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Abstract. Adhesives are being increasingly used in structural applications, especially in aerospace, automotive and naval
structures, making their structural integrity an important issue. In-service loading histories of such structures usually contain
low-energy impacts, repetition of which can significantly affect their performance. This paper deals with the behaviour of the
toughened epoxy adhesive FM73 under repeated impacts, known as impact fatigue. Izod impact fatigue tests were performed
on FM73 specimens in order to study the evolution of damage and to characterise this via measurable parameters, such as the
maximum force and the contact time. A finite element model was developed to simulate the impact tests and this was used to
calculate the dynamic strain energy release rate, which was compared with that determined using a simple analytical method. A
relationship between the maximum dynamic strain energy release rate and impact fatigue crack growth rate was established that
was used as the basis of an impact fatigue crack growth law.
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1. Introduction

Engineering adhesives are now widely used in structural applications, especially in the aerospace industry, as an
alternative to rivets and other mechanical joints. In these applications, important advantages of adhesive bonding
include weight reduction, sealing ability, increased stiffness, the ability to join thin sections and the removal of the
requirement to create a hole in the parent material. Of course, there are also certain disadvantages with adhesive
bonding, such as sensitivity to manufacturing conditions and the in-service environment. However, most of the
perceived problems are surmountable and, hence, an increase in structural applications for adhesive bonding has
been seen in recent years. In order to use adhesive bonding safely and efficiently in structural applications, an ability
to predict the response of the adhesive joint to the in-service environment and loading is required. In order to achieve
this, knowledge of the response of the bonded joint to all the loading situations experienced is required, together
with the development of procedures for predicting this behaviour that can be used by the designer. There has been
much progress in this regard in recent years, e.g. see Oechsner and da Silva [10], however, impact fatigue is still a
relatively little studied mode of loading for bonded joints.

Adhesively bonded joints in most structural applications, such as aerospace structures, are exposed to complex in-
service loading histories, containing cycles with various amplitudes and durations. Generally, such cyclic loading is
analysed in terms of traditional fatigue tests, which employ mainly a harmonic type of external excitation. However,
some of the real-life loading cycles are impacts and are poorly represented by sinusoidal loading. Repetition of
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Fig. 1. Dimensions of 1zod impact test samples.

such impact events — known as impact fatigue — has been shown to have a significantly more detrimental effect on
the structural integrity and reliability of adhesively-bonded joints than sinusoidal loading [4—6]. The rate of crack
growth in bonded joints under conditions of impact fatigue were found to be up to two orders of magnitude higher
than in conventional, non-impact, fatigue.

The experimental study of bonded joints is complicated by the effects of adherends and their interfaces with
the adhesive; this results in multi-mechanism fracture scenarios [7] that can include deviations of a propagating
crack into a composite adherend [3]. To remove this complication, this paper considers fracture evolution in bulk
specimens of adhesive tested under repeated impacts, giving an opportunity to study the behaviour of a typical
aerospace adhesive unaffected by the adherends and interfaces. This paper consists of an experimental part, in
which the results from impact fatigue testing notched bulk samples of the adhesive in an Izod test configuration are
presented, and an analytical one, in which an impact fatigue crack growth law for the adhesive is determined.

2. Experimental procedure

For the experimental tests, a toughened epoxy film adhesive widely used in the aerospace industry adhesive, Cytec
FM-73, was used. Plates of FM73 were manufactured according to the Cytec technical datasheet. Sheets of the
uncured adhesive were cut to fit in a 100 mm x 100 mm x 4 mm mould. Layers of the films, each 0.18 mm thick,
were assembled to obtain a sheet thickness of approximately 4 mm. Curing was carried out under pressure, by
heating for 30 minutes up to 120°C and then holding at this temperature for a further 60 minutes. The cured plates
were then laser cut to the required specimen shape, which is shown in Fig. 1. The 45° angle notches were made
using a milling machine.

A CEAST RESIL impact testing machine was used for the Izod impact tests. This is a pendulum hammer machine,
with a pneumatic brake and automatic hammer positioning. The machine is software controlled, allowing the energy
applied to the specimen, the number of impacts in a series, the filter frequency, the number of data points captured
and the hammer type to be specified. The system provides a high time resolution force signal, with up to several
thousand data points for each impact, lasting 6-10 ms in our case.

Before each impact, the hammer is raised to a specific height corresponding to the chosen initial potential energy.
Then, the hammer is released to hit the specimen. A piezo-electric sensor placed in the machine’s anvil is used to
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Fig. 2. Plot of impact fatigue life as a function of impact energy.

measure the reaction force, F, as a function of time, ¢, for each impact. The velocity, V, deformation, d, and energy,
U, can be calculated from the force and time data, as shown below.

Vi=Viea — Ati—1 (M - g> ) (1)
m
where (F');_1,; = %(Fi_l + F}), g is the gravitational acceleration and At;_ ; = t; — t;_1,
di =di—1 — Ati1:(V)io14, (2
where (V);i_1; = 3(Vic1 + V5),
Ui=U;—1 — Ati—1,{FV)i_14, (3)

where <Fv>i—1,i = %((FV)i—l + (FV)Z)

Single-impact and impact-fatigue tests can be performed with this machine. In this work single-impact tests were
carried out to determine the critical strain energy release rate for impact conditions. Impact-fatigue tests were then
conducted to study the behaviour of the adhesive under repeated impacts. The specimen dimensions used, which
are defined by ISO-180 (1997), were the same in both types of tests and in both cases fatigue tests were carried
out over a range of impact energies. In order to observe crack propagation in the material, every 5, 10 or 20 cycles
(depending on the pendulum’s initial energy and the progress of the crack) a camera set on a microscope was used
to take pictures of the crack.

3. Experimental results

In this section, the effects of the impact energy on fatigue life and the evolution of force and contact time during
the loading history are presented. Damage evolution and the crack growth process are then analysed.

3.1. Characterisation of the impact fatigue process

The number of cycles (impacts) to failure, N¢, depends on the level of impact energy, which here refers to the
potential energy of the hammer minus losses determined from testing without a sample. Obviously, the lower the
energy, the longer the life of specimens and Fig. 2 shows that the relationship between the logarithm of N¢ and
impact energy is reasonably well presented by a straight line.
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Fig. 3. Effect of repeated impacts at a constant impact energy on the force-time response.

In standard fatigue it is more usual to look for relationships between stress, or force, and V¢, than energy, however,
in this case, although the impact energy remains constant throughout the test, the maximum force, and hence, stress,
does not. This is illustrated in Fig. 3, which shows the force-time plot for impacts at different stages in the impact
fatigue life of a sample. It can be seen that the force-time profile changes with the loading history. The force
amplitude decreases while the contact time increases. This is due to a change in the dynamic interaction between the
hammer and the specimen with increasing damage in the specimen. Damage and cracking results in a decrease in the
stiffness of the specimen, these changes becoming more pronounced in the final stages of the specimen’s life. This
is clearly illustrated in Fig. 4. Figure 4(a) shows the change in the maximum force, Fy,,x, normalised with respect
to the average maximum force from the first 20% of impacts, F,,¢, with number of fatigue cycles. This normalising
parameter was selected rather than the maximum force from the first impact because scatter was sometimes seen in
the maximum force from the first few impacts due to small misalignments between the hammer and impact block.
The system appeared to self-align after a few impacts and scatter reduced accordingly. In this case the average of
the first 20% of impacts provided a reasonable approximation of the conditions at the early stages of the test whilst
reducing scatter, however, with other samples a different normalising parameter may be more appropriate. It can be
seen in Fig. 4 that there is little decrease in Fy, .« for the first 10-20% of the fatigue life, after which there is a steady
decrease, followed by a rapid decrease in the last 10-20% of the fatigue life. Interestingly, it can be seen that when
the number of cycles, n, is normalised with respect to the fatigue life, N, that almost identical behaviour is seen,
regardless of the impact energy. Similar trends can be seen in the case of contact time, as seen in Fig. 4(b).

In Fig. 5, the normalised maximum load is plotted against the normalised contact time. Fig. 5(a) shows that there
is a non linear relationship between these two parameters that appears to be independent of the impact energy. In
Fig. 5(b) all the data points, regardless of impact energy are plotted on a log-log scale. It can be seen that all the
data lies reasonably well on a single straight line, albeit with some scatter, particularly at low contact times. This
provides good evidence that the dependence of the maximum force on the contact time can be approximated by the
energy independent power law given below:

FmaxA(L> @

Favg tavg

where A and n are constants, which in this case are 0.98 and —0.91, respectively.
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Fig. 4. Effect of normalised number of cycles (n/N¢) and impact energy on (a) normalised maximum force (Fmax/Favg) and (b) normalised
contact time (t/tavg).

3.2. Damage and crack extension

After studying the general response of the specimen in terms of the force and contact time as a function of repeated
impact, it is important to analyse the evolution of damage and propagation of cracks in the sample. From optical
observation of the crack development during the impact fatigue testing, it was seen that three main phases existed in
the evolution of damage. In the first phase, stress whitening developed at the root of the notch, as seen in Fig. 6(a).
This is indicative of micro-damage within the adhesive sample. In the second phase a macro-crack formed at the
notch root and began to progress steadily through the sample. This is represented by the region of straight crack
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growth in Fig. 6(b). In the third phase, crack propagation accelerated towards complete sample failure. This is
characterised by the more convoluted crack path in the bottom half of the sample in Fig. 6(b). In this region there
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Fig. 5. Normalised load-time plots on (a) linear and (b) logarithmic axes.

appears to be more damage in the area of the crack.

The three phases described above can be clearly seen in the plot of crack length against normalised number of
cycles shown in Fig. 7. It can be seen that for the first 15-25% of the fatigue life there is no observable crack
growth. This corresponds to a damage initiation period, characterised by the stress whitening at the notch root seen in
Fig. 6(a). There follows a period of stable crack growth in which the rate of crack growth is approximately constant.
In the final 20% of the fatigue life, there is an acceleration of the crack growth, terminating in complete failure. It
can also be seen in Fig. 7 that the proportion of the impact fatigue life spent in each of the phases described above
appears to be largely energy independent. A commonality can now be seen in Figs 4, 6 and 7 relating to the three

phases of damage evolution discussed above.
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Fig. 8. Finite element modelling. (a) whole model. (b) Magnification of sample and striking area of hammer.
4. Development of an impact fatigue crack growth law

In the preceding section, the impact fatigue behaviour of the epoxy was characterised using various parameters.
The next step in the analysis is to investigate methods of predicting the observed behaviour. A common method
of predicting fatigue crack growth (FCG) in adhesives is through fracture mechanics, whereby a suitable fracture
mechanics parameter is related to the crack growth rate by an empirical crack growth law. In the case of adhesive
joints, the crack growth law is often determined from logarithmic plots of the FCG rate, da/dn, as a function of the
strain energy release rate range, AG, or maximum strain energy release rate, G, (€.g. [1,2]). In order to apply a
similar method to the present case we first need to determine the experimental fatigue crack growth rate as a function
of crack length. This was achieved by applying an incremental polynomial curve fitting method to the experimental
data for crack length against impact cycles and then calculating the derivative to determine the FCG rate as a function
of crack length. The next step is to determine a suitable fracture mechanics parameter and G4, Was selected in
order to enable comparison with the previously cited work on the standard fatigue of bonded joints. The strain
energy release rate was determined from a dynamic finite element analysis (FEA) and by a simple analytical model.
In the following sub-sections the numerical model will first be described and validated before moving on to the
determination of G and finally the development of the impact fatigue crack growth model.

4.1. Finite element model

The impact test was simulated using a two dimensional, geometrically nonlinear, implicit dynamic finite-element
analysis using the commercial FEA software MARC/MENTAT. The transient analysis was implemented using the
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Fig. 9. Comparison of experimental and computed force (a) and velocity (b) as functions of time.

single step Houbolt integration method recommended for dynamic implicit contact analyses. Quadratic elements
with mid sided nodes and formulated using the full integration method were used in the finite element mesh. Material
properties were obtained from high strain rate quasi-static tests and linear material properties were assumed in the
analyses. A model of the hammer was defined to represent the geometry of the real hammer used in the testing,
ensuring that the weight distribution was the same as in the real hammer. The boundary and initial conditions were
defined according to those in the experiments. To simulate the centre of rotation of the hammer, a node at its upper
extremity was fixed in the x and y directions, leaving it unconstrained only in the rotational degree of freedom.
The hammer was placed at a short distance from the specimen and a prescribed velocity applied to it. Figure 8
shows the finite element model used. The initial FE model was developed with the edges of the lower part of the
specimen constrained in the x and y directions to simulate the effect of the fixture. However, when compared with
the experimental data, the calculated magnitudes of force were too high and the contact time too small. A stiff
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Fig. 10. Comparison of experimental and computed maximum force (a) and contact time (b) as functions of crack length.

spring coupling was then introduced between the sample and a fixed base to represent the finite stiffness of the real
fixture conditions. This increased energy dissipation, decreasing the force and increasing the contact time. The
spring stiffness was adjusted to provide the best fit with the experimental results. A comparison of the force-time
plot predicted using this model with the experimental results can be seen in Fig. 9(a) It can be seen that both contact
time and maximum force agree well with the experimental data. Further validation was obtained by comparing
the predicted change in velocity of the hammer with time, as shown in Fig. 9(b). It can be seen that the velocity
decreases rapidly as it strikes the sample and then accelerates in the opposite direction, as expected. The figure also
shows that there is excellent agreement between the predicted and measured velocity data.

The finite element model was then used to predict the change in maximum force and contact time as cracks of
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increasing size were introduced to the sample. The results are compared with the experimental values in Fig. 10 and,
again, it can be seen that there is excellent agreement between the FEA predicted and experimental measured data.
It is also interesting to see that when the maximum force is plotted as a function of crack length, rather than cycles,
all the data fits reasonably well to a straight line. These results provide confidence in the FEA model, which is used
to determine the strain energy release rate in the next section.

4.2. Determination of strain energy release rate

In order to obtain the strain energy release rate using the dynamic finite element model described above, the
crack propagation process was simulated by uncoupling nodes along the crack propagation line and re-meshing after
each increment of crack growth. The strain energy release rate was then calculated using the subroutine for the
determination of the J-integral in Marc. The maximum value of the strain energy release rate, G,;,4,, Was determined
at the point of maximum force in the dynamic load-time response of the FEA model.

Determination of G,,,4, from analytical expressions was also investigated as this is a simpler and quicker method
than using dynamic FEA. For the notched cantilever the stress intensity factor can be presented using the following
form [11]:

2
60 (0384132 — 1227)
by (w — a)®/?

where M is the bending moment, a is the notch size, b is sample thickness and wis the sample width. A dynamic
formulation of Eq. (5) can be derived using the method proposed by Fengchun et al. [8] to calculate the strain energy
release rate in dynamic conditions. The equation of motion for a spring-mass system characterised by mass m, and
displacement w (t) is:

meti (1) + K (a)u (t) = F (t) (6)

where F (t) is the impact load and K (a) is the stiffness of the specimen.
A solution of this equation with initial conditions «(0) = %(0) = 0 is:

K =

&)

I(t
u(t) = L @)
wW1Mme
where:
t
I(t)= /F(’T’) sin (wy (t — 7)) dr
0
and w is the natural frequency of the system, which is given by:
K(a
wy = (a) (3)
Me

At maximum force the force is the product of the stiffness and displacement. Substituting for stiffness and
displacement from Eqs (7) and (8) gives:

Fon = w11 (1) )

In our impact fatigue tests, the maximum moment is equal to the maximum measured force multiplied by a lever of
22 mm. Then the stress intensity factor for dynamic conditions is:

0132w 1 (1) (038 + 132 — 1.2 )
Ky =
by/m (w — a)3/2

Once the dynamic stress intensity factor is known, the dynamic strain energy release rate is calculated using the
following formula for plane strain conditions:

(10)
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where E is the Young’s modulus and v is the Poisson’s coefficient of the material.

A comparison of the calculated maximum dynamic strain energy release rate as a function of crack length is
shown in Fig. 11. It can be seen that although the simple analytical model underestimates the level of the strain
energy release rate, the slopes of the two relationships are close. Both the analytical and FEA models indicate an
approximately linear increase in G,,,4, With crack length.

4.3. Impact fatigue crack growth law

In the preceding sections, the methods of determining the impact fatigue crack growth rate, da/dn, and maximum
dynamic strain energy release rate, G, 4., were described. The next step is to investigate the relationship between
these two parameters in order to devise an impact fatigue crack growth model. Paris et al. [9] proposed a power law
relationship between the FCG rate for metals in fatigue with the stress intensity factor range. A similar relationship
is proposed here for impact fatigue, namely:

da n
dn OCmax
This relationship is explored in Fig. 12 by plotting G,,,,,against da/dn on logarithmic axes. It can be seen in the
figure that both the analytical and FEA methods of determining Gy, result in a linear relationship between the
logarithms of da/dn and Gy, 45, thus confirming the applicability of Eq. (12) to the case of impact fatigue in the epoxy
adhesive tested. Once the crack growth law is established, FEA based numerical integration techniques can be used
to predict the impact fatigue crack growth in samples of different geometry, e.g. by using the procedures described
in Abdel Wahab et al. [1].

(12)

5. Summary and conclusions

This paper presents a detailed study of crack generation and growth in notched specimens of FM73 adhesive
exposed to repeated low-energy impacts. Three main phases were observed in the evolution of damage and cracking
in the samples under repeated impacts. In the first phase, which occupies some 20% of the specimen’s life, there is
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damage initiation but no macro-cracking of the sample. In this phase there is little change in the maximum force and
contact time. In the second phase, which lasts for a significant part of the life in service, there is an approximately
linear increase in crack length, accompanied by approximately linear decrease in maximum force and increase in
contact time. In the final phase, crack growth accelerates, with accompanying increases in the rates of change
in maximum force and contact time. It was seen that plots of maximum force, contact time and crack length as
functions of the number of cycles normalised by the fatigue life were independent of the applied impact energy,
thus enabling effects over a range of energies to be approximated from tests at a single energy. However, in order
to use this relationship, the applicable range needs to be determined. It is envisaged that at very high or low impact
energies deviations from this general trend may occur.

In the second part of this paper a crack growth law for the impact fatigue of the epoxy adhesive material tested
was developed. It was seen that a Paris-type power law relationship between the crack growth rate and the maximum
dynamic strain energy release rate could be used to describe the crack growth behaviour. Although this relationship
has only been proven for a single material, it is likely to be applicable to other materials and the experimental and
analysis methods described in this paper can be used to define the crack growth law constants for any material. It is
commonly seen in standard fatigue that the Paris-type relationship only holds over a limited range. At high strain
energy release rates crack growth accelerates and at low strain energy release rates there is often a threshold values,
below which crack growth is negligible. Although these regions weren’t seen within the range of impact energies
investigated in this work, users should be careful to only use the proposed crack growth law over the range it has
been validated as extrapolation beyond this range can lead to potentially large errors.
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