was recorded and shown in Figure 4. It can be observed from the figure 
that the measured fringe order increased initially due to the development 
of instantaneous elasticity and then decreased with time due to its 

ADHESIVE I 
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subsequent development of delayed elasticity. Similar phenomena in 
adhesive joints have been observed and reported 

In view of the observed creep and relaxation characteristics of the lap 
joint, all the measurements reported in the paper were taken about 15 
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a = 5 ,  12.5, 2 5 ,  37.5 m m  

( A )  SINGLE CENTRAL ARTlFlCAL FLAW 

a =  2.5, 5 ,  7.5 mm 

b=12.5,  1 5 ,  17.5 mm 

(B) THREE FLAWS SYMMETRICALLY SPACED 
FIGURE 8 
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EFFECTS OF FLAWS IN BONDED JOINTS 
minutes after the load application of 178 N such that the creep and 
relaxation effects on the maximum shear stresses can be nullified. 

99 

2.3 Maximum versus True Shear Stress 
One critical area in the lap joint fracture is the interfacial debonding 
between the adhering surface and adhesive layer. It is therefore impor- 
tant to distinguish between the ‘true’ shear stress and the maximum 
shear stress directly measurable from the photoelasticity along the joint 
interface. The specimen geometry depicted in Figure 1 was chosen by 
Renton8 who concluded that the measured photoelastic maximum shear 
stresses from the specimen coincided with the true shear stresses 
along the bond line. This also implies that the lap joint geometry 
produces predominant transverse stress with negligible normal stress in 
the adhesive layer. 

In an attempt to ascertain the extent to which the normal stresses 
induced by the lap geometry can be developed, a two dimensional finite 
element analysis was performed. Figure 5 depicts the lower half lap joint 
used for the computer model but the entire lap joint (including both 
upper and lower halves) was analysed. This was done to take into 
account any possible bending effects that may be induced due to the 
presence of the adhesive layer. For the finite elenlent analysis, the 
constant strain triangular element was employed with a total of 295 
nodal points and 534 elements. The Young’s modulus and Poisson’s 
ratio used are 2.35 GN/mz and 0.38 respectively for the adherend 
and the respective values for the adhesive are 1.91 GN/m2 and 0.34. 

Figure 6 shows the computed transverse stresses (a,) and normal 
stresses (by) along the bonded length from the finite element analysis. It 
can be observed from the figure that although the normal stress may be 
considered insignificant for about 80% at the lap length, its magnitude 
is seen comparable to the transverse stress at two lap ends. Also shown 
in the figure is the separately computed normal stress based on Goland’s 
formulation.’ The Goland’s results also confirm the presence of sig- 
nificant normal stresses for the lap joint geometry. The accuracy of the 
Goland’s method is, however, far from satisfactory as compared with 
those by the finite element method because of simplifying assumptions 
made in the method for the sake of mathematical tractability. 

The presence of normal stress is expected to produce significant 
difference in magnitude between the maximum shear stress and the true 
transverse shear stress ( T , ~ )  along the lap joint. This is confirmed in Figure 
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EFFECTS OF FLAWS IN BONDED JOINTS 101 

7 for two types of lap joint. Figure 7a shows the computed maximum 
shear stressand the transverse shear stress (r,,)distributions for a ‘perfect’ 
lap joint and Figure 7b for an ‘imperfect’ lap joint embedded with a 2.0 
mm central flaw. Both lap joints were bonded with 0.1 mm adhesive 
thickness and subjected to an applied load of 178 N. 

It is of interest to note from Figure 7 that despite the observed 
difference in magnitude between the maximum and the transverse shear 
stresses, the profile or overall shape of the maximum shear stresses 
follows closely that of the transverse shear stresses along the entire lap 
joint. We may take advantage of this important observation to extend 
the applicability of the photoelasticity method for quantifying the 
governing parameters in the lap joint fracture studies. 

The finite element analysis has been shown to produce satisfactory 
results in the study of adhesively bonded joints. The use of the method 
could, however, be proved to be time-consuming and expensive when 
the present investigation calls for the fracture characterization of lap 
joints embedded with randomly distributed flaws of varying sizes. To 
solve this class of problems, the photoelasticity method is considered to 
be comparatively more efficient and less time consuming. 

3. RESULTS AND DISCUSSIONS 
3.1 Photoelastic Analysis 

As described in an earlier section, the bench type transmission polari- 
scope was used to measure maximum shear stresses. The birefringent 
material of PSM-1 (Photolastic, Inc.) was chosen as adherend and 
bonded together with Rapid Araldite (CIBA) with an adhesive thickness 
maintained at 0.1 mm. Total lap length was 50 mm. Two types of 
artificial flaw were implanted along the adhesive layer. One is a single 
isolated central flaw of sizes 5 mm, 12.5 mm, 25 mm and 37.5 mm 
representing respectively lo%, 25%, 50% and 75% of the total lap 
length, Figure 8a. The second type is composed of three multiple flaws 
with varying combination of flaw size, a, and flaw separation distance, 
b, Figure 8b. 

The shear stress distributions for the ‘imperfect’ bonded lap joint with 
various internal flaw sizes centrally located along the bonding length are 
shown in Figure 9. It can be observed from the figure that the shape of 
the maximum shear stress distribution is, as expected, similar for all the 
different flaw sizes. The larger the flaw size, the higher is the maximum 
shear stress especially at the lap ends. A 20% increase in the maximum 
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EFFECTS OF FLAWS IN BONDED JOINTS 107 

shear stress was observed at the lap end when an isolated central flaw 
of 5.0 mm was extended to 37.5 mm representing a flaw sue of 75% 
of the lap length. 

The shear stress distributions for the lap joint containing three internal 
flaws were next measured. The shear stress distributions for the lap joint 
each with a constant flaw separation distance b varying from 12.5 mm, 
15 mm and 17.5 mm are shown respectively in Figures 10, 11 and 12. 
In each figure, the flaw size was varied at 2.5 mm, 5.0 mm and 7.5 mm. 
It can be observed from the figures that there is negligible effect of flaw 
separation distance on the maximum shear stress distribution along the 
adhesive lap joint. 

The maximum shear stress distributions for three flaw sizes of 2.5 mm, 
5.0 mm and 7.5 mm were next measured and shown respectively in 
Figures 13, 14 and 15. For each constant flaw size, the flaw separation 
distance, b, was varied at 12.5 mm, 15 mm and 17.5 mm. It can be 
observed from the figures that there is no significant effect of flaw 
separation distance on the maximum shear stresses at the lap ends. 
There is, however, a significant effect of flaw size on the measured 
maximum shear stresses. The effect is most pronounced at the lap ends 
where the maximum shear stress increased up to 45% when the flaw size 
was lengthened from 2.5 mm to 7.5 mm. 

3.2 Adhesively-bonded Aluminium Lap Joints 

With the conclusions deduced quantitatively from the photoelastic 
shear stress measurement, a series of tests were performed to examine 
the applicability of the photoelastic results on similar lap joints but the 
adherend was made of aluminium alloy 2024. This material was chosen 
because of its relevance in aerospace applications. Instead of the shear 
stress distribution, the fracture strength was measured in order to exam- 
ine the load-carrying capacity of such lap joints. The fracture strength 
is defined as the maximum shear load divided by the effective bonded 
cross-sectional area which is the total bonded area minus the embedded 
flaws. 

Similar investigation into the effect of flaw size variation and its 
distribution was then undertaken. An initial series of testing consisted 
of lap specimens with an internal flaw size of 2 mm located at various 
positions along the lap length. A second series consisted of lap 
specimens with different flaw sizes located at the centre of the lap. The 
flaw size to lap length ratio varied from 4% to 50% of the total bonding 
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BONDING 

-+- + Y 

LOCATION OF FLOW ( C /L I  
FIGURE 16 

lap. The bonded lap length and the adhesive thickness of all the test 
specimens were kept constant at  50 mm and 0.1 mm respectively. At 
least three specimens were used in each case in order to ensure repet- 
ability of the results. 

The aluminium specimens were also prepared with due care. The 
bonding surfaces were polished with grade 180 emery paper, and then 
thoroughly degreased and cleaned with acetone before the adhesive was 
applied. Internal flaws were implanted in the adhesive layer using the 
same technique as employed in preparing the photoelastic models. The 
adhesive used for the aluminium bonded joints was CIBA Rapid 
Araldite as for the photoelastic models. The specimen was then properly 
cured in an oven for at least 30 minutes at 10'C before being allowed 
to cool down slowly to room temperature (20'C) at which the testing 
was carried out. An Instron universal testing machine was used to 
measure the fracture load at a loading rate of 5 mm/min. The load- 
displacement record obtained from the autographic recorder was used 
to calculate the fracture strength. 

Figures 16 and 17 summarize the effects of flaw size and its location 
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on the fracture strength. It can be observed from Figure 16 that the 
fracture strength is reduced by about 18% when the flaw size is increased 
to about 50% of the lap length. The flaw distribution is also found to 
affect the fracture strength as shown in Figure 17. It can be observed 
from the figure that with a flaw close to the lap end, the fracture strength 
is reduced by about 12%. The observations from this series of tests 
indicated that the presence of internal flaw distribution has definite 
effects on the bonding strength. This conclusion is in qualitative 
agreement with the photoelastic measurements although the ratio of the 
Young’s modulus of adhesive and adherend is vastly different between 
the aluminium and photoelastic models. 

I I I I I - 

4. CONCLUSIONS 

I .  Photoelasticity can be used effectively to quantify the effects of 
internal flaw distribution on the fracture behaviours of lap joints. 

2. Contrary to Renton’s conclusion, the lap joint model proposed pro- 
duced significant normal stresses along the adhesive layer close to 
the lap ends. This yields difference in the maximum shear stresses 
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EFFECTS OF FLAWS IN BONDED JOINTS 111 

and the transverse shear stresses along the bonding line. 
3. There was no significant effect of creep and relaxation of the 

lap joint on the maximum shear stresses. 
4. From all the flaw sizes chosen for the investigation, general profile 

of maximum shear stress distribution remained similar. How- 
ever, the larger the flaw size, the higher the maximum shear stresses 
were observed at the lap free ends. 

5 .  A 20% increase in the maximum shear stress was observed at 
the lap ends when an isolated central flaw of 5.0 mm was extended 
to 37.5 mm representing a flaw size 75% of the lap length. 

6. For the case of lap joints containing multiple flaws, there is no 
significant effect of flaw separation distance on the maximum 
shear stresses along the bonding line. 

7. There is a marked increase in the maximum shear stresses up to 
about 45% at the lap ends when the size of multiple flaws is 
increased from 2.5 mm to 7.5 mm. 
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