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The time-dependent behaviour of adhesively-bonded double-lap joints has been tested. 
The adhesive used was FM300. Three different materials were used for the adherend, 
namely, carbon fibre reinforced composite with quasi-isotropic lay-up, aluminium and 
steel. The specimens were pulled at different speeds and the strength of the joints and 
failure patterns were recorded and analysed. The effect of difTerent ratios of overlap 
length vs. adherend thickness was tested. The results indicate that in the room 
temperature-dry environment for reasonably long joints, the effect of pulling speed on 
the strength of the joints is negligible. In the hot-wet environment this effect becomes 
significant for the composite specimens tested. 

K C J ~ I ~ W ~ Y ;  Adhesive; bonded joints; time-dependent behaviour; composite material; 
coupon tests; strength 

1. INTRODUCTION 

Adhesively-bonded joints are increasingly used in the aerospace 
industry to join structural components together. The components 
can be either both metallic, a combination of metallic and composite, 
or both composite. 

Most adhesives are polymers and, as such, have time-dependent 
behaviour. Their stress-strain relations are rate-sensitive and moduli 
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2 J .  WANG AND D. KELLY 

and strength properties are susceptible to environment effects, 
especially temperature and moisture. The time-dependent properties 
of adhesives may raise serious questions regarding their reliability and 
durability under various loading conditions and in various tempera- 
ture and moisture environments. 

Quite a few publications have appeared in the last twenty years 
concerning analysis of the time-dependent behaviour of the joints [ 1 - 81. 
Some recent publications [ 1, 21 suggested that the time-dependent 
behaviour is so important that the conventional theory, where the 
time-dependent behaviour of the adhesive is ignored or simplified, has 
to be revised. However, regarding the time-dependent behaviour of the 
whole joint, most of the above work provides theoretical analysis only. 
Very limited experimental investigation has been reported in this field. 

Hence, this experimental research was carried out to investigate the 
time-dependent behaviour of some typical adhesively-bonded joints. 
The main objectives of this research are: (1) to gain solid conclusions 
regarding the significance of rate-dependent behaviour of the joints; 
and (2) to achieve a better understanding on the trends of how each 
parameter of the joint, such as overlap length and adherend material, 
and environmental effects such as temperature-moisture, affects the 
rate dependence. 

Double-lap joints were tested in room temperature-dry (RD) and 
hot-wet (HW) environments. The specimens were pulled at different 
speeds and the strength of the joints and failure patterns were recorded 
and analysed. 

2. LITERATURE REVIEW 

Shannon et al. [9] and Hart-Smith [lo] reported important experi- 
mental results regarding the time-dependent behaviour of the 
adhesively-bonded joints during the Primary Adhesively Bonded 
Structure Technology (PABST) program. It was observed in the 
experiment that, for the same hot-wet environment and time, the 
failure load of a specimen subjected to a slow-cycle load was lower 
than that subjected to a sustained load and the latter was, in turn, 
lower than the failure load of the specimen subjected to a (short time) 
static load. These results manifest both fatigue and creep features of 
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STRENGTH AND FAILURE MODE OF JOINTS 3 

the joint. It was also observed that use of adequately long overlap 
effectively prevented the joints from creep failure and the reason was 
explained by Hart-Smith [lo]. For the joint with a long overlap there is 
a lightly-loaded central area which restricts cumulative creep damage. 

The analysis of the time-dependent behaviour of the joint has been 
conducted by quite a few researchers [3-71. In these analyses, the 
adherends were generally considered as elastic materials and the 
adhesives as linearly or non-linearly viscoelastic materials. Moisture 
diffusion was considered by Roy and Neddy [6]. The relaxation and 
creep behaviour was predicted by most authors and the results indicate 
that over a long period of time under a relaxaion condition the stress 
at the ends of the overlap significantly decreases. Under a creep 
condition, at the ends creep strain develops and the stress decreases 
but in the central region the stress increases, resulting in a more 
uniform stress distribution. Jones et al. [7] considered different load 
rates and their results suggested that the strain energy did not vary 
much for the same load with different load rates. 

Chiu et al. [ l ]  and Jones et af. [2] emphasised the difference between 
the strength of the adhesive tested at an extremely low speed and that 
tested at the standard speed of 1.27 mm/min. For those adhesives with 
creep behaviour, the former is lower than the latter. Hence, for a joint 
subjected to a sustained or slow-cycle load, the true load capacity will 
be lower than the expected value if this difference is not considered. 
The authors suggested a simple way to revise Hart-Smith’s analysis 
methodology [ l  I ]  to take this difference into account. When the strain 
energy is calculated the stress-strain curves from low speed tests should 
be used. The authors also presented a comprehensive analysis method 
which extends Hart-Smith’s methodology by incorporating a non- 
linear viscoelastic stress-strain relation. The results were compared 
with a rate-independent solution where the stress-strain relation was 
from the manufacturer of the adhesive. The conclusion was made that 
use of the rate-independent analysis procedure gives results for the 
adhesive shear stresses and strains which were not generally 
conservative. 

In contrast to the amount of analytical work, very limited 
experimental investigation on the time-dependent behaviour of the 
joints has been reported. Mignery and Schapery [8] conducted both 
experimental and analytical research on the time-dependent behaviour 
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4 J. WANG AND D. KELLY 

of a single-lap joint. Unlike many researchers, they assumed the 
adhesive to be an elastic material and the adherend a viscoelastic 
material, which was considered to be true for adherends of matrix- 
dominated layup (angle-ply) and a brittle expoxy adhesive layer. They 
conducted experiments with two different load rates and measured the 
strains at several locations on the surface of the adherends. The finite 
element method was applied to calculate the strains and the results 
were compared with the test measurements. It was concluded that the 
time-dependent mode agreed with test results quite well, in most cases. 
In the experiment an interesting phenomenon was observed. The joint 
failed in the angle-ply adherend at the highest rate and in the adhesive 
at the lowest rate. However, no attempt was made to predict or explain 
such a phenomenon. 

Molent et al. [12], in a report regarding repairs to F-1 1 1 C aircraft in 
service with the Royal Australian Air Force, documented some 
failures of adhesive bonding in the repair program. Some of these 
failures occurred during strain holds. Generally, these failures did not 
occur instantaneously, upon commencement of the strain holds. 
Jones et al. [2] cited the above as practical examples illustrating the 
importance of analysis allowing for strain holds and creep effects. 

3. EXPERIMENTAL METHOD 

3.1. Specimen Preparation 

The adhesive used was FM300K, a product of American Cyanamid 
Company, which is an epoxy-based film adhesive toughened with an 
elastomer and containing an embedded knit polyester carrier. It has 
100% solids content and an amine-type curing agent. Its service 
temperature ranges from -55°C to 150°C. The measured rate- 
dependent stress-strain curves of FM300 a t  room temperature 
determined from thick adherend shear test specimens are given in 
Figure 1 .  

For the joint test conducted in this program, the adherend materials 
used and their properties are: (1) composite made of carbon fibre 
reinforced unidirectional tape, (FIBERITE @ 934). The ply thickness 
is 0.125 mm. The resin in the tape is FIBERITE 934 epoxy (glass 
transition temperature 194°C or 160"C, in dry or wet environment, 
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STRENGTH AND FAILURE MODE O F  JOINTS 
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FIGURE 1 Measured stress-strain curves of FM300 adhesive. 

\chamfer OStxlOt 

FIGURE 2 Geometry of double-lap joint specimens 

respectively). The mechanical properties of the material from the 
manufacturer are listed in Table I. The layup for doublers and central 
adherends are [0, * 45, 90Is and [0, 5 45, 90lZs, respectively. (2) high 
strength aluminium sheet (aircraft grade 202473) with yield strength 
345 MPa and ultimate strength (UTS) 485 MPa; and (3) high strength 
steel sheet, yield strength 420 MPa, UTS 530 MPa. 

TABLE I Typical properties of FIBERITE 934 unidirectional tape 

Mechanical Properties Room Temperature 71°C 
0" Tensile Properties 
Strength, MPa 
Modulus, GPa 
Failure Strain YO 
0" Compression Properties 
Strength, MPa 
Modulus, GPa 
0" Flexural Properties 
Strength, MPa 
Modulus, GPa 
Interlaminar Shear Properties 
Strength, MPa 

1586-1792 
124-138 
1.0- 1.2 

151 7- 1724 
117-138 

1724-2068 
124-145 

117-138 

1586- 1792 
124-138 
1 .o- 1.3 

1310- 151 7 
117-138 

1655- 1861 
124- I45 

83-97 
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6 J.  WANG AND D. KELLY 

The geometry of the test specimen is illustrated in Figure 2, where L 
is overlap length and 2t is the thickness of the central adherend. For 
the composite adherends, the thicknesses of the doublers and the 
central adherends used were 1 mm and 2 mm, respectively, and for the 
metal adherends 1.5 mm and 3 mm. Several aspect ratios ranging from 
L/2t = 7.5 to 30 were used. 

Note that two factors were considered when the thickness and 
aspect ratio were selected; that is (1) the selected values should be 
within or close to the practical application range; and (2) the selection 
should be favourable to revealing the time-dependent behaviour of the 
joint. For instance, for a joint with thin metal adherends, failure tends 
to be tensile failure of the central adherend outside the overlap region, 
which is obviously not time-dependent, hence 3 mm thickness, which is 
at the upper limit of the recommended values [14], was considered. 
(Refer to Reference [15] for a more detailed discussion). 

The specimens were made by professional technicians and the 
manufacturer recommended cure cycle was followed. For the metal 
specimens used in the HW test, the adherend was coated with BR127 
corrosion-inhibiting primer before bonding. 

The specimens used in the HW test were pre-conditioned in a 
humidity chamber with around 85% relative humidity and 71°C 
temperature until they reached an equilibrium moisture content. The 
equilibrium moisture content was considered to have been reached 
when the daily increase in weight of the specimen is less than 1 % of the 
total increase in weight of the specimen during its pre-conditioning 
period. The whole pre-conditioning time lasted for over 6 weeks. 

3.2. Test Machine and Procedure 

The tests were conducted on an Instron tensile test machine mounted 
with a load cell of 100 kN full scale. When the HW test was conducted, 
a high-temperature chamber attached on the Instron machine was 
actuated and the test temperature was controlled to be 92 f 1°C. The 
experiment was started after the specimen reached the specified 
temperature measured using a thermocouple connected to the speci- 
men. 

Note that for epoxy cured at 177°C the upper limit temperature for 
long-term service is 93°C [16]. Thus, this was considered to be the test 
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STRENGTH AND FAILURE MODE OF JOINTS 7 

temperature in the HW test. This temperature is much lower than the 
upper limit of the service temperature of the FM300K adhesive 
(1 50°C, according to the manufacturer) but slightly higher than the 
temperature of 82°C used in PABST HW test [9] where adhesives 
cured at  121°C were used. 

In both RD and HW tests, the specimens were pulled at constant 
speeds until broken. Four test speeds were utilised, namely, 0.1 mm/ 
min, 1 min/min, lOmm/min and lOOm/min. Note that the highest 
speed corresponded to about 3 seconds test duration and the test speed 
in the relevant ASTM standard is 1.27 mm/min. The force- 
displacement relation was recorded. The broken sections of the 
specimens were observed to study the failure patterns. 

3.3. One-way Analysis of Variance 

Since the measured data in the test with the composite specimens 
showed considerable scatter, it is necessary to use an effective 
statistical method to process the test results. Thus, one-way analysis 
of variance, as briefly described in the following part, was adopted. 

In the analysis the following two variables are calculated: 

and 

where 

k = the number of crosshead speeds (levels), k = 4 in this test. 
n = the total number of tests. 
ni= the number of tests at each speed. 
.f = the average value of all measured loads 
x i=the  average value of measured loads at each crosshead speed 
(level) 
xu = individually measured load 
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8 J .  WANG AND D. KELLY 

Sa reflects the effect of different speeds (levels) on the total variance 
of the measured data. Se reflects the random error. Thus, Sa/Se 
indicates the significance of time dependency in terms of statistics. 
Under the hypothesis that there is no time-dependent effect, (i.e. all xij 
have the same expected value) f=Sa/Se is distributed as an F- 
distribution with degrees of freedom (k-1) and (n-k) .  

Using the calculated f from test results, the corresponding 
probability, a, can be found according to the F-distribution function. 
When a is less than a specified value ai (normally 0.10) the hypothesis 
should be rejected, that is the time-dependent effect does exist. The 
following relations are equivalent: 

or 

f > F ( a j ;  k - 1, n - k )  (4) 

Thus, Eq. (4) is used to check the statistical significance. When 
Eq. (4) is satisfied we believe there is a time-dependent effect. 
Otherwise, we believe random error is dominant. In the following 
part, Fa is used as a simple form of F(a; k-1, n-1). 

Note that statistical significance is not necessarily equivalent to the 
significance from an engineering point of view. The former only means 
that the difference of the results is caused by different speeds rather 
than by random errors. 

Detailed description of the analysis of variance can be found in 
statistics books (e.g. Reference [17] ). 

4. RESULTS AND DISCUSSIONS 

The average value of the measured ultimate load and its standard 
deviation are listed in Table 11. The results of one-way analysis of 
variance are listed in Table 111. The increase of the average ultimate 
load as test speed increased from the lowest to the highest was 
calculated for each case and the results are listed in Table IV. 
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STRENGTH AND FAILURE MODE OF JOINTS 9 

a 
0 - 15- 

p 10- E 
1 

5 -  

4.1. RD Test Results 

The results for the composite specimens with aspect ratio L / 2 t =  15 
(Fig. 3 and Tab. 11) show that the measured ultimate load values are 
quire scattered and the average load slightly increased as crosshead 
speed increased from 0.1 mm/min to 10 mm/min and then decreased. 
The calculated f in this case is much less than even FO25 (Tab. 111). 
Thus, the time-dependent effect is not statistically significant. 

The results for the composite specimens with aspect ratio L / 2 t  = 7.5 
are shown in Figure 4. In order to see the overall trends, two drawings 
with different scales are given in the figure. The results show that the 
average load slightly increased as the crosshead speed increased in all 
the speed range. The f value is higher than Fo 0s (Tab. 111). Thus the 
time dependent effect is statistically significant in this case. 

The results for aluminium-adherend specimens (Tab. 11) are very 
similar to those with composite-adherend specimens; that is, in the 
case of L/2t= 15, the average load was lower at higher speed but this 
time dependency is statistically insignificant (Tab. 111) and in the case 
of L/2t = 7.5 the average load increased slightly as the speed increased 
in the whole speed range and this is statistically significant (Tab. 111). 

The results with steel adherend specimens (Tab. 11) show that in 
both cases, of L/2t= 15 and L/2t=7.5,  the average load increased 

x - measured value -- average VQlUe 
connectlon 

0.01 0.1 1 10 100 1000 

Teat speed (mm/min) 

FIGlJRE 3 
test. 

Measured ultimate load vs test speed, composite adherend, L/2t = 15. R D  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
1
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



10 J. WANG AND D. KELLY 

v 
20 - z - 11 - 

Y 

5 1 -  

1 1 0 -  
3 

TABLE I1 Average value of ultimate load and the standard deviation 

Environment Material L/2t Loud, k N  Test speed (mm/min) 
0.1 1 10 100 

15 P,I, 23.38 23.52 23.90 22.85 
Composite 

RD Aluminium 

Steel 

Composite 

HW 

Aluminium 

7.5 

15 

7.5 

15 

7.5 

30 

15 

7.5 

26 

15 

1.60 0.87 0.92 2.47 
21.16 22.00 22.50 22.69 
0.61 0.35 0.31 0.60 

31.70 31.80 31.52 31.58 
0.23 0.46 0.35 0.25 

29.53 29.58 30.55 30.80 
0.11 0.54 0.48 0.71 

37.25 37.988 39.15 40.15 
0.11 0.44 0.36 0.52 

38.00 38.78 39.13 40.55 
0.14 0.49 0.54 0.89 

26.30 30.38 31.60 36.90 
1.75 0.33 0.33 1.21 

15.70 17.02 21.92 25.11 
0.74 0.12 1.14 0.77 
7.93 9.81 12.31 13.98 
0.33 0.17 0.02 0.94 

34.00 38.88 33.98 34.06 
0.42 0.12 0.09 0.12 

33.67 33.95 34.53 34.61 
0.18 0.12 0.25 0.10 

Pull -average ultimate load, Sd -standard deviation. 

30 I I 24 -r I 

o c  
0.01 

x - rneaaured value 
average value 
connection 

I I I 

_ _  

0.1 1 10 100 1000 

Test weed (rnm/mln) 

0.01 

I I 

x - meaaursd value _ _  average value 1 
connection 

- r - 7 - 7 - 1  
0.1 1 10 100 1000 

Test speed (mm/mln) 

(a) Overall vier (b) d e a l  vier 

FIGURE 4 Measured ultimate load v s  test speed, composite adherend, L/21= 7.5, RD 
test. 

slightly as the speed increased in the whole speed range and this is 
statistically significant (Tab. 111). 

The values of increase of the average ultimate load as the test speed 
increased in Table IV are lower than 10%. Hence, from an engineering 
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STRENGTH A N D  FAILURE MODE OF JOINTS 11 

TABLE 111 Results of one-way analysis of variance 

Result Significant 
in Statisti- 
cal terms 

Environment Material L/2t n k f  

Composite 15  24 4 0.35 f < F 0 . 2 5  No 
7.5 16 4 5.805 FOOS < f < F 0 o l  Yes 

R D  Aluminium 1 5  20 4 0.563 f <  F025 No 
7.5 16 4 5.060 F o . o s < f ~ F o . o l  Yes 

Steel 15 16 4 30.49 f >  Fo.01 Yes 
7.5 16 4 10.23 f >  Fool Yes 
30 14 4 129.4 / >  F0.01 Yes 

Composite 15 20 4 139.9 / >  F0.01 Yes 
HW 7.5 12 4 129.5 f > Fo.01 Yes 

Aluminium 26 16 4 0.28 f <  F0.25 No 
I 5  14 4 293 ,f > F0.01 Yes 

point of view the time-dependent effect is insignificant in all the cases 
tested. 

The failure patterns in the case of composite specimens with aspect 
ratio L/2t = 15 are summarised in Figure 5. The delamination cracks in 
the sides of the joints (Fig. 5a) occurred in every specimen. Figure 5b 
shows the front view of the overlap section, where only a little adhesive 
bond separation along one end of the overlap region was observed. In 
most areas, the adhesive layer was covered by a thin layer of fibres 
from the other part (from doubler to central adherend or vice versa). 
This pattern is also observed in every specimen. Figure 5c shows local 

r central adherend 
cracks 

ic 
adhesive visible 
along the end 

adhesive layer 
covered by a small 

pieces 
peeled 

central 
adherend 
or doubler 

13 

FIGURE 5 Failure pattern of joint with composite adherends, L/2t=  15, RD test 
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12 J. WANG AND D. KELLY 

TABLE 1V Average increase of ultimate load as test speed increased from 0.1 to 100 
mm/rnin 

Environment Muterial L/2t Average increase (YO) Significant in engineering 
lerms 

Composite 15 -2.3 
1.5 7.2 

R D  Aluminium 15 
7.5 

Steel 15 
1.5 
30 

Composite 15 
HW 7.5 

Aluminium 26 
15 

-3.8 
4.3 
7.5 
6.7 
40 
60 
16 
0.3 
2.8 

N o  
No 
N o  
N o  
No 
No 
Yes 
Yes 
Yes 
No 
No 

peel of small pieces which occurred in many specimens. It is clear that 
the composite failure (delamination) is the predominant pattern in this 
case. 

The major difference of the failure pattern in the case of composite 
specimens with aspect ratio L/2t = 7.5 is that the adhesive separation, 
as shown in Figure 5b, extended to adbout one-half of the overlap area 
and the failure patterns shown in Figures 5a and 5c were observed in 
fewer than one third of the specimens. These suggested a mixed failure 
form of a composite delamination-adhesive separation. 

The ultimate failure of all the specimens with metal adherends was 
adhesive bond failure. However, before the specimens were broken, 
yield of adherend, due to the tensile stress being higher than the yield 
strength, occurred in all cases, as illustrated in Figure 6, at either 
position A or B or both. 

4.2. HW Test Results 

The results for the composite specimens (Fig. 7) show that the strength 
of the joints was strongly dependent on the test speed. The increase of 
the average ultimate load as test speed increased from the lowest to thc 
highest is 76'70, 60% and 40% for L/2t=7.5, 15 and 30, respectively. 
The f values in Table 111 are much higher than Fo.ol. Thus, the rate 
dependency is highly significant in both statistical and engineering 
senses. The results also show that the strengths of the joints with 
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STRENGTH A N D  FAILURE MODE OF JOINTS 13 

ultimate stress 
of adherend 

ultimate stress 
Adhesive failure in the joint 

!ield of doubler 
yield stress 
of adherend 

- -- 
Strain 

(a) Failure pattern (b)  Stress in adherend 
a t  positions A and B 

FIGURE 6 Failure pattern of joint with metal adherends, R D  test 

T -  1 o , ~~ 

0.0 1 0.1 I 10 100 1000 

Tesl speed ( m m / m i n )  

FIGURE 7 Measured ultimate load v.s test speed. Composite adherend, HW test. 

higher aspect ratio were clearly higher than those with lower aspect 
ratio for the same test speed. 

On the other hand, the results for the aluminium specimens show 
negligible speed dependence (Tab. 11). The increase of the average 
ultimate load as test speed increased from the lowest to the highest is 
2.8% and 0.3% for L/2t  = 15 and 26, respectively (Tab. IV). 

In all the composite specimens with L/2t=7.5 and 15 adhesive 
failure clearly occurred. In the composite specimens with L/2t = 30, 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
4
1
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



14 J.  WANG AND D. KELLY 

depending on the crosshead speed, different failure modes occurred as 
illustrated in Figure 8. Delamination failure (Fig. 8a) occurred in all 
tests with speed 0.1 mm/min and some of the tests with speed 1 mm/ 
min. Central adherend failure (Fig. 8c) occurred in all the tests with 
speed 100 mm/min and some of the tests with speed 10 mm/min. 
Doubler failure (Fig. 8b) occurred in some of the tests with speed 
1 mm/min and in some of the tests with speed 10mm/min. 

The failure pattern of the aluminium specimens was the same as that 
in the RD test (Fig. 6). 

4.3. Discussion 

(1) For the specimens with homogeneous metal adherends, there are 
three main factors affecting the time-dependent behaviour. These are 
the time-dependent behaviour of the adhesive stress-strain relation, the 
overlap length (or aspect ratio, or rigidity ratio between the adhesive 
and adherend) and the tensile strength of the adherend (or strength 
ratio between the adhesive bonding and adherend). 

When the overlap length is extremely short (or the adherends are 
extremely thick), the time dependence is as significant as that in the test 
of adhesive stress-strain relation using thick adherends (Fig. 1). A 
short specimen, therefore, tends to have higher speed dependence if the 
failure form is adhesive failure. 

Dclnmi nation Delamination Cracks 

(a1 Dclaniination @) Brcak of doubler 

( c )  Drc;ik olcc i iml  :idlicrciid 

FIGURE 8 Failure pattern of joint with composite adherends, L/2r=30, HW test. 
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STRENGTH AND FAILURE MODE OF JOINTS 15 

When the overlap length is long enough, if Hart-Smith’s prediction 
Eq. ( 6 )  is considered [I  11, the ultimate load due to the strength of the 
adhesive bond is proportional to the square root of adhesive strain 
energy density. 

where 

P,,,= maximum load per unit width 
E =  elastic modulus of adhesive 
t ,  = thickness of adhesive layer 
w = maximum strain energy density of adhesive 
t = thickness of doubler 

If we extrapolate the curves in Figure 1 to cover a factor of lo3 in 
the strain rate range and integrate the strain energy density, we can 
obtain the ratio between the strain energy density at the highest strain 
rate and that at the lowest strain rate. The result is about 1.25 and its 
square root is about 1.12. As a rough estimation, the latter value sets 
the upper limit of the time-dependent effect to be about 12% for test 
speed varying within 3 orders of magnitude in the RD environment. 
For adherends having relatively high yield strength, this time 
dependency may be fully present. On the other hand, if the load 
capacity due to the ultimate tensile strength of the adherends is lower 
than the load capacity of the adhesive bond calculated using the creep 
threshold strain energy, the failure will be adherend failure outside the 
joint without time dependency. 

In this test, as indicated in Figure 6, at positions A and B the tensile 
stress corresponding to the failure load is higher than the adherend 
yield stress but lower than its ultimate tensile strength. The failure first 
occurred in the form of adherend yielding, then the adhesive failure 
followed due to the effect of the stiffness decrease of the metal at  the 
yielding part. Moreover, if the adherend is considered not to be 
allowed to yield in use, the failure is not time dependent at all. 

( 2 )  For the composite specimens the failure mode is further 
complicated by the factors of delamination and time and environment 
dependence of strength and stiffness of the adherends under a 
complicated stress state. 
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16 J.  WANG AND D.  KELLY 

In the RD test with L / 2 t =  15, the time-dependent effect is 
insignificant as indicated by the analysis of variance. The reason is 
probably that the failure pattern is delamination of the composite 
material which is not significantly time dependent in the RD 
environment. The phenomenon that the average ultimate load was 
lower at the highest speed may be related to the load path moving 
towards the end of the joint due to the adhesive being stiffer at the 
highest speed, but this conclusion is uncertain due to the statistical 
insiginificance. For the composite specimen with L/2t = 7.5, the 
measured ultimate load showed a little rate dependency which is 
statistically significant and the failure pattern is mixed delamination- 
adhesive failure. This can be considered to be due to the lower aspect 
ratio as discussed above. 

In the hot-wet environment the adhesive tends to be weaker and 
presents stronger viscous behaviour. This reasonably explains the 
experimental results with aspect ratios 7.5 and 15. The failure form 
was adhesive failure and the strength of the joints decreased, 
particularly at lower deformation rates. 

In the HW test the effect of the aspect ratio on the strength of the 
joints was more significant than that in the RD test. Probably this is 
because the stiffness of the adhesive became lower at higher 
temperature [ I  81, resulting in a more uniform stress distribution along 
the bonding line, hence, the longer overlap length contributed more to 
the strength of the joint. 

In the case of L/2t = 30 the failure occurred only in the adherends. 
As the speed increased the failure mode changed from delamination to 
doubler failure then to central adherend failure outside the overlap 
region. This phenomenon can be attributed to the speed, temperature 
and moisture dependent behaviour of the composite material of the 
adherend. It is worthwhile to note the work of Yaniv et al. [20] 
regarding measurement of the effects of temperature, moisture and 
strain rate on the properties of a graphite/epoxy composite. They 
reported that the transverse modulus increases with strain rate. 
However, the transverse tensile strength and ultimate strain do not 
exhibit a uniform trend. They both increase with strain rate; however, 
at a certain stain rate they reach a local maximum, and thereafter the 
trend is reversed. The in-plane shear modulus exhibits a small increase 
with increasing strain rate, the shear strength increases significantly, 
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STRENGTH A N D  FAILURE MODE OF JOINTS 17 

and the ultimate shear strain shows a small decrease with increasing 
strain rate. The effect of increase of temperature or  moisture is 
somehow equivalent to decrease of strain rate. On the other hand, as 
expected, the longitudinal tensile properties of the composite material, 
which are fibre-dominated, do not vary significantly with temperature, 
moisture or strain rate. Based on the above information it is evident 
that the speed, temperature and moisture dependent behaviour of the 
composite material is quite complicated and to explain fully the results 
in this test a numerical simulation of the time-dependent behaviour of 
the joints in the hot-wet environment, based on experimental 
investigation of the properties of the composite material in the same 
condition. needs to be carried out. 

5. CONCLUSIONS 

(1) In the room temperature-dry test of the specimens with composite 
adherends, the failure pattern of the joint was delamination of 
composite and the speed-dependent effect on the strength of the 
joint was negligible. 

(2)  In the room temperature-dry test using the specimens with 
aluminium and steel adherends and in the hot-wet test using the 
specimens with aluminium adherends, the failure pattern was 
initial yielding of adherend followed by adhesive failure and the 
speed-dependent effect was negligible. 

(3) In the hot-wet test using the composite specimens the speed 
dependence was significant. As the test speed increased from 
0.1 mm/min to 100 mm/min, the average ultimate load increased 
by 76%, 60% and 40% for specimens with L/2t=7.5, 15 and 30, 
respectively. In the case of L/2t = 7.5 and 15 the failure pattern was 
adhesive (cohesive) failure. In the case of L/2t= 30 the failure 
mode was delamination, doubler failure and central adherend 
failure, respectively, as the speed increased. Shorter overlap length 
tends to reduce the joint strength and increase the time 
dependence. 

(4) In a room temperature-dry environment, for long double lap joints 
with metal adherends with tensile strength higher than those used 
in this test (yield strength higher than 345 MPa for aluminium and 
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18 J. WANG AND D. KELLY 

500 MPa for steel, which may find rather few applications) and 
FM300 adhesive, the increase of ultimate load over the speed 
range from 0.1 to 100 mm/min is expected to be limited to below 
12%. 

( 5 )  Further investigation of the time dependence of the delamination 
strength of the adherend and tensile strength of the adherend 
under a complicated stress state in the hot-wet environment needs 
to be considered and numerical simulation of the time-dependent 
behaviour of the joints in the hot-wet environment needs to be 
carried out. 
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