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Fracture toughness of composite adherend
adhesive joints under mixed mode |

and lll loading
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Materials Research Laboratory, 1 Science Road, Glenwood, Illinois 60425, USA

A tapered double cantilever beam specimen was modified in order to evaluate the fracture
toughness of scarf joints. The modification was relatively simple: the bond line which is
normally perpendicular to the applied load with this type of specimen was inclined to
form the scarf joint. With this change, both normal and shear components of force act on
the crack plane. Hence, in addition to measuring the total strain energy release rate,
Z1otal . 1tS two components, the opening mode toughness, ¢, and the edge shearing or
tearing toughness, ¥, , were measured as well. In spite of the fact that the separation
loads increased continuously with increasing scarf angle, or over-lap length, €., and
<1 only increased so long as the ratio of over-lap length to thickness did not exceed
1.75:1. Further increases in over-lap length decrease the toughness because of separation

of fibres within the composite adherends.

1. Introduction
Adhesive bonds fracture by progressive separations
that initiate at pre-existing cracks or crack-like
defects. These defects may be introduced into the
bond line during joint fabrication, or they may
develop in service because of exposure to an
aggressive environment, and/or to fatigue loading.
" A large body of information has been developed
over the past decade or two on the fracturing of
adhesive bonds. These studies have been mainly
concerned with opening mode cracking, although
a few tests have also been made on mixed mode I
and II cracking [1], and an even smaller number of
tests have been made on mixed mode I and III
cracking {2].

An understanding of mixed mode cracking, and
especially cracking under modes I and III, is
important for developing fracture control plans for
composite structures. When composite are adhe-
sively bonded, step joints are generally used in
which the steps are fine enough so that its shape
approaches that of a scarf joint. These joints are
generally much longer in the direction perpen-
dicular to the applied load than they are parallel
to the applied load so that crack extension occurs
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under a mixed opening and edge-shearing mode,
i.e. modes I and III, as shown in Fig. 1. Hence, test
specimens for evaluating adhesives for composite—
composite or composite—metal joints must develop
combinations of these modes. None of the fracture
specimens developed for evaluating adhesive joints
are especially well suited for this purpose. Hence,
this programme was undertaken to develop a
specimen for studying the behaviour of flawed
joints subjected to modes I to III loading. This
programme must be considered a preliminary
study and recommendations for further study are
contained in the last section.

2. Test materials
A single 305 mm x 305mm (12in x 12in) plate of
graphite—epoxy composite, 2.8mm (0.109in)
thick, was used for this programme. The plate had
alay-up pattern of [+ 45/—45/0/90/0/—45/+ 45],.
Some compliance measurements were also made
using 2024-T351 adherends which were 3.1 mm
(0.121 in) thick.

The adhesive was a scrim-supported generically
modified epoxy, AF-163-2K (2.034gm™2 or
0.06 0z ft™?) manufactured by the 3M Company.
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P Figure 1 Schematic diagram of
mode I and mode III crack
T growth in a scarf joint.

Crack extension direction
{mode I and III)
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3. Test specimen

Structural adhesives crack under a high level of
triaxiality, because the high modulus adherends
prevent the adhesive from contracting. In spite
of this, they do not exhibit a “pop” of the type
frequently found in high strength metals that
fracture in plane strain so that their toughness
cannot be described by an abrupt instability of
the type generally associated with plane strain
fracture toughness testing. Earlier studies of adhes-
ive fracturing have used the strain energy release
rate, &, associated with stable cracking as the
measure of fracture toughness, and defined this as
% 1c [3]. This can be measured most easily with a
linear compliance specimen such as the tapered
double cantilever beam (TDCB) specimen. Stable
cracking is exhibited with this type of specimen
when the cracking load remains constant as a
function of displacement or time. This occurs
because @ is independent of crack length, and a
function of applied load only. This unique feature
facilitates the measurement of critical values of
&, so this specimen type was modified to allow
for mixed mode I and III cracking for the present
study.

The TDCB specimen shape is defined by a
single number, identified as »2, having the dimen-
sions of 1/length [4]. The value of m defines the
dependence of specimen height (%) on crack length
(@) for uniformly thick adherends. The higher the
m number, the smaller the test specimen height at
a given crack length. For this programme, m was
chosen as 1.18 mm™ (30in™"), which resulted in

a specimen that was as small as was thought
reasonable for composite adherends.

In order to simulate the combined mode I and
Il cracking found in composite—composite or
composite—metal joints, the edges to be joined
were tapered to form a scarf joint, as shown in Fig.
2. The ratio of mode III to mode [ cracking
increases as the scarf angle, 8, increases. The shape
of a specimen as described by m is restricted to
adherends having a rectangular cross-section
because the expression used for the moment of
inertia, /, in calculating compliance, assumes such
an adherend shape. For other cross-sections such
as the one used here, the shape factor must be
based on a value of [ that takes into account both
the portion of the adherend that does not change
with «, i.e. the triangular portion, as well as the
rectangular portion that does change with a. The
shape factor for these more complex cross-sections
has been designated m, in [5]. In spite of the fact
that the specimen shape should have been based
on an my type of calculation, modifying the speci-
men contour for each scarf angle would have
increased specimen machining costs as well as the
complexity of the jig used for specimen bonding.
Hence, all specimens were machined to the same
contour. This produced only a negligible error in
calculating & when 6 was small; however, the
error became large enough to require a correction
when the scarf angle was large, as is discussed
below.

To evaluate the specimen compliance, it was
necessary to accurately measure displacements
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Figure 2 Dimensions of test
specimen (m =1.18mm™; 30
in-1y,

Aluminium-

knife-edges

mm inch mm inch
L, = 254 1.0 h, 254 1.0
L,= 762 3.0 h, 50.8 2.0
L, =101.6 4.0
B = 28 0.109 for composite
B = 3.1 0.121 for aluminium

at the loadline while the specimen was being
loaded. A standard clip-gauge of the type used for
toughness testing according to ASTM Test Method
E399 [6] was used, and this requires a knife-edge
to hold it in place. It was not practical to machine
the knife-edge into the composite so that small
aluminium knife-edges, as shown by the cross-
hatched section in Fig. 2, were bonded to the cut-
out section for this purpose.

The first few specimens that were fabricated
were unsatisfactory, because the bond line was too
thin and had a number of voids. After a number of
trials, it was found that a satisfactory bond thick-
ness could be produced by using two layers of
adhesive with a bond pressure of about 0.14 MPa
(20psi) and a 1h cure at 149°C (300° F). The
number of voids were reduced to a reasonable
number of pre-conditioning the adherends at
149° C (300° F) for 1 h.

In order to minimize machining costs, the
adherends were also re-used. After each specimen
was tested, the adhesive was machined off the
bond surface. For small scarf angles, the specimen
could be used a half dozen times or.more. For
larger angles, where the loads were high, the
adherends showed some evidence of damage after
three or four uses.

4. Compliance calibration

As stated above, the test specimen was designed to
an m value of 1.18mm™' (30in'). Experience
has shown that while specimens fabricated to a
contour defined by m (or m,) exhibit a linear
dependence of compliance on crack length, the
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predicted dC/da may not be the same as the
measured value [7]. An additional concern with
composite adherends is that their bending modulus
is sensitive to the ratio of span length to beam
height [8]. Hence, the specimen was compliance
calibrated to determine m', the experimentally
derived value of m. Two groups of specimens were
prepared, one using composite adherends, and the
other using an aluminium alloy. Most of the
compliance calibration was done on specimens
having a scarf angle, 8, of zero degrees. The cali-
bration procedure consisted of preparing the speci-
men in the normal manner with a piece of teflon
tape on the bond line. The length of the teflon
tape was varied to simulate various crack lengths.
Each specimen was loaded and unloaded to get
four load, P, against displacement, A, curves, The
specimen was then turned upside down and four
more curves were collected. These eight values of
compliance were averaged to get one value of
compliance, C, at each crack length, a.

Seven different crack lengths were used for the
composite adherends with a scarf anglé of 0°.
Only two different crack lengths were used for
scarf angles of 45°, 60° and 75°. All the com-
pliance data collected with composite adherends,

. along with the expressions for C against a, are

shown in Fig. 3. Of course, only the 0° data have
enough points to define dC/da with any reasonable
degree of accuracy. Even these limited data show
that the values of dC/de are not much different
for 0°, 45° and 60° scarf joints, but the absolute
values of C for the 60° and 75° joints are markedly
lower than that of the 0° and 45° joints.
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Figure 3 Compliance of composite adherend specimen as
a function of crack length.

Similar data were collected using aluminium
adherends. These data and the dependence of C
on ¢ is shown in Fig. 4. For specimens made with
the two higher scarf angles, 60° and 75°, the
adherends deformed plastically so that these data
were not used.

Using a value of Young’s modulus of 73 GPa
(10.6 x 10° psi), and the thickness of the alumi-
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Figure 4 Compliance of aluminium adherend specimens as
a function of crack length.

nium alloy, 3.1 mm (0.121in), m’ was found to be
1.48mm™ (38in7'). This value is obviously a
great deal higher than the calculated one of 1.18
mm™! (30in™").

The bending modulus of the composite was not
measured. It was calculated, however, using the
composite measured thickness of 2.8 mm (0.109
in) and the value of m' =148mm™ (38in™").
This gave a modulus of 76.7 GPa (11.1 x 10° psi),
or almost the same as that of the aluminium alloy.

Since not enough data were collected on the
larger scarf angles to obtain a useful value of
dC/da, some calculations were carried out to deter-
mine the error in using the dC/da value obtained
for 0°. This was done by modelling the DCB speci-
men as a pair of cantilever beams which deform
only by bending. In this case, the compliance
change is given by

2
where F is Young’s modulus and'J is the moment
of inertia of one of the beam arms at the crack
tip location. Advantage is taken of this relation-
ship in designing linear compliance change speci-
mens; the specimené are shaped so that / increases
in direct proportion to a>.

The beam cross-section in a scarf joint speci-
men is trapezoidal rather than rectangular, as
shown in Fig. 5. When the scarf angle is zero, the
moment of inertia through the centroid of a
rectangular cross-section is \

I = BH/12 @

This expression becomes increasingly incorrect,
as the scarf angle is increased and is most severe at
short crack lengths when A is smallest. The proper
expression for the trapezoid is

BH?
Iy = ST (1+26%— 38% (3

where § = 0.5 (B/H)tan 0. The term in brackets is
clearly a correction factor to the moment of
inertia for the rectangular cross-section. Since dC/
dg is inversely proportional to / the correction
factor for dC/da is

ko= Igfly = (1+267 —3697 4)

The correction factor, k, is plotted in Fig. 6 as a
function of a for values of 8 which were used in
this programme.

The most accurate calculation of joint tough-
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Figure 5 Adherend dimensions.

ness would be made by calculating &, assuming
rectangular cross-sectioned adherends, and correct-
ing these values by using the appropriate value of
k for each crack length. For the three smallest
scarf angles, 0°, 45° and 60°, the correction is less
than 10% for all crack lengths of interest, and
hence no correction was made in the course of
data reduction. For the 75° scarf angle joints, the
calculated value of & based on rectangular cross-
sectioned adherends was reduced by 25% for all
crack lengths. This again gave an error of less than
10% over the range of crack lengths that were
used.

5. Test results

5.1. Method of analysis

The scarf joints made it possible to calculate three
values of & (critical), @ (total) and its two com-
ponents: & for a tearing mode, and € for an
opening mode. These are identified as @re, @y
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Figure 6 Calculated correction factors on compliance
(and ¢ ) as a function of crack length and scarf angle.

and @, respectively*. The expressions for calcu-
lating these quantities are shown in Fig. 7.

b.2. Load P against displacement A curves
The shape of typical P—A curves for each of the
scarf angles is shown in Figs. 8 to 11. It is apparent
that all specimens exhibited a load plateau, i.e.
showed stable cracking. (The initial load peak is
ignored, since it is caused by the blunt starter
crack produced by the teflon tape. As the crack
extends, its tip takes on the shape associated with
a running crack.)

For the 0°, 45° and 60° scarf angle specimens,
the variation in critical load, P, was about *5%,
which gave a variation of £10% in @p. This
amount of scatter is not uncommon for adhesives.
For the 75° joints, the load variation beyond the
peak was somewhat higher, but this added scatter
was associated with a tendency of the load to
decrease with crack length. This negative sloping
P—A curve is necessary to maintain a constant value
of & because of the pronounced negative slope of
the 75% scarf angle specimen curve in Fig. 6.

5.3. Fracture toughness
Equation 1 in Fig. 7 was used to calculate @r..
The value Py, was taken as the average plateau

*The symbols @y, and @y, were reserved for fracturing under pure mode I or I1I loading.
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Figure 7 Calculation of g, @pand .

load for all the specimens having the same scarf
angle; dC/da was taken as 0.06 umN™! (270 uin
1b™!) for the 0°, 45° and 60° joints (see Fig. 3),
and 0.045umN7! (200uinlb™!) for the 75°
joints (see Fig. 6). The two components were

obtained by multiplying @, by either cos? 8 or

sin? 6 as appropriate.

The three toughness parameter, normalized to
@1e, are shown as a function of scarf angle in Fig.
12. @pe/ %1 increased by 60% as the scarf angle
was increased from 0° to 60°, but a further

0.254 mm
(10 mils}
B e

89N
(20 tbs)

Figure 8§ Load, P, against displacement, A, for 0° scarf
angle specimens.

increase of scarf angle to 75° produced a drop in
toughness. @111/ % follows the same shape as the
Crd @1 curve since &y is the dominant com-
ponent of @r, beyond 45° scarf angle. &/ @,
decreased continuously with scarf angle.

An increase in ¥y and @y with scarf angle
might be expected, since fracture resistance is
generally greater for shear mode loading than for
opening mode. The decrease in ¥¢ and &y on
going from the 60° to the 75° scarf angle, which
might not be anticipated, may be the consequence

0.254 mm
D ST
{0.010in)

89N
{20 Ibs) 1

Figure 9 Load, P, against displacement, A, for 45° scarf
angle specimens.
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// 33N 0.254 mm
{30 Ibs) {0.010 in)

Figure 10 Load, P, against displacement, A, for 60° scarf
angle specimens.

of a rapid change in geometrical configuration
which allows for more exposure of the fibre—
matrix inferface, and hence more separation at
this location. The fracture appearance, described
below, is consistent with this view.

, 0.254 mm
222N B
{0.010 in)

{ (50 Lbs)

Figure 11 Load, P, against displacement, A, for 75° scarf
angle specimens.
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Figure 12 Fracture toughness of composite adherend
bonds as a function of scarf angle.

The dependence of &; on &y is shown in Fig.
13. The addition of some tearing mode obviously
decreased the value of & needed for fracture. The
rate at which €; drops is not so fast as to imply
that @p. is a constant, however; on the other
hand, the addition of €%y is more damaging than
the reported effect of adding &y to & for similar
adhesives [2]. ‘

6. Fracture morphology
The fracture surface appearance changed in a
reasonably systematic manner with scarf angle.

a ! ! 1
o 0.5 1

G1m/1

Figure 13 Dependence of ¢ on @yy1.



Figure 14 Typical fracture appearance of 0°
specimen (30 X).

scarf angle

Starting with the 0° scarf angle specimens, separ-
ation occurred near the centre of the bond, Fig.
14, much like the separation reported earlier for
metal adherend specimens [9]. As the scarf angle
increased, the fracture tended to occur closer to
one of the adhesive—adherend interfaces, although
there was still evidence-on both fracture surfaces
for the 60° scarf angle specimen, as shown in Fig.
15. Along with this shifting of the fracture loca-
tion, some of the fibres began pulling out as the
scarf angle increased. For the 45° specimens, only
a few fibres, parallel with the bond line, (i.e. 0°
orientation) were pulled out, while at 60°, pull-out
of the 0° degrees fibres near the fracture surface
was almost complete, Fig. 15. Increasing the angle
from 60° to 70° continued this process. At this

4 i o

[115"’] [lIS{I2 Fibre
uo 90°, 0°,90°, 0 direction

m
U |

Figure 15 Typical fracture appearance of 60° scarf angle
specimen (30 X).

o

[0°,90°,0°]

o)

[0°,90°, 0°]

(451, [ss°1,

[0°,90°,0°]
Lt mm '

Figure 16 Typical fracture appearance of 75° scarf angle
specimen (30 X).

angle most of the fractures appeared to be at the
interface, with almost no evidence of adhesive on
one adhered, and the amount of fibre pull-out was
still more severe, Fig. 16. It is this change from a
cohesive to an adhesive fracture that probably
accounts for the saturation of @, at the 60°
scarf angle in Fig. 12.

7. Conclusions and recommendations

1. A modified TDCB specimen was shown to
be satisfactory for evaluating mixed mode I and III
crack extension of the type that occurs in step
joints of composite—adhesive—composite or com-
posite—adhesive—metal systems. The modification
consisted of changing the cross-section of the
adhered from a rectangular to a trapezoid so that
the bond became a scarf joint rather than a butt
joint,

2. As the scarf angle, 0, increased, i.e. as the
angle was changed to increase the overlap length
of the joint, & increased. The increase was about
60% as the scarf angle increased from 0° to 60°.
A further increase to 75° resulted in a decrease of
Zpe (although the fracture load, P, continued to
increase. When &y, was resolved into opening
mode I, and tearing, mode I11, the former decreased,
while the latter increased with scarf angle. The
addition of @y reduced the critical value of
¢ at a rate much faster than had been previously
shown for the influence of ¥ on &.

3. The fracture morphology changed with scarf
angle, (i.e. with ratio of ¢}/ %y). For pure mode
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I, cracking was centre-of-bond; as @ increased, the
crack tended toward the adherend—adhesive inter-
face, and the amount of fibre pull-out increased.
As the scarf angle increased from 60° to 75°, the
fracture changed from cohesive (within the adhe-
sive) to adhesive. This is probably the reason why
& 1o decreased over this range of scarf angle.

4. The specimen shape was not adjusted to
account for the scarfed portion of the adherend.
Additional testes should be conducted with speci-
mens having this adjustment.

5. Additional tests should also be run with
adherends that do not contain fibres that are
parallel with the bond surface to determine how
much tougher joints might be if fibre pull-out
were minimized.
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