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The effects of cure time and temperature as well as cool-down rate on the adhesive tensile 
properties, yield stress (cry) and elastic modulus (E), were determined experimentally. 
Commercially available, solid film Metlbond 11 13 (with carrier cloth) and 11 13-2 (without 
carrier cloth) adhesives were used as model adhesives. The experimentally determined 
tensile properties were used to calculate theoretically the critical stain energy release rate 
(GIc) based on the radius of the crack tip deformation zone reported by Bascom. The 
calculated GIc values were then compared with the measured values which are available 
in the literature. The comparison revealed good agreement between the calculated and 
measured Glc values. 

I NTRO D U CTlO N 

The tensile strength and rigidity of adhesives are known to depend on 
the cure temperature, time and cool-down conditions.’*2 This suggests 
that the adhesive fracture stress is also dependent on the cure conditions. 
Adhesively bonded joint failures are usually results of catastrophic 
crack propagations originating from inherent flaws (trapped air bubbles) 
and Hence, complete characterization of adhesives 
requires an investigation of the fracture stresses as a function of different 
cure and service conditions. 
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242 E. SANCAKTAR, H. JOZAVI AND R. M. KLEIN 
A measure of the fracture stress that occurs in the vicinity of a crack 

tip is the strain energy release rate. An investigation of the strain energy 
release rate as a function of different cure conditions will, therefore, 
reveal information on the variation of the fracture stress with respect 
to the same cure conditions. 

The effects of cool-down rates on the critical strain energy release 
rate have been investigated by 0 C o n n 0 r . ~  He reports that a short 
cool-down period results in lower values of G,, compared to those 
obtained with longer cool-down periods. 

The dominant mode of failure for bonded joints (particulary 
for the single lap joint geometry) is the opening mode (Mode-I).6 
For this reason, investigation of the effects of cure conditions on 
the Mode-I strain energy release rate ( G I )  will provide information 
which can be related to the majority of in-service bonding 
conditions. 

This paper presents results on the effects of cure temperature, time 
and cool-down rates on the critical strain energy release rate (G,,), 
elastic tensile modulus (E), and yield strength (cr,,), of a structural epoxy 
adhesive, with and without carrier cloth. The effects of cure temperature 
and time on the bulk tensile properties are investigated experimentally, 
first. These experimental results also provide information on the effects 
of carrier cloth and cure pressure. The optimization behavior of adhesive 
strength (a,) and rigidity (E) with respect to the cure conditions for 
both types of adhesives (with and without the carrier cloth) are obtained 
subsequently. 

Before proceeding further, it will be appropriate to define what is 
meant by the “optimization behavior.” Since there are two parameters 
involved (namely cure temperature and cure time) strength (or rigidity) 
us. cure temperature curves are plotted for different cure time conditions. 
An envelope curve is then fitted through the maxima of these curves. 
This envelope curve is called the “optimization curve.” Any maximum 
on this envelope curve represents the optimum point with respect to 
cure temperature and time. 

I t  is possible to calculate theoretical G I ,  values based on proposed 
relations by using the above mentioned experimental results. Thus, 
calculation of the optimization behavior for the theoretical G,, values 
with respect to the cure conditions is also possible. 

The presence of a carrier cloth also affects the fracture pattern. A 
previous investigation on the Metlbond adhesive’ reported that slow 
crack propagation (a result of ductile fracture) occurred along a plane 

Inherent flaws usually cause the bondline to fail in a brittle 
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BULK TENSILE PROPERTIES OF A N  ADHESIVE 243 
of fiber while fast crack propagation (a result of brittle fracture) was 
confined to planes without fiber. 

As fracture processes affect the bonded adhesive behavior dominantly, 
it becomes necessary to determine accurate relations for the fracture 
stresses as a function of various design and service parameters. If the 
adhesive behaves in a brittle manner (in the bonded form), then the 
use of a LEFM (Linear Elastic Fracture Mechanics) approach can be 
considered appropriate for characterizing the fracture stresses. 

The model adhesives chosen for the project are Metlbond 11 13 and 
11 13-2 which are commercially available from Narmco Materials, Inc. 
(Costa Mesa, California) in -0.01 in. and -0.005 in. thick rolls, 
respectively. As described by the manufacturer, Metlbond 1113 is a 
100% solid, modified epoxy film with a synthetic carrier cloth. Metlbond 
1113-2 is identical to 1113 without the carrier cloth. Both types of 
adhesives are chosen in order to obtain information on the effects of 
the carrier cloth at different cure conditions. 

Pk 
-MODIFIED BINGHAM 
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FIGURE 1 
(5.08 cm/min) Head Rate (Ref. 9). 

Tensile stress-strain behavior of the Metlbond adhesive with 2 in/min 
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244 E. SANCAKTAR, H. JOZAVI AND R. M. KLElN 
Metlbond 1 1 1  3 and 1 1 13-2 were used as model adhesives during a 

number of previous  investigation^.^^^^"'^^^^ These investigations in- 
cluded tensile8q9 and bonded fracture testing' of the same adhesives. 
Even though the G,c and tensile properties us. cure temperature and 
time data are not available from these works, the availability of some 
tensile and bonded fracture data and the successful use of the adhesive 
for testing purposes were the main reasons for choosing the Metlbond 
as the model adhesive for the present investigation. 

Brinson et aI.'v9 previously determined that the mechanical behavior 
of Metlbond 1113 and 1113-2 adhesives (Figure 1) is affected by the 
rate of straining. They showed that the constant strain rate stress-strain 
behavior of the adhesives approaches a perfectly elastic-plastic behavior 
as the magnitude of the strain rate is increased. 

For structural adhesives, an elastic-plastic mechanical behavior as- 
sumption has been used widely by investigators such as Bascom6 and 
Hart-Smith. lo  Bascom6 used a crack tip plane-strain assumption to 
relate the adhesive yield stress, tensile modulus and the radius of the 
crack tip deformation zone to the critical strain energy release rate. 
This way, he was able to calculate a theoretical value for the radius of 
the crack tip deformation zone by using his experimentally measured 
values of Glc ,  cy, and E."-14 A pparently, if information on the radius 
of the crack tip deformation zone ( r y )  is available, then one can calculate 
the GIc values directly from the tensile properties. B a ~ c o m ~ ~ ' ~  reports 
the magnitude of ry  as - 8  x in. for a CTBN-epoxy (Carboxy- 
Terminated Butadiene-Acrylonitrile). 

Experimentally measured Glc values for Metlbond 11 13-2 adhesive 
are available in the literature.' Information in regard to the effects of 
cure conditions on the GI=,  however, is yet to be obtained. 

Adhesive manufacturers generally do not supply detailed information 
on the variation of the tensile properties with cure times and tempera- 
tures. When data are available they are usually limited to the (lap) joint 
strength of adhesives. For example, the product information brochureI6 
for the UHU-PLUS (UHU Linger and Fischer, 758 Buhl Baden, 
W. Germany) adhesive reports that the thermosetting resin/hardener 
system reaches maximum lap joint strength values at the following cure 
time-temperature schedules: 180 minutes at 104"F, 45 minutes at 185"F, 
10 minutes at 212"F, and 5 minutes at 302OF-356"F. The brochure also 
states that high joint strength is obtained at high cure temperatures. 
Reportedly, the lap joint strength (4258 psi) obtained with cure at 356°F 
for 5 minutes is twice that obtained with cure at 68°F for 20 hours. 
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BULK TENSILE PROPERTIES OF AN ADHESIVE , 245 

Objectives 

The objectives of this investigation were: 

behavior, 

behavior, 

mentioned strength-cure and rigidity-cure optimization behaviors, 

and the rigidity-cure optimization behaviors, 

to determine the critical strain energy release rate-cure optimiza- 
tion behavior. 

1) to optimize the adhesive strength us. cure temperature and time 

2) to optimize the adhesive rigidity us. cure temperature and time 

3 )  to determine the effect of the cool-down conditions on the above 

4) to determine the effect of the carrier cloth on the strength-cure 

5) to calculate the GIc values based on a proposed relation and thus 

EXPER I M ENTAL PROC EDU R E 

Manufacturer’s product information for the model adhesives Metlbond 
11 13 and 11 13-2l states that typical mechanical properties can be 
obtained with the following cure conditions: 

Low Standard Fast 
Temperature Cure Cure Cure 

Temperature ( O F )  200 260 290 
Time (Minutes) 120 30 20 
Pressure (psi) 1550 15-50 1550 

Previous  investigation^^*^ have shown that the adhesive tensile 
properties are much easier to measure in the bulk form as compared 
to the bonded form. This is due to the fact that the bulk specimens are 
not affected by the interfacial and geometrical factors which may govern 
the bonded beha~ior .~.’  The same argument is also valid for the 
measurement of GIc with the use of DCB or TDCB specimens. Further- 
more, bulk measurements accurately describe the bonded adhesive 
behavior with cohesive failure, when geometrical factors affecting the 
stress state are accounted for. 
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246 E. SANCAKTAR, H. JOZAVI A N D  R. M. KLEIN 

Specimen preparation 

All tests are performed by using dog-bone type tensile specimens in 
the bulk form (Figure 2). The specimen preparation process can be 
summarized as follows: 

H 34 2 

!I 
5-314 I 

FIGURE 2 Dog-bone bulk tensile specimen (all dimensions are in inches). 

1 )  The roll of adhesive is removed from cold storage (-30°F) and 

2) Eighteen 1-1/2 x 9 in. pieces of the adhesive are cut to make one 
allowed to reach ambient temperature. 
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BULK TENSILE PROPERTIES OF AN ADHESIVE 247 
Metlbond 11 13-2 specimen (eleven plies are needed for Metlbond 11 13 
specimens). 

3) Aluminum plates which have 1-1/2 x 9 x 0.1 in. grooves machined 
in them are used to cure the adhesive specimens. Teflon is sprayed on 
these plates to ensure the release of the cured specimens. The eighteen 
pieces of the adhesive are then placed one at a time into the plate and 
smoothed with a gloved hand in order to get rid of as many air bubbles 
as possible. 

4) The plates and the adhesive are then placed in the center of the 
oven which is at ambient temperature and atmospheric pressure. The 
oven (manufactured by Applied Testing Systems, Saxonburg, PA) is a 
forced convection type and is equipped with a temperature controller. 
The oven controller is then set to the desired cure temperature. A 
thermocouple wrapped in adhesive, to simulate the adhesive tempera- 
ture, is connected to the controller for monitoring the temperature. 
When the desired cure temperature is attained, timing is begun for the 
cure time chosen. The cure time is the amount of time the specimen is 
in the oven and the cure temperature is the temperature in the oven. 
Cure schedules with cure time settings of 20 minutes, 120 minutes, 1000 
minutes, 5000 minutes, and 10,OOO minutes, corresponding to each cure 
temperature setting of 115"F, 140"F, 170"F, 200"F, 230"F, 260°F and 
290°F are used. For each individual cure condition two cool-down rates 
are used. These are a) fast cool-down, which is simulated by taking the 
specimen out of the oven and allowing it to reach ambient temperature, 
and b) slow cool-down, which is simulated by turning the oven off, 
leaving its door closed and allowing it to reach the ambient temperature 
(Figure 3). 

5) The cured adhesive is then stored in a low humidity (-0% relative 
humidity) and room temperature environment. This is done by storing 
the cured adhesive with a silica gel desiccant in a tightly sealed container. 

6) To facilitate the machining of the specimens, the cured adhesive 
is taped to a metal template with two-sided tape. A jigsaw is used to 
remove most of the excess adhesive along the template border. The 
final shaping is done using a router, where the template slides along a 
guide pin to ensure a uniform specimen shape. A drill press with a 1/4 
in. bit is then used to drill the mounting holes in the specimen. After 
the holes are drilled, the specimen is removed from the template and 
smoothed with a sanding block. 

7) In order to be able to monitor the strains and to calculate the 
elastic modulus, electrical resistance strain gages are mounted on the 
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248 E. SANCAKTAR, H. JOZAVI AND R. M. KLElN 

(1 2 4 h R I 0  I 2  1 4  I b  I X  LO 

LLXIL-UUWN IlMt (HKS.)  

FIGURE 3 Temperature decrease us. time for the slow cool-down condition. 

specimens according to the gage manufacturer’s directions (Figure 2). 
The strain gages and the strain gage epoxy are manufactured by the 
Bean Company. 

Test procedure 

The first step of the test procedure was to measure the dimensions of 
x and b (Figure 2) accurately with a vernier caliper. Accuracy of measure- 
ment was important because stress as well as the elastic modulus were 
functions of the cross-sectional area. 

All tests were conducted on a Tinius-Olsen universal testing machine 
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BULK TENSILE PROPERTIES OF AN ADHESIVE 249 

using a constant head rate of 2 in./min. Such a fast head rate was used 
to minimize the viscoelastic effects. The strip chart on the testing 
machine was used to record the load us. time. The strain gage signal 
was amplified through a Vishay bridge amplifier and recorded on a 
strip chart recorder. All specimens were tested in an environment of 
approximately 70°F and 65% relative humidity which was maintained 
with the use of an air conditioning system. 

An additional procedure was applied to determine whether there was 
a density change during the cure process. This was done by carefully 
weighing a piece of uncured adhesive on a Mettler balance and compar- 
ing to the weight of the same piece after cure. 

RESULTS AND DISCUSSION 

The effects of cure conditions on the tensile strength of Metlbond 11 13-2 
and 11 13 are shown in Figures 4 and 5. A cure temperature us. tensile 
strength curve is shown for each cure time. The typical “bell-shaped” 
temperature-strength curves exhibit the increasing-decreasing behavior 
of the tensile strength with respect to the cure temperature and reveal 
the existence of the maxima in such behavior. This behavior is in 
agreement with the results of Chmura and McAbee.’ These figures also 
show the optimization curve for the adhesive strength, with respect to 
the cure temperature and time. The optimization curves are obtained 
by connecting the maximum points on each “bell-shaped” curve. 
Therefore, they are based on the cure time durations of 10, 20, 
120,1000,5000 minutes (and 10,OOO minutes for Metlbond 11 13) and the 
fast cool-down condition. The optimization curves exhibit a decrease 
in tensile strength with increasing cure temperatures and decreasing 
cure times. The authors attribute this behavior to the increase in 
randomness of the adhesive crosslink network resulting in lower values 
of tensile strength. Apparently high temperature short time conditions 
which were applied in this investigation are far from approximating 
steady conditions which are better represented by the low temperature 
long time conditions which were used. Degradation of the latent 
hardener and the polymer structure itself at high temperatures is also 
believed to result in lower values of tensile strength. The authors also 
believe that the magnitudes of the thermal residual stresses which are 
intensified due to the presence of the carrier cloth are increased at high 
temperature short time cure conditions, resulting in lower values of 
tensile strength. These residual stresses also play an important role in 
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FIGURE 4 Metlbond 1 1  13-2 strength-cure optimization curve for the fast cool-down 
condition. 

the reduction of strength for Metlbond 1113-2, as a relatively large 
amount of bulk adhesive material (in comparison to Metlbond 1113 
with carrier cloth) is being cured. 

Figures 6 and 7 show the optimization curves for the elastic moduli 
with respect to the cure temperature and time for Metlbond 1113-2 
and 11 13. The optimization curves for the elastic moduli are obtained 
in the same fashion as that for the tensile strength. Comparisons of 
Figures 4, 5 ,6  and 7 show that the optimization behavior of the elastic 
moduli is similar to that of the ultimate strengths. 

The effects of the cool-down conditions on the tensile strengthsure 
optimization behavior of Metlbond 1113-2 and 1113 are shown in 
Figures 8 and 9. Apparently, the slow cool-down condition yields a 
greater tensile strength in comparison to the fast cool-down condition. 
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FIGURE 5 
condition. 

Metlbond 1 1  13 strength-cure optimization curve for the fast cool-down 

The thermal residual stresses that develop during the initial cure process 
are relieved during the slow cool-down post-cure period, resulting in 
a more stable and favorable molecular network structure. Figures 8 
and 9 also show that the difference in the tensile strengths, obtained 
with the fast and slow cool-down conditions, is greater at high cure 
temperature and short cure times than at low cure temperatures and 
long cure times. Apparently, the thermal residual stresses that develop 
during the initial cure process are lower to start with at low temperature 
and long time cure conditions. In other words, the effects of low 
temperature-long time cure and slow cool-down are similar. 

Thermal stress formation is a function of the thermal gradients present 
in the bulk adhesive. As high-temperature, short-time cure schedules 
represent highly unsteady conditions, larger thermal gradients are 
produced. This situation becomes especially pronounced when a 
relatively large volume of material is used (Metlbond 11 13-2). Therefore, 
steady (slow) cool-down condition results in relatively higher increases 
in strength when applied to highly unsteady (high temperature-short 
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FIGURE 6 
condition. 

Metlbond 11 13-2 rigidity-cure optimization curve for the fast cool-down 

time) initial cure cycles. The following interpretations may be offered 
for this effect: (i) the adhesive continues to be cured during the slow 
cool-down period thus relieving the residual stresses by providing 
uniform cure, (ii) the thermal residual stresses which may be produced 
in the already cured adhesive are minimized with the use of slow cool- 
down which minimizes thermal gradients, (iii) a combination of the 
two effects mentioned above is present. 

A comparison of Figures 8 and 9 reveals the effects of carrier cloth 
on adhesive tensile strength with the fast and slow cool-down conditions. 
For the slow cool-down condition the carrier cloth does not show any 
significant effect on tensile strength. This may be attributed to the effect 
of the slow cool-down condition in the elimination of thermal residual 
stresses. For the fast cool-down condition the carrier cloth again does 
not have any effect on the tensile strength up to (about) 230°F cure 
temperature. This behavior is similar to the above mentioned behavior 
with slow cool-down as low temperature-long time conditions are 
similar to slow cool-down conditions. Past 230°F cure temperature 
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FIGURE 7 Metlbond 1113 rigidity-cure optimization curve for the fast cool-down 
condition. 

(with fast cool-down) the carrier cloth yields higher tensile strength. 
This behavior is in agreement with the results of B r i n ~ o n . * ~ ~  

Comparison of Figure 1 with Figures 8 and 9 reveals the effect of 
cure pressure on adhesive strength. Brinson’s specimens were casted 
by employing a higher cure pressure as the manufacturer’s standard 
cure procedure was app l i ed ,*~~*’~  (see Experimental Procedure Section). 
Apparently, increasing pressure causes an increase in tensile strength 
for both Metlbond 11 13 and 11 13-2. The effect of pressure is greater 
on Metlbond 11 13 than on Metlbond 11 13-2. 

Figure 10 illustrates the effect of cool-down rate on an individual 
“bell-shaped” cure temperature us. strength curve. A parallel shift is 
observed, covering the whole temperature range, except for the lowest 
temperature value (200°F) where a complete cure is not obtained with 
the fast cool-down condition. When a slow cool-down condition is 
used, however, a drastic increase in tensile strength is observed as a 
result of complete cure with extended heating. 

The effect of the cool-down conditions on the rigidity cure optimiza- 
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FIGURE 8 
slow and fast cool-down conditions. 

Comparison of Metlbond 1 1  13-2 strength-cure optimization curves for the 

tion behavior of Metlbond 1113 is shown in Figure 11. Apparently, 
the slow cool-down condition yields higher rigidities in comparison to 
the fast cool-down condition. The rigidity optimization curve obtained 
with the fast cool-down condition approaches the one obtained with 
slow cool-down, at low temperature long time cure conditions. This 
behavior is similar to the one observed in the strength optimization 
curves obtained with fast and slow cool-down conditions (Figure 9). 

Experimental results did not reveal any appreciable effect of the 
cool-down conditions on the rigidity cure optimization behavior of 
Metlbond 1113-2. The authors attribute this result to the general in- 
crease in ductility of Metlbond 11 13-2, when slow cool-down conditions 
are used. Even though the stress values increase with the slow cool-down 
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CURE TMPERATURE ( " C )  

1 60 85 110 135 160 
I r 

CURE TIMES (MINUTES)  

A 10 

a 20 

0 120 

v 1000 

0 5000 

COOL-DOWN CONDITIONS 

(1) smw 
(2) R\ST 

255 

2nd fnst mnl-dnwn mnrlitinns 

condition (as indicated by the increase in tensile strength), the strain 
values also increase to result in unaffected rigidity values. 

Experimental data revealed that, in general, higher cure temperatures 
result in increased ductility and pIastic flow. It was also observed that 
incomplete cure which occurs at low temperature-short time cure con- 
ditions results in low strength brittle material behavior. 

As mentioned earlier, the effect of cure temperature on the weight 
loss of the adhesive was also measured during this investigation. 
Experimental measurements revealed that an increase in cure tempera- 
ture increases the amount of weight loss. This increase was determined 
to be as high as 95%. On the other hand, the overall percentage of the 
weight loss in comparison to the original weight of the bulk adhesive 
(prior to cure) was found to be negligible (.287%). 
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CURE TEMPERATURE ("C)  
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Theoretical calculation of the strain energy release rate 

The energy required to propagate a crack with the application of a 
stress is called the fracture energy. The stress intensity factor (K) is 
used as a measure of the stress in the vicinity of a crack tip. The stress 
intensity factor for an isotropic material can be expressed asi8 

where G is the strain energy release rate and 

E' = E/(1 - v 2 )  (2) 

for the plane-strain condition ( v  is the Poisson's ratio). Equation (1) 
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provides an alternative method for determination of the fracture stress 
with the use of the strain energy release rate (G) instead of the use of 
the stress intensity factor. The expression relating the strain energy 
release rate (G) to the geometrical parameters and the applied load (P) 
is given by,19-21 

ac 
da 

where B is the ma-:ria thickness in the vicinity of t..e crack, - is the 

change in compliance (c) and “a” is the crack length. The load level 
which causes a spontaneous crack propagation is called the critical 
load, and the corresponding strain energy release rate is called the 
critical strain energy release rate (Gc). 
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For a given material the compliance (c) is defined as, 

where 6 is the displacement. Displacement is a function of the loading 
mode, consequently the strain energy release rates must be determined 
according to the mode of loading and hence the mode of failure. There 
are three principal modes of failures: opening mode with GI,, in-plane 
shear with G I I C ,  and torsional shear with Grr,c. 

In industrial applications adhesive joint geometries and loading 
modes frequently produce opening mode failures. Single lap, butt, peel, 
cone, and cantilever joint geometries produce typical examples of Mode- 
I failures. In the presence of mixed opening modes, Mode-I usually 
remains the dominant mode for most engineering applications. 

Various theories have been suggested for relating the yield stress (a,) 
and the tensile modulus (E) to the critical strain energy release rate 
(GI,-). For plane-strain, elastic-plastic failure, Kinloch and Shawz2 
suggest the use of 

a2 
G,, z 6 n Y r y (  1 - v 2 )  

E 

where ry  is the radius of the crack tip deformation zone. Bascom 
reports6" the magnitude of ry  as - 8 x 10- in. for a CTBN-epoxy. 

The form of Eq. (5) was originally introduced by Griffith.23*24 He 
found that crack growth in brittle materials (such as glass) will occur 

when the rate of change of elastic strain energy &) is equal to the 

rate of change of energy required for crack growth (g). Based on 

stress field calculations for an elliptical flaw by I n g l i ~ , ~ ~  Griffith showed 
that 

du U2 
- = G 2 ~ - a .  
da E 

The rate of change of energy (::) - considered by Griffith was only 

due to surface energy. On the other hand, for ductile materials, the 
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BULK TENSILE PROPERTIES OF AN ADHESIVE 259 (g) term involves mainly plastic energy due to crack tip plastic 

deformation. calculated the size (diameter) of this plastic 
deformation zone ( I p )  by considering an infinite plate containing a single 
crack under the action of tensile in-plane loading perpendicular to the 
crack. The diameter of the plastic (deformation) zone ( rp)  was thus 
shown to be 

K :C 
no;’ 

y =- (7) 

where K,,  is the critical stress intensity factor for Mode-I loading. Based 
on Griffith’s energy criterion and Eq. (l), the “corrected” critical strain 
energy release rate could then be written as: 

o2 
G I ,  = n$rp.  

Irwin showed that the plane-strain elastic constraint will increase the 
tensile stress for plastic yielding and thus affect the size of the plastic- 
zone. Such an increase in the yield strength (a,) was estimated to be 
by a factor of - J?.”3’8 The radius of crack tip deformation zone ( ry)  
can, therefore, be written as: 

r p  = 2ry (9) 

for plane-stress and, 

for plane-strain conditions. Substitution of Eqs. (2) and (10) in Eq. (8) 
results in Eq. (5).  

Examination of the l i t e r a t ~ r e ~ ~ ” ~ ’ ~ ~ ’ ~ ~ ~ ~  reveals that the simplest 
method for the experimental measurement of GI,  is the use of the 
Tapered Double Cantilever Beam (TDCB) specimen geometry. In 
TDCB specimens the compliance remains independent of the crack 
length due to the presence of the “height” taper. O’Connor’ reports 
experimental GIc values for Metlbond 11 13-2 adhesive in the bonded 
form, measured with the use of TDCB geometry. It should be noted 
that the G I ,  values obtained for an adhesive with the use of bulk and 
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bonded TDCB specimens are not necessarily the same. Bascom” 
reports that, with bonded TDCB specimens, the maximum value of G I ,  
is obtained when the crack tip deformation zone diameter (2r,) is 
approximately equal to the bond thickness. Bascom’s results also reveal 
that for a CTBN-epoxy this “maximum” GI ,  is approximately equal in 
value to that obtained with the use of a bulk TDCB specimen.” 

For the present investigation, the critical strain energy release rate 
values for the extreme cure conditions are calculated with the use of 
Eq. ( 5 )  by assuming r, = 8 x in6,15 (Table I). The reported v a l ~ e ~ * ~  
of Metlbond adhesive Poisson’s ratio ( u  z 0.37) is used for these calcula- 
tions. Apparently the optimum value of GI ,  is achieved with cure at a 
high temperature and short time and with the adhesive without the 
carrier cloth. The measured G,, values for Metlbond 11 13-2 (as reported 
by O’Connor’) are shown in Table 11-A. As mentioned earlier, 
O’Connor used bonded TDCB specimens to measure the GI,  values. 
Since the bond thicknesses which were used in his investigation (0.025- 
0.030 in) were larger than the typical ry  values for epoxies (as reported 
by Bascom,6*’ ’) his measured G,, values were assumed to be comparable 
to our calculated values for the same material. Apparently for 260°F 
cure, the measured value of G I ,  = 41.22 in-lb/in2 (for 70 minutes cure) 
is in close agreement with our calculated value of G j c  = 40.20 in-lb/inz 
(for 20 minutes cure) when the slow cool-down condition is used 
(Table 11-B). The 50-minute difference in cure times of the compared 
values is assumed to be insignificant as the calculated 11 13-2 G I ,  values 
for 5000 minutes cure and 10 minutes cure are different by only 10% 
(Table I). 

Examination of the literature reveals that the calculated values of 
crack tip deformation radius (r,) increase with increasing environmental 
(test) temperat~re. ’~ Our experimental observations regarding in- 
creased ductility and plastic flow with high cure temperatures and/or 
long cure times and brittle material behavior with low cure temperatures 
and/or short cure times also indicate that the measured r ,  values should 
be larger with higher cure temperatures and/or longer cure times. This 
observation indicates that the G I ,  values listed in Table I may be different 
if the exact values of ry  corresponding to the cure conditions of 
Table I are known. An investigation is now underway by the authors 
to measure experimentally the values of Glc and thus to determine 
experimentally the effects of cure conditions on GIc, with the use of 
single-edge cracked (bulk) specimens. The authors do not expect the 
cure dependence of ry to affect the already determined optimization 
behavior of G,, (i.e. high values obtained with high temperature-short 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
1
3
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1
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time cure conditions), as the variation of ry  with the cure conditions 
has been observed (or ca lc~la ted '~)  to be similar to that of the G,, values. 

TABLE I 
Calculated G I ,  Values 

( ry  = 8 x lo - '  in. assumed) 
I 1  13 Cured at 115°F for SO00 Minutes 
Fast Cool: G,, = 28.68 in-lb/inz 
Slow Cool: G I ,  = 30.73 in-lb/inz 

1113 Cured at 320°F for 10 Minutes 
Fast Cool: G I ,  = 30.15 in-lb/in2 
Slow Cool: G I ,  = 33.34 in-lb/in2 

11 13-2 Cured at 170°F for 5000 Minutes 
Fast Cool: G,, = 29.90 in-lb/in2 
Slow Cool: G,, = 34.36 in-lb/inz 

1113-2 Cured at 320°F for 10 Minutes 
Fast Cool: G I ,  = 29.18 in-lb/inz 
Slow Cool: G I ,  = 38.25 in-lb/in2 

TABLE 11 
A-Reported G,, Value for 11 13-2 in Bonded Form (TDCB Specimens) 

260"F, 70 Minutes Cure with Low Pressure and Slow Cool-Down (8 Hours) 
Average for 2 in/min Heat Rate Tests 

Grc = 41.22 in-lb/inz 

Overall Average from Various Head Rates 
G I ,  = 40.64 in-lb/inz 

B-G,, Value for 1 1  13-2, Calculated with the Use of the Formula: 
6 2  

G,, = 6 n 2 r y ( l  ~ v 2 )  
E 

260"F, 20 Minutes Cure with Low Pressure and Slow Cool-Down (12 Hours) 
G,, = 40.2 in-lb/in2 

CONCLUSIONS 

The authors believe that the results of the present investigation permit 
the following conclusions: 

1) It is possible to optimize the ultimate and fracture strengths, 
rigidity and cost with respect to the cure temperature, time and cool- 
down conditions. 
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2) The ultimate strength and rigidity are higher at the cure conditions 
of low temperature-long time in comparison to the high temperature- 
short time on the optimization curves for Metlbond 11 13 and 11 13-2. 

3) For the adhesive with the carrier cloth (1 113) the slow cool-down 
condition results in a higher ultimate strength and rigidity optimization 
behavior in comparison to the fast cool-down condition. 

4) For the adhesive without the carrier cloth the slow cool-down 
condition results in a higher ultimate strength behavior in comparison 
to the fast cool-down condition. 

5 )  An increase in the cure pressure results in an increase in the 
adhesive tensile strength. 

6 )  An increase in the cure temperature causes an increased amount 
of degradation. 

7) The G,,  values measured using the bonded TDCB specimens and 
the values calculated with the use of the theoretical formula based on 
the plane-strain assumption, measured tensile properties and reported 
crack tip deformation radius value, show good agreement. 

8) The optimum G,, value is obtained with the high temperature- 
short time cure condition, in the absence of carrier cloth. 

The authors believe this important result to be the reason for the 
UHU recommendation'6 of high temperature-short time cure schedules 
for the bonded specimens. Apparently the single lap specimens bonded 
with the UHU thermosetting adhesive yield the highest strength when 
cured with high temperature-short time cure conditions. On the other 
hand, the authors believe that the strength values measured and 
reported by the UHU product information brochure represent fracture 
stresses, rather than adhesive yield stresses. The failure of adhesively 
bonded joints is often due to catastrophic crack propagations originat- 
ing from inherent flaws or impurities on the adhesive-adherend inter- 
face. Hence, complete characterization of adhesives requires investiga- 
tion of its fracture energy (and thus fracture stresses) as a function of 
different cure and service conditions as described in this paper. 
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NO M EN C LATU R E 

stress intensity factor 
strain energy release rate 
elastic modulus 
Poisson’s ratio 
applied load 
compliance 
crack length 
displacement 
critical strain energy release rate 
yield strength 
radius of the crack tip deformation zone 

rate of change of elastic strain energy with crack length 

rate of change of energy required for crack growth 

diameter of the crack tip plastic deformation zone 
Mode-I critical stress intensity factor 
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