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Abstract

Fractured surfaces of epoxy adhesives under mode I static and fatigue (cyclic) loading have fractal characteristics. The effects of
rubber modification, adhesive thickness and cross-head speed (static only) on both static and fatigue fracture surfaces of epoxy

adhesives were examined using fractals.

Under static loading, the fractal dimension becomes high due to rubber modification. It is related to the static crack growth
properties for both unmodified and rubber-modified adhesives. The following equation gives the relationship between the observed

crack extension resistance, G; and the fractal dimension, D:

logGy=0,"D + f,,

where «; and f3, are experimental constants. Regardless of whether adhesives contain rubber particles or not, the fractal dimension is

not affected by adhesive thickness and cross-head speed.

Under fatigue loading, the fractal dimension of the fractured surfaces becomes high due to rubber modification under the same
energy release rate range, AG, when AG; is higher than 100 J/m?. The fractal dimension decreases with an increase in the fatigue crack
growth rate, da/dN. A relationship is given by the following equation between a surface ‘fatigue working’ parameter for the crack,
S(= da/dN - AG,) and the fractal dimension for unmodified and rubber modified adhesives:

da
10gS=log<w-AGl> =os5-D + fs,

where o5 and 5 are experimental constants. Whether the adhesives contain rubber particles or not, the fractal dimension as well as the
da/dN — AG; relation is little affected by adhesive thickness. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Epoxy adhesives have been modified by using various
methods to improve their fracture toughness [1-3]. In
studies on the fracture toughness of adhesively-bonded
joints, fracture surfaces are always examined to distin-
guish the failure characteristics by using a SEM [4-6].
Such surfaces are thought to have inherent properties in
response to the failure process of the adhesives, namely,
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the fractured surface could be related to the fracture
toughness and durability of adhesive-bonded joints. For
example, the fractured surface of rubber-modified adhes-
ives is more complex than that for unmodified adhesives
[7]. A toughening mechanism for rubber-modified ad-
hesives has also been examined with fracture surface
analysis. Many workers studied the toughening and frac-
ture surfaces of rubber-modified adhesives [8,9]. How-
ever, in the absence of a theoretical basis for analysis and
experimental methodology, much of the surface informa-
tion is often ignored. Early investigators simply charac-
terized the geometry of fracture surfaces using terms such
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as ‘complex’ or ‘rough’, while the roughness defined by
national standards such as JIS [10] (Japanese Industrial
Standard), BS, ASTM or ISO [11] is sometimes used to
evaluate surface geometry quantitatively. However, we
believe that such standards are insufficient to distinguish
the differences between fractured surfaces of adhesives.
A more meaningful quantitative characterization of frac-
tured surfaces is very desirable for estimating the fracture
mechanisms in adhesive-bonded joints.

The authors have revealed that the fractured surfaces
of epoxy adhesives under both static and fatigue loadings
have fractal characteristics [12]. We also established
from the physical point of view using the linear finite-
element analysis that the fractal dimension of fractured
surfaces can be related to the energy release rate. There-
fore, we believe that the effects of various factors on both
static crack growth properties of adhesive-bonded joints
and fractured surfaces of epoxy adhesives can be clearly
established using the fractal dimension.

In the present study, we investigate the static and
fatigue fracture surfaces of epoxy adhesives evaluated
quantitatively by using fractals. We also examine the
effects of rubber modification and adhesive thickness on
static and fatigue fracture surfaces of epoxy adhesives by
using fractals. Mode I tests were conducted using double
cantilever beam (DCB) specimens fabricated with un-
modified and rubber-modified adhesives.

2. Experiment
2.1. Specimens

DCB specimens were employed, with mode I loads
being applied to the specimens both statically and cycli-
cally. The specimen dimensions are shown in Fig. 1. An
epoxy adhesive, Epikote 828 was used in this investigation.
Three types of adhesive were tested: an unmodified epoxy
and two CNBR (cross-linked acrylonitrile-butadiene
rubber (NBR-COOH)) modified epoxies (2.8 and 5.5%
modified, by weight). In this rubber modification method,
sub-micron rubber particles, 70-200 nm in diameter, have
been mixed into an epoxy resin (not hardener) before the
resin and the hardener are mixed to consolidate [13].
Therefore, the epoxy resin can contain rubber particles
whose diameters are almost constant after curing. Rela-
tively high-strength carbon steel was used for the
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Fig. 1. Dimensions of the double cantilever beam specimen.

adherends. The surfaces of the adherends were abraded
with sandpaper and solvent cleaned. Two PTFE
films were inserted between two adherends in order to
control adhesive thickness, (= 0.1, 0.3, 0.5 mm). The
adhesives were cured according to the manufacturer’s
recommended procedure. All the specimens were kept in
a chamber at 23 + 3°C and 65 + 5% relative humidity
for at least one week before testing. All the tests were
conducted under the laboratory environment at room
temperature.

2.2. Static tests

All tests on the DCB specimens were performed using
an Instron testing machine. The specimen, having a nat-
urally shaped crack from an artificial pre-crack tip, was
set in the testing machine using a jig. The pin connecting
the DCB specimen and the tensile jig was pulled down-
wards until a stable crack was formed. Once stable crack
growth was observed, the cross-head was stopped and
held for 2 min. When the cross-head was held, the crack
gradually grew and the observed load decreased. Then,
the load was removed to estimate the compliance of the
DCB specimen. Similar loading—unloading procedures
were conducted up to final separation of the specimen. In
this study, four types of cross-head speeds, v ( = 0.01, 0.1,
1, 10 mm min ') were tested. Displacement between the
loading points was measured using an extensometer.
Crack length in the adhesive layer was measured inter-
mittently using a microscope/TV system to check the
crack length estimated by the compliance. The energy
release rate, G; was calculated by the compliance method.

2.3. Fatigue tests

Fatigue tests were conducted using a servohydraulic
testing machine at a frequency of 2 Hz under cyclic
loading with constant amplitude. The waveform of the
cyclic load was triangular. The load ratio R between the
minimum and maximum loads was 0.1. We monitored
crack length, applied load and displacement continuous-
ly during the test. Crack length in the adhesive layer was
also estimated from the observed compliance of the DCB
specimen. The location of the crack tip was intermittently
observed using the microscope/TV system to check the
crack length estimated by the compliance.

2.4. Observation of fractured surfaces and measurement
of fractal dimension

Fig. 2 shows the location for observation of the fracture
surfaces: (a) shows the static fracture surface and; (b)
shows the fatigue fracture surface. The observed area was
in the center of the fracture surface and parallel to the
crack growth direction. The geometry of the fracture
surface was traced using a laser scanning microscope
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Fig. 2. Locations for fracture surface examination.

(Lasertec Corp., 1LM21). Then, the curve representing
surface roughness was obtained.

The laser scanning microscope digitizes the surface
topology of the failed specimen by first dividing the
surface traces into 1024 equal parts in the longitudinal
direction and then converting the depth of the surface
from analogue to digital form. Object lenses having dif-
ferent magnification can be attached to the microscope,
while its spatial resolution in the field of view are con-
stant for all lenses. Along the x-axis (in the longitudinal
direction), the resolution is 1024, while the resolution in
depth is 256. Therefore, the surface topology can be
measured in more detail when the higher magnification
lens is used.

The adhesive thickness was changed from ¢t = 0.1 to
0.5mm in this study. When the adhesive thickness is
0.1 mm, the roughness (depth) of the fractured surface
must be smaller than 0.1 mm. We considered that the
observed distance in the longitudinal direction should
approximately correspond to the adhesive thickness in
order to estimate the fractal dimension of the fracture
surface. When the fatigue test is conducted under cyclic
loading at constant amplitude, the energy release rate
changes with respect to crack length. When we try to
estimate the fractal dimension of the fracture surface, it
must be derivable that the energy release rate within the
observed distance is almost constant; the change in en-
ergy release rate is therefore small. Therefore, we speci-
fied in the present work that the change in the energy
release rate within the observed area is below 0.5%.
Based on the above considerations, the x 50 object lens
was used and the observed distance was 0.1 mm in this
study. As some data for synchronized signals are con-
tained in the digital data for surface profiles coming from
the laser scanning microscope, almost half the data (500)
for each fractured surface trace will be utilized. The basic
length for estimating the fractal is 0.05 mm. A resolution
for measuring the surface profiles is 0.1 pm.

The fractal dimension of a curve representing the sur-
face roughness of the failed specimen is calculated using

the box counting method which we used previously [12].
If the fractured surface has fractal characteristics, there is
a relationship given by the following equation between
the number of boxes (squares), N (r) and the side length of
the box, r.

N@F)ocr P (1)

Taking the logarithm of both sides of the above equation
gives

logN(r) =logC — D logr, (2)

where C is an arbitrary constant and D is the fractal
dimension for the curve. D takes a value in the range
1<D<2

3. Results and discussion

The specimens fabricated using the epoxy adhesives
failed either in a cohesive or an interfacial manner. The
fractured surfaces of epoxy adhesives changed due to the
test conditions.

Under static loading, the specimens bonded with the
rubber-modified adhesives mostly failed cohesively as
shown in Fig. 2(a). Even the specimens bonded with the
unmodified adhesive mostly failed cohesively, although
partial interfacial failure may have occurred. SEM micro-
graphs of higher magnification did not reveal crack
propagation within the rubber particles. Thus, rubber
cavitation did not occur due to delamination. When
specimens failed interfacially for the unmodified adhesive,
the fractured surface was very smooth and the fracture
toughness was smaller than that of the specimens which
had failed cohesively. The smooth surface also had fractal
characteristics with a fractal dimension of almost 1.0.

Under fatigue loading, the specimens bonded with the
unmodified and rubber-modified adhesives mostly failed
in the interfacial manner at low fatigue crack growth rate,
as shown in Fig. 2b. When the specimens failed in the
interfacial manner, the fractured surfaces were very
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Fig. 3. Surface traces of fracture surfaces. (Unmodified and 5.5 wt% rubber-modified adhesives).

smooth and almost reflected the original surfaces of the
adherends, similar to the case when the specimens failed
interfacially under static loading. With an increase in the
range of the energy release rate fatigue crack growth rate,
cohesive failure occurred partially in the center of the
adherend and spread over the width direction of the
specimen. In this study, we focus on fracture surfaces
caused by cohesive failure all over the width direction.
Fractured surfaces caused by interfacial failure and inter-
facial-cohesive mixed failure were not studied.

The roughness of static and fatigue fracture surfaces
measured using the laser scanning microscope are shown
in Fig. 3a—d. Differences between surface characteristics
of the two types of adhesives are well distinguishable.

Fig. 4a—d shows the relationship between the number
of boxes, N(r) and the side length of the box, r.
Fig. 4 corresponds to Fig. 3. The relationship between
N(r) and r can be represented by a straight line having
a negative slope in the log-log scaled figures. Fractal
dimensions were also calculated at many locations other
than the center portion. The results using the box-count-
ing method fitted well to Eq. (1). Thus, it can be said that
both static and fatigue fractured surfaces have fractal
characteristics.

In order to examine the variation of the estimated
fractal dimension due to a change of measuring condi-
tions, the fractured surfaces under both static and fatigue
loadings were digitally traced using object lenses having

different magnifications ( x 10, x20, x40, x 50, x 100).
The traces are shown in Fig. 5. As the magnification of
the lens increases, the observed length becomes short and
the resolution for depth of the surface increases as the
resolution for distance increases. The maximum depth,
namely the distance between the top and the bottom of
the trace, is almost constant. More detailed surface topol-
ogy can be distinguished with a lens having higher mag-
nification. In both static and fatigue fractured surfaces for
all magnifications, the relationship between the number
of squares, N (r) and the side length, r can be represented
by a straight line having a negative slope in the log—log
scaled figures.?

Fig. 6 shows the variation of fractal dimension, D and
log C (in Eq. (2)) with respect to lens magnification for

!When the object lenses were changed, we paid a lot of attention not to
move the specimen. Even so, the observed location became slightly
different when we changed the object lenses. < /FTN > 1.

2The lower limit of ** depends on the resolution of the surface trace.
When r is shorter than the resolution of the microscope in either
direction, the surface trace is regarded as a straight line and the slope of
the N(r) —r curve approaches * — 1’. Therefore, a meaningful fractal
dimension cannot be estimated if shorter lengths for r than the limita-
tion are included in the N(r) — r curve. When we use the x 10 object
lens, the resolution in the longitudinal direction is 0.5 um and r is
limited to higher than 0.5 um even if the resolution in the vertical
direction is higher than 0.5 pm.
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Fig. 5. Surface traces of static and fatigue fracture surfaces for 5.5 wt% rubber-modified adhesive using various object lenses.

both static and fatigue fractured surfaces. For the static
fractured surface, D is almost constant although log C
decreases with increasing magnification. For both static
and fatigue fractured surfaces, log C decreases with in-
creasing magnification. D changes slightly at a range of
x 10 to x40. At this range, D increases with increasing
magnification. However, D is almost constant for the
x 50 and x 100 object lenses. The reason why D changes
for fatigue fractured surface due to the object lens magni-
fication must be related to the crack growth rate. As
previously mentioned, the energy release rate is not

constant regardless of crack length from the loading
point for the DCB specimens under cyclic loading at
a constant amplitude. Therefore, the crack growth rate is
also not constant. When a wide range of fatigue fractured
surface is observed for estimating the fractal dimension, it
must be difficult to neglect the change in crack growth
rate within this range. Thus, both aspects for cracks
whose growth rates are slow and fast are involved in the
observed failure surface. Consequently, the observed
value of D changes due to the observed distance, al-
though the reason why D decreases slightly by increasing
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Fig. 6. Effect of magnification on the fractal dimension D and a constant C.

the observed distance is not clear. Fig. 7 shows the
variation of fractal dimension, D and log C (in Equation
(2)) with respect to the number of data (200, 300, 400, 500,
600, 700, 800, 900) for the static fractured surface while
the x 50 lens was used. D is almost constant, but log C
increases with increasing the number of data. It is found
from Figs 6 and 7 that log C (in Eq. (2)) depends on the
observed distance (magnification) and the number of
data. Based on the above results, we concluded that the
x 50 object lens is suitable for tracing the surface topol-
ogy. We also concluded that the fractal dimension,
D should be used as an indicator which can quantitat-
ively characterize the fractured surfaces since the fractal
dimension is little affected by both the observed distance
and the number of data.

In the mathematical sense, the fractal dimension rep-
resents the degree of self-similarity of a curve as can be
seen in the von Koch snow-flake curve [14,15]. The
fractal dimension of fractured surfaces used in this study
is considered as an indicator representing the geometric
complexity. It should not be regarded as a parameter
representing the degree of the self-similarity® Namely, the
fractal dimension used in the present work should be
a self-affine fractal rather than a self-similar fractal. Here,
the self-affine fractal is only self-similar when scaled in
one direction [16,17]. ‘Self-affine’ defines a characteristic
in which the objects do not change with different scale of
enlargement in one direction [17,18]. The box counting
method used for estimating the observed fractal dimen-
sion is based on the self-similar concept [16,17].
Therefore, strictly speaking, the usage of the box count-
ing method might cause some problems for estimating
the observed fractal dimension of fractured surfaces.
However, Figs. 6 and 7 confirm that there are a few

31t is also deduced that the fracture process of adhesively bonded joints
has a self-similarity. When we observe the failure phenomena of adhes-
ives, the fracture occurs from a microscopic level (damage/yielding) to
a macroscopic level (crack) through a mesoscopic state.
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problems in practical cases where in the box counting
method is used.

There must exist upper and lower limits for the adapta-
tion of Eq. (1) in practical cases. The lower limit of
depends on the resolution of the surface trace as
mentioned before in the foot note. The upper limit is
an observed length. In this case, the surface trace is
presumed to have pseudo-self-similarity within a range
where the trace was examined. An infinite trace cannot
be measured. Although such limitations exist, the fractal
dimension must be effective to characterize the complex
geometry of fractured surfaces as long as conditions
such as resolution, distance, and the number of data do
not change. Similar discussions on the applicability of
fractals for surface characterization of metals can be
found elsewhere [18-22]. Previously, the fractal dimen-
sion was examined from the physical point of view using
linear finite element analysis [12]. According to the rela-
tionship between the model fractured surface and the
fractal dimension (see Fig. 8), the fractal dimension of
a fractured surface can be related to the roughness of the
surface. As the surface becomes more complex, i.e.
rougher, the fractal dimension of the fracture surface
increases.
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We will discuss the effects of rubber modification and
adhesive thickness on the static and fatigue fractured
surfaces using the fractal dimension below.

3.1. The effects of rubber modification, adhesive thickness
and cross-head speed on the static fractured surfaces

Fig. 9 shows the load-displacement curve for 5.5 wt%
rubber modified adhesive (t = 0.3 mm, v = 1.0 mmmin~1).
The change in crack extension resistance with respect to
crack extension length, i.e. R-curve, is also given in the
figure [23]. The load increases linearly from zero to
Point A. The crack extension resistance at Point A is
designated as G;. Then, the curve becomes non-linear.
The load becomes a maximum at Point B. At Point B, the
crack extension resistance is designated as Gy ppay Since
the load is a maximum. Gyg represents the crack exten-
sion resistance at Point C because it changes little with
an increase in crack length and the crack grows stably. In
the present study, we focus on Gypn., among the three
crack extension resistances and the R-curve in the fractal
analysis.

Fig. 10 shows the variation of fractal dimension and
Gipmax With respect to rubber content for three types of
epoxy adhesives (at conditions of = 0.3 mm and
v =1.0mm min~'). Fig. 11 also shows the variation of
fractal dimension and crack extension resistance with
respect to crack extension length for three adhesives (at
the same conditions as in Fig. 10). In these figures, it is
found that the fractal dimension as well as the crack
extension resistance becomes high with increasing rubber
content. In other words, the fractured surface of epoxy
adhesives becomes complex with increasing rubber
content.

Fig. 12 shows the relationship between the crack exten-
sion resistance and the fractal dimension for three epoxy
adhesives, where the data were estimated from Fig. 11.
The following equation gives the relationship between
the crack extension resistance, Gy (including Gy1, Gipmax
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and G;g) and the fractal dimension, D:
IOgGI:O(I'D+ﬁ1A (3)

where o; and f; are experimental constants. The fractal
dimension of the static fractured surfaces can evaluate
the static crack growth properties for both unmodified
and rubber-modified epoxy adhesives. As the D — G
relation can be represented by Eq. (3), we can estimate the
crack extension resistance, G; from the fractal dimension,
D for an arbitrary position if the adhesive thickness and
the cross-head speed are given. It is estimated from either
Eq. (3) or Fig. 12 that a flat surface (with a fractal
dimension of 1.0) can be created at about 100 J/m? en-
ergy when the adhesive thickness is 0.3mm and the
cross-head speed is 1.0 mmmin™'. This estimation has
not been confirmed by the experiment since all the adhes-
ives failed cohesively under static loading. However, it is
interesting that interfacial failure begins at about AG;
=100 J/m? under cyclic loading, although this might
just be a coincidence.

Fig. 13 shows the variation of fractal dimension
and Gypm., With respect to adhesive thickness for
unmodified and 5.5 wt% rubber-modified adhesives
(v = 1.0 mmmin~!). For the unmodified adhesive, the
fractal dimension is not affected by adhesive thickness
although Gj p,.c appreciably increases when the adhesive
thickness varies from t = 0.1 mm to 0.3 and 0.5 mm. On
the other hand, for the 5.5 wt% rubber-modified adhes-
ive, Gypmax increases linearly and significantly when the
adhesive thickness varies from ¢t =0.1 to 0.5 mm. An
increase in the fractal dimension is distinguishable, but, it
should be noted that the increase is very small.

Fig. 14 shows the variation of fractal dimension and
Gipmax With respect to cross-head speed for unmodified
and 5.5 wt% rubber-modified adhesives (¢t = 0.3 mm).
For the unmodified adhesive, the fractal dimension and
Gipmax are not affected by cross-head speed. For the
5.5 wt% rubber-modified adhesive, the fractal dimension
is also not affected by cross-head speed as well although
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Gy.pmax InCreases linearly when the cross-head speed va-
ries from v = 0.01 to 10 mmmin~!.

Creating a complex surface means the crack propa-
gates in a zig-zag fashion; the true surface area increases.
In the present study, the projected area of the fracture
surface is used for G; estimation, and it is not the true
area. The true area (i.e. the actual path between two
locations) increases due to crack deflection, even if the
projected area (i.e. the straight distance) is constant.
Therefore, it is considered that the increase of fractal
dimension could explain the increase of the observed
crack extension resistance due to an increase of true
fractured surface. However, it is known that the surface
energy of polymers is very small. The inherent fracture
toughness is 1000-10000 times larger than the energy
estimated by the surface energy [24,25]. Based on the
above fact, we should recognize that the increase in
fractal dimension cannot easily explain the large increase
of the crack extension resistance in Fig. 10 and 11,
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although an increase of fractal dimension indicates an
increase of the true area (i.e. the actual path between two
locations) due to crack deflection.

Generally, it is considered that an increase of crack
extension resistance, for example fracture toughness, of
ductile materials is due to an increase of plastic deforma-
tion zones at and near a crack tip [7,24,25]. For epoxy
adhesives, the yield stress is lowered by including sub-
micron spheres of rubber due to stress concentration
around the rubber particles. In addition to plastic defor-
mation, microscopic damage such as sub-micron cracks
and delamination must occur around the particles here
and there after yielding occurs. Strain at fracture also
increases, and strain hardening becomes small. There-
fore, a larger plastic deformation and microscopically
damaged zone than that for the unmodified adhesive
must be formed ahead of the crack due to early yielding
of the resin around the rubber particles for rubber-modi-
fied adhesives. Plastic yielding grows and micro-scopic
damage accumulates at wide areas on both sides of the
crack. The rubber (CNBR) particles are so tiny
(70-200 nm in diameter) that the strong bridging effect of
rubber particles is unexpected for pinning the crack,
which is often referred for explaining the toughening
mechanisms of rubber modified adhesives and polymers
(for example, CTBN modified epoxies [7,26]. The direct
crack deflection effect of rubber particles is also less
expected because no rubber spheres have been distin-
guished in the fracture surface and the average depth of
the fracture surface is much greater than the mean dia-
meter of the CNBR particles. On the other hand, when
CTBN modification is applied to an epoxy adhesive,
relatively large rubber spheres and dimples around
2-5um in diameter are usually found in the fracture
surface of the adhesive [7,26]. In this case, we may say
that there exists both direct crack pinning and deflection
effects.

When a large zone of plastic yielding and damage has
been previously formed ahead of the crack and then the
crack propagates into it, the fracture surface must be-
come more complex in correspondence with the degree of
plastic deformation/damage and the size of the yield-
ing/damaged zone. The microscopic bridging, crack
pinning, and deflection effects may promote the failure
surface to be self-affine. An increase of crack extension
resistance could be explained by the expansion of the
yielding/damaged zone, and also an increase of fractal
dimension could be explained by the crack propagating
in the plastic/damaged zone previously formed, as shown
in Fig. 15. Thus, when a crack propagates into the adhes-
ive layer, plastic zones are formed in the resin, perpen-
dicular to the direction of macro-crack growth. In such
a failure which occurs as the result of crack growth with
plastic deformation and microscopic damage at a crack
tip, the fracture surface becomes more complex in corres-
pondence with the degree of plastic deformation/damage

()

©

Fig. 15. Schmatic illustrations of plastic deformation and microscopic
damage at a crack tip and crack growth: (a) Before loading; (b) Plastic
yielding/damaged zone is expanding in adhesive layer; (c) Crack grow-
ing into the plastic yielding/damaged zone; previously formed.

and the size of the yielding/damaged zone. Since the
fractal dimension of fractured surfaces can be an indi-
cator representing the degree of plastic deformation/
damage and the size of the yielding/damaged zone caused
by crack propagation, it is related to the fracture tough-
ness of adhesive joints to some extent. Thus, an increase
in fractal dimension means not only an increase of true
area due to crack deflection, but also an increase in the
degree of plastic deformation/damage and in the size of
the yielding/damaged zone.

The fractal dimension does not change with variation
of adhesive thickness although the crack extension resist-
ance changes with respect to adhesive thickness, as
shown in Fig. 13. There must be a limitation for the
correspondence of fractal dimension to the size of yield-
ing/damaged zone. It is rational to suppose that the crack
in the adhesive layer deflects and grows within a narrow
band as shown in Fig. 16 even if plastic yielding and
microscopic damage in the adhesive layer is wide spread
far away from the crack surface. Figure 16 (a) is different
from Fig. 16 (b) in the size of the yielding/damaged zone.
The fractal dimensions of both fractured surfaces are
almost the same, although the crack extension resistances
are different due to the difference in the size of the
yielding/damaged zone. The zone which can be evaluated
by the fractal dimension is a distance of an arrow in
Fig. 16. For both unmodified and rubber-modified ad-
hesives, the change in Gjpna, With respect to adhesive
thickness is caused by the difference in the expansion
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Adhesive
layer

Fig. 16. Schematic illustrations of plastic deformation/damaged zones:
(a) Plastic deformation zone is narrow; (b) Plastic deformation zone is
wide.

of plastic deformation because the fractured surface
topology is not affected by the adhesive thickness. The
plastic deformation and microscopic damage accumula-
tion for the adhesive in the thickness direction at a crack
tip is restricted by the adherends when the adhesive
thickness becomes thin. Therefore, G; pma.x for a thin ad-
hesive layer becomes smaller than that for a thick adhes-
ive layer because the energy absorption which is caused
by the plastic deformation and microscopic damage near
a crack tip becomes small even if the crack propagates in
the center of the adhesive layer.

The fractal dimension does not change with respect to
cross-head speed, as shown in Fig. 14. An appreciable
change in failure mode or failure mechanism is not found
when the cross-head speed changes. Therefore, it is sup-
posed that the change of Gypn., With respect to cross-
head speed as well as adhesive thickness, is mainly caused
by the difference in the expansion of plastic deformation
in addition to an increase of energy absorption given by
the area below the stress-strain curve due to the strain
rate effect (in other words, visco-plastic work).

3.2. The effects of rubber modification and adhesive
thickness on the fatigue fractured surfaces

Fatigue crack growth properties can be represented by
the relationship between fatigue crack growth rate,
da/dN and energy release rate range, AG; [27,28]. Fig. 17
shows variations of fractal dimension and fatigue crack
growth rate, da/dN with respect to energy release rate
range, at the nominal bondline thickness (t = 0.1 mm).
We also examined the crack growth under other condi-
tions according to the same procedure. The experimental
results of all the adhesives are given below:

(1) When AG; is lower than 70 J/m?, the fractal dimen-
sion of the fractured surfaces is almost 1.

Rubber [Fractal Fatigue crack
content |dimension|growth rate
0.0 % —O— | —8—
2.8 % — — 1 0-1
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Fig. 17. Effect of rubber content on fractal dimension D and fatigue
crack growth behavior (Unmodified, 2.8 and 5.5 wt% rubber-modified
adhesives, adhesive thickness = 0.1 mm).

(2) When AG; is greater than 100 J/m?, the fractal
dimension of the fractured surfaces decreased with an
increase in AG;.

When the fractal dimension of the fractured surfaces is
almost 1, the specimens failed in an interfacial manner. At
a range of AG; = 70-100 J/m?, the specimens failed in
mixed interfacial-cohesive manner, as shown in Fig. 2b.
In this range, with an increase in AGy, cohesive failure
occurred partially in the center of the adherend and
gradually spread over the width direction of the speci-
men. When AG; is larger than 100 J/m?, the specimens
failed cohesively all over the width direction.

Over 20 J/m? of AG;, the relationship between da/dN
and AGy, follows the Paris’ law [27] as shown in Fig. 17.
Even at the range where the Paris’ law is applicable, the
failure modes change into three types; interfacial, mixed
interfacial-cohesive and cohesive failure. In other words,
even if the fatigue crack propagates from interfacial fail-
ure to cohesive failure, the data of these adhesives does
not deviate from the Paris’ law or a linear part of the plot
on a log—log scale,

da
oy = a6 @
where m and C are experimental constants.

For the same AG;, da/dN decreased with increasing
rubber content. The fatigue crack growth resistance in-
creased due to rubber modifications at this range as well
in the same way as the static crack growth resistance
increased. For the same AG; (but AGy is greater than
100 J/m?), the fractal dimension of the fractured surface
usually becomes large with increasing rubber content.

Fig. 18 shows the variations of D and da/dN with
respect to the energy release rate AG; for the 5.5 wt%
CNBR modified adhesive. Adhesive thickness has little



K. Naito, T. Fujii | International Journal of Adhesion & Adhesives 18 (1998) 199-213 209

Adhesive |Fractal Fatigue crack
thickness |dimension | growth rate

0.1imm | —O— —e—
1.8 03mm | —{1— — 10"
: 0.5mm | —/A— —h—

Interfacial failure \ Cohesive failure

>
da/dN [mm/cycle]

-
N

_

N

Fractal dimension, D
N

_

)
Fatigue crack growth rate

N\ Mixed-mode failure
N _
1.0 ———A—n S 10°
10 10 10

Energy release rate range, AG, [J/m?2]

Fig. 18. Effect of adhesive thickness ¢ on fractal dimension D and
fatigue crack growth behavior (5.5 wt% rubber-modified adhesive).

effect as the fractal dimension, on the da/dN — AG;
relationship. This coincidence indicates that the failure
process in the adhesive layer does not change due to
adhesive thickness under cyclic loading. Thus, it is con-
sidered that the difference of the size of the yield-
ing/damaged zone formed ahead of the fatigue cracks is
small in comparison with the adhesive thickness, since
the applied energy release rate is low. Therefore, the
da/dN — AG; relationship is insensitive to adhesive
thickness. It has been known that the static crack exten-
sion resistance of toughened epoxy adhesives increases
with increasing adhesive thickness [23,27]. We pre-
viously indicated in this paper that the static crack exten-
sion resistance of 5.5 wt% rubber-modified adhesive
increased with increasing adhesive thickness although
the fractal dimension of the fractured surfaces did not
change due to the variation of adhesive thickness (see
Fig. 13). A summary of the effect of adhesive thickness on
crack growth resistance is given in Table 1.

Probably, one may expect that the fractal dimensions
of fractured surfaces under cyclic loading are lower than
those under static loading since the applied maximum
energy release rate under cyclic loading is lower than that
under static loading. However, it must be noted that the
fractal dimensions of fractured surfaces under cyclic
loading are higher than those under static loading if one
looks at Figs. 10—14, 17 and 18. This inconsistency may
be resolved by the later discussion. That is, the fractal
dimension reflects not only the energy release rate but
also the fatigue crack growth rate.

Fig. 19 shows the relationship between the energy release
rate range and the fractal dimension (AG; > 100 J/m?) for
unmodified and 5.5 wt% CNBR modified adhesives in
the case of cohesive failure. There must exist a certain
relationship between the energy release rate range and
the fractal dimension. A relationship is given by the
following equation between the logarithmic energy re-

Table 1
Effect of adhesive thickness ¢ on crack growth resistance and the fractal
dimension D under static and fatigue loadings

Crack extension resistance, G,
Fracture tougness, G,c

; Fractal dimension, D
(static) (fatigue)
da/dN — AG,; relation

Static @)

(Significant) X (Little)

Fatigue X (Little) X (Little)

% 10°
c
©
e
2
© & ~0.
v £ RSN
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Fig. 19. Relation between energy release rate range AG; and fractal
dimension D.

lease rate range, log AG; and the fractal dimension.
log AGy =0, D + [, )

where o, and f3, are experimental constants. Under static
loading, G; increased with an increase in fractal dimen-
sion; however, AG; decreased with an increase in fractal
dimension under cyclic loading. The D — AG; relation-
ship is affected by rubber content under cyclic loading.
However the D-Gc relationship is not affected by rubber
content under static loading. «, and f, for the unmodi-
fied adhesive are different from those for the rubber-
modified adhesives under cyclic loading. When adhesives
have the same rubber content, the fractal dimension of
fatigue fractured surfaces is related to the energy release
rate range by Eq. (5). In this case, the fractal dimension is
an effective parameter for characterising the fatigue crack
growth properties. However, if we do not know the
rubber content, the range of the energy release rate at the
observed point cannot be estimated by the fractal dimen-
sion of the fractured surface. Considering the difference of
rubber content, the D-AG; relationship is not enough to
evaluate the fatigue crack growth properties.

From Figs. 17 and 18, the existence of a strong correla-
tion between the fractal dimension and the fatigue crack
growth rate for all adhesives can be expected. Both
da/dN and the fractal dimension decrease with an in-
crease in AG;. A fractured surface corresponding to the
loading frequency was formed under cyclic loading.
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Therefore, we can suppose that the fatigue crack growth
rate, which corresponds to the frequency of fatigue crack
growth, is strongly related to the fractal dimension.
Fig. 20 shows two fractured surface models in order to
focus the frequency of fatigue crack growth. Model sur-
face (1) is on the left-hand side and model surface (2) is on
the right-hand side. In (1) and (2), the basic surface
topology is different. Synthetic surface traces (b)—(e)
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were generated as follows. (A) is the original fractured
surface trace. while (B) is a synthetic surface trace based
on trace (A). At first, the length of trace (A) is scaled down
by half (3) without changing its magnitude. Then, a new
trace is obtained whose total length is a half of the original
surface trace (A). Next, trace (B) is synthesized by joining
two of these new traces in series. (C) is also synthesized
according to the same procedure while trace (A) is scaled
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Fig. 20. Synthetic surface traces and their fractal dimensions.
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down by a quarter (§) in the length-wise direction. Fig.
20 b—e are synthesized by the same procedure as for trace
(B) and (C). (i.e. trace (a) is firstly scaled down by sizes of
1 % 15, 3o to create basic traces. Then, they are bonded
together as many times as the total length is equal to the
original length of trace (a), respectively). In Fig. 20 are
shown the calculated frequency ratio, f* based on trace
(a), and the fractal dimension. A linear relationship be-
tween the logarithmic frequency ratio (log f*) and the
fractal dimension can be seen in Fig. 21. The fractal
dimension decreases with increasing f*. From this figure,
it appears that a strong correlation exists between the
frequency of fatigue crack growth, i.e. the fatigue crack
growth rate, and the fractal dimension. A relationship is
given by the following equation between the frequency
ratio and the fractal dimension:

logf* =a3-D + B3, (6)

where o3 and ff; are constants.

Fig. 22 shows the relation between the fatigue crack
growth rate and the fractal dimension for the unmodified
and 5.5 wt% CNBR modified adhesives when cohesive
failure occurs (AG; > 100 J/m?). A relationship is given
by the following equation between the logarithmic
fatigue crack growth rate (log da/dN) and the fractal
dimension:

da
dN

where o, and f3, are experimental constants. From Eq.
(7), the fatigue crack growth rate can be related to the
fractal dimension as previously expected. For many
metals, striations which have been created by cyclic crack
growth are clearly in evidence for fatigue-fracture under
cyclic loading [29,30]. The fatigue crack growth process
could be retraced when the striations were found in the
fractured surface. However, in adhesives containing
many microinclusions, striations are not clearly identi-
fied. It is difficult to retrace the fatigue crack growth
process from observation of the surface. If the fractal
dimension is used in this observation, the fatigue crack
growth rate is easily estimated by the fractal dimension.
The fractal dimension is therefore useful for analysing the
fatigue fractured surfaces.

oy and f, for the unmodified adhesive are different
from those for the rubber-modified adhesives under cyc-
lic loading in that they are dependent on the adhesives
used. The D-da/dN relation is not sufficient to evaluate
the fatigue crack growth properties (see Fig. 19). As AG;
and da/dN are strongly related to the fractal dimension
as shown in Egs. (5) and (7), combining Egs. (5) and (7)
gives the following equations:

log =04 D+ B4, (7)

da

dN
10gS=OC5'D+ﬁ5, (9)

log AG; + log = (o2 +04)' D+ (B2 + Ba)  (8)

10'
>
o
:
oL
2 10 AN
N =
=0 5 N
O * KX
o~ 107F o \¥
-og Model Types m|
o Surface (1) |=Om= K \
Surface (2) | =[]«
102 : *
1.2 1.4 1.6 1.8

Fractal dimension, D

Fig. 21. Relation between frequency ratio f* and fractal dimension D.
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Fig. 22. Relation between fatigue crack growth rate da/dN and fractal
dimension D.

where a surface “fatigue working” parameter for the
crack, S, and experimental constants, a5 and f§5 are given
by the following equations.

da
=—A
S dN G,

Us :O(2+O(4,

Bs = P2 + Pa,

Fig. 23 shows the relationship between the parameter
S and the fractal dimension in the case of cohesive
failure (AG, > 100 J/m?) for unmodified and 5.5 wt%
CNBR modified adhesives (DS relationship). Regardless
of rubber content and adhesive thickness, all the data are
plotted on a line. The D-S relationship is insensitive
not only to rubber content but also to adhesive thickness.
os and f§5 are constant even if the adhesives have differ-
ent rubber content and adhesive thickness. Correspond-
ing to the fractal dimension of the fractured surface, S
can be a universal parameter. Regardless of whether the
adhesives contain rubber particles or not, the D-S
relationship is effective for evaluating the fatigue
crack growth properties of the adhesive based on the
same resin.
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Fig. 23. Relation between a parameter S (= da/dN - AG;) and fractal
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In the present study, the da/dN-AG, relationship in
the case of cohesive failure (AG; > 100 J/m?) can be
represented by the Paris’ law as shown in Eq. (4). If we
know the material constants, m and C in the Paris law
from experiments, we can find the energy release rate
range, AG; and the fatigue crack growth rate, da/dN from
the fractal dimension, D for the arbitrary position in the
center. Even though we do not know m and C of each
adhesive, we can find the value of the parameter, S for the
position.

4. Conclusions

It was found that the fractured surfaces of epoxy ad-
hesives under mode I static and fatigue loadings have
fractal characteristics. We examined the effects of rubber
modification, adhesive thickness and cross-head speed on
the static and fatigue fractured surfaces of epoxy adhesives
using fractals. The following conclusions can be drawn:

Static fractured surfaces and the fractal dimension

(1) The fractal dimension of the fractured surface be-
comes high due to rubber modification, and the crack
extension resistance increases.

(2) The following equation gives the relationship be-
tween the observed crack extension resistance, Gy and the
fractal dimension, D:

log GI=OC1'D + ﬁl,

where o; and f§; are experimental constants.

(3) Regardless of whether the adhesives contain rub-
ber particles, the fractal dimension is not affected by
adhesive thickness and cross-head speed, while the crack
extension resistance of the unmodified and rubber modi-
fied adhesives increases as the adhesive thickness and
cross-head speed increase.

Fatigue fractured surfaces and the fractal dimension

(1) The fractal dimension of the fractured surface de-
creases with an increase in the energy release rate range,
AG.

(2) The fractal dimension becomes high due to rubber
modification for the same AG;.

(3) Whether the adhesives contain rubber particles or
not, the fractal dimension as well as the da/dN — AG,
relationship is little affected by adhesive thickness.

(4) The fatigue crack growth rate is well estimated by
measuring the fractal dimension of the fracture surface.

(5) A relationship is given by the following equation
between a surface “fatigue working” parameter for the
crack, S (= da/dN - AGy) and the fractal dimension for
unmodified and rubber-modified adhesives:

d
log S = log <£~AGI> =oas5-D + fs,

where o5 and f5 are experimental constants.
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