
* ● L, 1

ADDITIONAL INTERFACE CORNER TOUGHNESS DATA FOR AN
ADHESIVELY-BONDED BUTT JOINT

.,.,”,, ,-

E. D. Reedy, Jr. and T. R. Guess
.. .... ., .,,-- ...-...”. ,$,

Sandia National Laboratories Al% j j j$JcJ
P. O. BOX 5800, MS-0443
Albuquerque, New Mexico 87185-0443

. . $-i
e-mail: edreedy(?sandia .gov

*

Abstract. Over a period of 15 months, five sets of adhesively-bonded butt
joints were fabricated and tested. This previously unreported data is used to assess
the variability of measured interface corner toughness values, &,, as well as the
dependence of& on surface preparation. A correlation between KC and the size
of the adhesive failure zone is also noted.

1. Introduction. The observed decrease in the tensile strength of adhesively-
bonded butt joints with increasing bond thickness is accurately predicted by a
fracture criterion that assumes failure occurs at a critical value of the interface
comer stress intensity factor, & (Reedy and Guess, 1993, 1997). This approach
is analogous to linear elastic fracture mechanics except here the critical stress
intensity factor is associated with a discontinuity other than a crack tip (i.e., the
point were the interface intersects the stress-free edge). For the case of a
cylindrical butt joint formed by bonding aluminum adherends together with a thin
epoxy adhesive layer, KC is defined by

Koc = 0.541i77z0268 , (1)

where Z7equals the nominal applied tensile stress at joint failure and h equals one
half of the bond thickness. Eq. 1 assumes that the epoxy adhesive has a Young’s
modulus of 3.5 GPa and a Poisson’s ratio of 0.35, and that the adhesive bond is
thin when compared to all other joint dimensions. Note that when the l&Cfailure
criterion is applicable (i.e., small-scale yielding conditions apply) the log of joint
strength varies linearly with the log of bond thickness, and a change in the &
value causes the plotted line to shift parallel to itself (see Eq. 1).

2. Fabrication and test procedures. Five sets of joints were fabricated over a
period of 15 months. The joint is formed by bonding two 6061-T6 aluminum rods
together with an epoxy adhesive. The adherends are solid cylinders (28.6 mm
diameter by 38.1 mm long) that have been precision machined to guarantee the
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Set 1 was cured for 24 ho;rs at 50 “C followed by an additional 24 hours at 40 ‘C.
This cure schedule was chosen to minimize residual stress. The epoxy’s glass
transition temperature is 68 “C (dielectric measurement technique). Note that Sets
2-5 added an initial 24 hours at 28 “C step to the cure schedule to simplify
handling. This modification of the cure schedule has minimal effect on the
epoxy’s properties. Compression tests of molded epoxy plugs cured with and
without the 28 “C step yielded nearly identical stress-strain relations. All except
one set of joints included joints of several different bond thickness (e.g., 0.25,0.5,
and 1.0 mm). Note that when the K,Cfailure criteria holds, IQ should not depend
on bond thickness. The joints were tested in a conventional, screw-driven load
frame. The load train utilizes a chain linkage to minimize the effect of specimen
misalignment. All joints were tested at room temperature and loaded at a
crosshead displacement rate of 0.2 mm/s.

3. Variability in K.C when measured using nominally identical specimens
and test procedures. Some variability in a toughness parameter like & is
expected. Variability can be caused by variations in the flaw population as well as
from variations in material and interface properties. Variations in fabrication and
test procedures could also contribute. Table 2 shows K~Cdata for four sets of
nominally identical joints fabricated over a period of eight months (all with
sandblasted surfaces, cleaned using the alkaline aqueous method, and cured with
the 28/50/40 “C cure cycle). The coefficient of variation (standard
deviation/average) of &C for the joints in Sets 2, 3, 4 and 5 is 6, 9, 6, and 8
percent, respectively. The variability of IQ in the sets with multiple bond
thickness is no greater than sets with a single bond thickness.

Table 2. Variability in K,c when measured using nominally identical specimens and test procedures.

Set Date Nominal Bond Joints Kc Standard
Fabricated Thickness Tested (MPa mm””) Deviation

(mm) (MPa mm””)

2 4/98 0.5 7 14.9 0.9
3 6/98 0.6 10 15.5 1.4
4 10/98 0.3/0.5/1.0’ 41 14.4 0.9
5 12/98 0.3/0.5/1.0’ 12 16.9 1.3

‘ Approximately equal number of samples of each thickness tested.



Since each set is fabricated at one time, potential variations in processing are
minimized. Many steps are required to make a butt joint specimen. For example,
the alkaline aqueous cleaning procedure involves ten separate steps, and many of
these steps are carefully timed. Furthermore, some processes, as sandblasting, are
not fully controlled. The operator of the sandblaster manually directs the grit
stream across the adherend surface. Moreover, the grit can degrade or become
contaminated with use. Table 2 shows that in spite of possible variations in
processing during the nine-month period when Sets 2-5 were fabricated, the
measured J&Cvalue for these sets is reasonably consistent. The average K.Cvalue
is 15.4 MPa mmoz’, with Set 5 showing the largest deviation from the mean (10
percent).

The time interval between the fabrication and testing of joints in Sets 2-5 varied
from 1 to 17 days. Since physical aging can cause polymer properties to change
with time, differences in the fabrication-to-test time interval are a potential
contributor to the measured variability in K~C.This issue was addressed in Set 4
tests. Forty-one joints were fabricated at one time. One half of the joints was
tested the day following fabrication, whereas the other half was tested 14 days
later. Table 3 shows that there is no discemable difference in the measured& for
the two groups of joints. Physical aging of this epoxy adhesion does not appear to
be a consideration for the cure cycle and time interval investigated.

Table 3. Variability in K,Cwith time interval between fabrication and test (Set 4).

Days Between Nominal Bond Joints Kc Standard
Fabrication Thickness Tested (MPa mm””) Deviation

and Test (mm) (MPa mm””)

1 0.3/0.5/1.0’ 20 14.4 1.0
14 0.3/0.5/1.0’ 21 14.5 0.9

.
‘ Approximately equal number of samples of each thickness tested.

4. Sensitivity of K.Cto surface preparation. Both Set 1 and Set 2 contain

joints with sandblasted (R~ = 5 pm) and as machined (R~ = 1 pm) surfaces. Table
4 shows that K,Cis strongly dependent on surface roughness. The measured&of
Set 1 joints increased 36 percent when the as-machined surface is sandblasted.
Set 2 joints show an even greater increase in & (86 percent). It should be noted
that although the as-machined surfaces of the Set 1 and Set 2 adherends have
similar R~ values, the nature of the roughness is quite different. Set 1 plugs
contain several sets of straight, parallel grooves. Each set of grooves covers the
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entire surface, but each set is rotated with respect to the others. The machining
marks on Set 2 are concentric circles overlaid with short, arc-like scratches.

Table 4. Sensitivity of K= to surface preparation.

Set Cleaning Method Surface Joints & Standard
Roughness Tested (MPa mm’”) Deviation

R. [urn) (MPa mm’”)

Aqueous Alkaline 1 27 12.9 1.1
1 Aqueous Alkaline 5 9 17.6 1.7

Aqueous Alkaline 1 20 8.0 0.7
2 Aqueous Alkaline 5 7 14.9 0.9

Aqueous Alkaline 5 12 16.9 1.3
> Solvent 5 12 14.9 1.1

Table 4 shows that the method of cleaning has only a modest affect on IQ Joints
cleaned with the aqueous alkaline procedure have a 10 percent higher KC than the
joints cleaned with a solvent.

5. Observed correlation of the size of the adhesive failure zone and IQ
A fractography examination of the failed butt joints showed that failure always
initiates adhesively along a segment of the specimen periphery (i.e., at low
magnification the initial failure zone appears to be interracial). Beyond this
thumbnail-like region the failure is cohesive. There was a general tendency for the
size of the adhesive failure zone to decrease as & increased. This was true for
nominally identical joints, and also for joints with different surface preparations.
Figure 1 plots results for all joints in Sets 1-5 except for the Set 1 joints with a 0.2

mm thick bond and a R~=1 ~m surface roughness. There was no clearly definable
region of cohesive failure in these nine joints. The characteristic size of the
adhesive failure zone is taken to be @E7Z (the failure looks roughly
semielliptical, and this is the radius of a semicircle with the same area). Although
this result pertains to a single adherend./adhesive pair, it does suggest that under
certain circumstances, one might be able to estimate & (and the failure stress
since bond thickness is known, Eq. 1) by simply measuring the size of the
adhesive failure zone.
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Fig.1. Measured interface toughness, & vs. the size of the adhesive failure zone, m.


