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ABSTRACT

The focus throughout this thesis is on the fatigue characteristics of core materials used in
sandwich structures. Three sandwich configurations are investigated, two with cellular foams
and one with honeycomb core material These corresponds to typical materials and dimensions
used in the marine and aeronautical industry.

A modified four-point bending rig, which enables reversed loading, is successfully used for
constant amplitude fatigue tests of all material configurations. The core materials are tested as
used in composite sandwich beams and through the design of the specimens the desired
failure is in shear of the core. Analyses and inspections during and after the tests supports the
theory that the fracture initiation and fatigue failure occurs in a large zone of the core with
well distributed micro cracks rather than a single propagating crack. The fatigue test results
are plotted in stress life diagrams including a Weibull type function which provides a good
accuracy curve fit to the results. The fatigue life of the core materials is found to be reduced
with a increased load ratio, R.

The influence on the strength and fatigue performance on sandwich beams with two types of
core damages, an interfacial disbond and a flawed butt-joint, are experimentally investigated.
The fatigue failure initiates at the stress intensity locations which are present due to the pre-
damage. The specimens with flawed butt-joints display a fatigue crack propagation in the
interface between the core and face of the sandwich while the crack propagates through the
thickness of the beams where an initial interface flaw is present. A fatigue failure prediction
model is suggested which utilises the fatigue performance of undamaged beams and the
strength reduction due to the damages. The approach is correlated with results from fatigue
testing and satisfactory correlation is found.

A uni-axial fatigue tests method is developed which simplifies the rig and specimens
compared to the four point bend method. A comparison between the results from uni-axial
tension/compression fatigue tests and shear fatigue tests shows good correlation, although the
R-dependency differs in some cases.

The fatigue crack propagation rates are investigated for two configurations: cracks
propagating in pure foam core material and cracks propagating in the core material near and
along a sandwich face/core interface. The rate at which a crack propagates stable in the so
called Paris’ regime is extracted for both Mode I and Mode II loading. The agreement between
the Mode I crack propagation rate in the pure foam and in the core/face sandwich interface
layer supports the theory that the crack actually propagates in the sandwich core beneath a
stiffened resin rich layer present in the face/core interface. The stress intensity thresholds and
the limits at which the crack growth becomes unstable are further established.

Acoustic Emission (AE) is used to monitor crack initiation and growth in the core, during
both static and fatigue loading. It is found that the approximate location of AE-hits can be
determined which demonstrates that AE has a potential both as an non destructive testing tool
and to study the failure process of non-visible sub-surface damages in sandwich structures.
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BACKGROUND

With the increased use of sandwich structures as load bearing components in the vehicle and
transportation industry the need for more optimised design methods is emphasised. Many
investigations have already been performed, and even more are ongoing all over the world in
the field of the performance of composite materials and other materials used as faces in
sandwich constructions. Focusing on the "low performing" part in a sandwich - the core
material - an investigation on the fatigue behaviour has been performed. The core is denoted
low performing since the elastic moduli and strengths are generally one or two decades lower
than in the face materials commonly used in sandwich structures. Of utmost importance,
which is the very basis for the use of a sandwich, is the high bending stiffness and strength to
weight ratios, which is achieved when the face and core interact in an optimal way. It is hence
also most important to have basic knowledge of the core material performance.

The research conducted within this thesis originates from the Brite/EuRam programme
DAMTOS - Damage Tolerance of FRP-Sandwich Structures. As this programme started it
was generally agreed that the behaviour of common face sheet materials is fairly well-known,
even for advanced composites. There has been a certain progress in finding accurate methods
for testing and analysis of damage tolerance and fatigue of polymer matrix composites.
However, when it comes to sandwich constructions in general and especially sandwich core
materials, the state-of-the-art is far behind. There had been some investigations into the
fatigue behaviour of various sandwich core materials previously and references to this work is
given herein. Some work had also been done on failure prediction of damaged sandwich
constructions, although only for static loading. Hence, the work which commenced with this
thesis had to start almost from the very beginning. Testing methods had to be verified since no
standards exist, models were non-existent and data to compare results with ambiguous. This
thesis is thus very focused on testing, verification of testing procedures and the extraction of
fatigue data. This might also explain why the models used for fatigue life prediction and the
explanations of phenomena encountered may seem overly simplistic; since hardly no previous
models or knowledge existed, this was the first rough approach. Even so, the work contained
herein at least tries to cover such vast areas as fatigue life measurements and prediction, the
influence on the fatigue life of various damages and also several modes of fatigue crack
propagation. In that sense, it seems at least some knowledge has been gained since the start of
DAMTOS.

AIM OF INVESTIGATION

The aim was to study various aspects of fatigue in foam and honeycomb core sandwich
panels. This included standard un-notched fatigue life testing of the core under loads
commonly experienced during normal loading of a panel or structure, and to quantify these in
standard fatigue life diagrams. The next step was to extend this analysis to cover notched
specimens, where the notch types studied correspond to expected damage geometries for
marine and aerospace applications of sandwich panels. After the completion of these tasks an
interesting objective became to try to correlate the shear fatigue properties with tests of the
same core materials in shear in order to evaluate a common ground for fatigue of cellular
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foams. These studies were only concerned with fatigue life testing and investigations of
fatigue damage initiation.

The more advanced topic of crack propagation was next studied aiming at analysing crack
propagation rates, representing these in standard Paris’ law type relations, but also to obtain
threshold values. The latter is important, since the threshold will represent the allowable stress
or strain limits to be used in the design process.

It is virtually impossible to monitor the damage initiation in the core material during the
fatigue testing. A non-destructive testing technique, acoustic emission, was therefore utilised
in an attempt to monitor this initiation process. Another aim with this investigation was to
evaluate acoustic emission as a possible non-destructive tool for sandwich panel tests.

SCOPE OF INVESTIGATION

The focus in this thesis is on core materials as used as a load bearing component in a
sandwich structure with faces made of fibre reinforced plastics. Examples are structural
applications in the marine, automotive or aeronautical industry. The type of sandwich panels
studied herein all have thin and stiff face sheets made of fibre composite laminates, combined
with a light and relatively compliant polymeric foam or honeycomb core. The load cases in
the experimental set-ups considered are based on a global far field loading and hence no
considerations are taken to the potential problems with local loads. The environmental
conditions considered are room temperature and normal humidity. Though many applications
where sandwich structures are utilised experience different conditions, this has not been
within the scope of this investigation.

SUMMARY AND LAYOUT OF THESIS

In Chapter 1, a brief summary of the sandwich constitutive and governing equations are
presented. Further, the assumptions generally used when calculating the mechanical properties
of sandwich beams are given. This is followed in Chapter 2 by a description of the materials
used in all subsequent chapters of the thesis. Basically, three different material combinations
were used throughout this work and the specimens used are in many chapters similar, or
identical. Since the work performed in this thesis started with characterising the materials
used, Chapter 3 contains a description of common testing methods for sandwich
constructions and sandwich core materials. The sometimes very special features of testing
these materials and material combinations are additionally described. Analysis of fracture in
sandwich structures caused by flaws or irregularities requires knowledge of the fracture
toughness parameters for the materials. Hence, a discussion of test methods for determination
of such properties is also given in Chapter 3.

In order to get on the right track for the chapters containing the research work, Chapter 4
gives an overview of common nomenclature and definitions used in fatigue testing and
analyses. The focus of this thesis is on the fatigue performance and hence a discussion on
general fatigue test methods and fatigue result presentation is given. This discussion includes
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both tests on un-notched and notched specimens in general and sandwich specimens in
particular. The fatigue testing methods used in the subsequent chapters are presented here
rather than in each of the following chapters for clarity and to avoid overlap.

The research part of the thesis is presented in Chapters 5-11 with the published or submitted
papers included as separate chapters. In these chapters, only a summary of the introduction,
descriptions of materials, specimens, manufacturing of specimens, and in some cases also the
description of the experimental set-up is given, since the contents of these sections have been
discussed in Chapter 1-4.

Chapter 5 deals with fatigue testing of undamaged sandwich beams focusing on the fatigue
behaviour of two cellular foams commonly used as cores in sandwich structures. The constant
load amplitude test results are presented in stress life (S/N) diagrams. A best curve fit to the
test result is done using a smooth function with two fitting parameters. Multiple tests series
with various loading ratios, R, are performed and the mean stress dependency in fatigue is
investigated for the two foam configurations. The mean stress effect is emphasised by the use
of a Haigh diagram. Furthermore, a strain rate limit is calculated, restricting the test frequency
to avoid thermal influence on the fatigue life. A thorough investigation on the fatigue fracture
development is then performed and through several discussions and further test results, the
formation and propagation of fatigue cracks in these foams are described. A new four point
bending set-up allowing reversed loading is used as well as a new type of control loop for the
test machine.

In Chapter 6 the influence of core and interface damages in sandwich beams subjected to
fatigue loading is investigated. As in Chapter 5, S/N diagrams are used to plot the results and
the same type of smooth function is used for curve fits. It is shown that the fatigue life of the
damaged beams are predicted well using the test results of undamaged sandwich beams from
Chapter 5 and the static strength reduction due to the damages. An additional way to predict
the failure of damaged beams using a point stress criterion is also discussed.

Chapter 7 has about the same contents and scope as Chapter 5 and 6 combined, however
applied to a sandwich configuration with a Nomex honeycomb core, rather than cellular foam
cores. The prediction model proposed in Chapter 6, using the notch factor is applied to this
honeycomb configuration with reasonable agreement to test results. The fatigue failure
mechanisms for the undamaged and pre-damaged honeycomb material are discussed.

In Chapter 8 the uni-axial fatigue properties of the two cellular foams, earlier used in Chapter
5 and 6, are investigated through tests performed under a combination of tensile and
compressive loading. The results are compared with the shear fatigue test results found in
Chapter 5. Further, a discussion on the use of the general von Mises stress as a fatigue design
parameter is given.

In Chapter 9 a modified compact tension specimen is used to experimentally determine the
crack propagation rate in a cellular foam. The stress intensity factor, K, is calculated as
function of the crack length using finite element analyses. The combined results are used to
plot the crack propagation rate as function of stress intensity in a da/dN-∆K diagram. The
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fatigue crack growth threshold, ∆Kth, is established using a load shedding technique where the
load amplitude is stepwise reduced until the crack arrests.

In Chapter 10 the crack propagation rates in the interface between two types of foam cores
and glass fibre faces are investigated. End notch flexure specimens and double cantilever
sandwich beams are used in the experiments enabling a Mode I and Mode II local stress fields
at the crack tip. Finite element calculations are performed to determine the stress intensity
factors as a function of crack length. The results from the experiments and the calculations are
plotted in a da/dN-∆K diagram and the crack propagation rates as a function of stress intensity
are determined. The fatigue crack growth thresholds, ∆Kth, are established using the same
technique as in Chapter 9.

In Chapter 11 the crack initiation and propagation in sandwich beams is monitored using
Acoustic Emission (AE). The AE response in Mode I and II fracture toughness tests is
analysed and used as a basis for the monitoring of the fatigue tests performed. A three-phase
trend in the activity, where the most valuable AE parameters proved to be the time domain
behaviour of cascaded hits, load level at hit, and amplitude, is compared with the variation in
stiffness during the fatigue life of the tested beams. The attenuation in the cellular foam core
is established, from which, in conjunction with a four channel planar net configuration of the
AE sensors, the approximate location of damage in the sandwich beams are determined. The
study clearly demonstrate that acoustic emission monitoring offers significant potential as
both a non-destructive testing tool and for providing valuable insight into the failure
mechanisms associated with static and fatigue damage in sandwich composites.
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1

1
THE SANDWICH CONCEPT

A sandwich panel is a special form of a laminated shell structure; it consists of three distinct
layers which are bonded together to form an efficient load carrying assembly as illustrated in
Fig. 1.1. Two thin sheets of in a classical meaning high performing material, the faces, are
adhesively bonded to each side of a thick but considerably lighter core, which commonly is a
material of relatively low performance. The main benefits of using this particular lay-up are
the high stiffness and strength to weight ratios. Additional advantages are the integrated
functions such as thermal insulation, buoyancy, in some cases high acoustic insulation, high
energy absorption capabilities and integrated manufacturing.

ASTM defines a sandwich structure as follows:

"A structural sandwich is a special form of a laminated composite comprising of a
combination of different materials that are bonded to each other so as to utilise
the properties of each separate component to the structural advantage of the
whole assembly."

P

Adhesive joint

Core material

Adhesive joint Face material

Figure 1.1  Schematic of a structural sandwich panel (from [1.1]).

The sandwich works similar to an I-beam, in which as much as possible of the material is
placed in the flanges situated farthest from the centre of bending or neutral axis. Only enough
material is left in the connecting web to make the flanges work together and to resist shear and
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buckling. In a sandwich, the faces take the place of the flanges and the core takes the place of
the web. The difference is that the core of a sandwich is of a different material than the faces
and it is spread out as a continuous support for the faces rather than concentrated in a narrow
web. The faces will act together to form an efficient stress couple counteracting the external
bending moment. The core resists shear and stabilises the faces against buckling or wrinkling.
The bond between the faces and the core must be strong enough to resist the shear and tensile
stresses set up between them. The adhesive that bonds the faces to the core is thus of critical
importance [1.1].

1.1  SANDWICH BEAM THEORY

The load transfer in a sandwich may be schematically described as follows; for simplicity
study a sandwich beam subjected to a bending moment, Mx and a transverse force Tx, as shown
in Fig. 1.2.

z,w

Nx

Mx

Tx

Tx

Mx

Nx

q(x)

x

d

tf1

tf2

tc
E

c

Ef2

Ef1

,Gc

e

z1

z

z2

Figure 1.2  Sandwich beam with applied loads [1.1].

First assume a bending moment only. The strain at distance z from the neutral axis may be
written as

ε x
xM z

D
= (1.1)

where D is the flexural rigidity defined as

( )D Ez dz
E t E t E t
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where t, d, e are given in Fig. 1.2 and E is the elastic modulus. The two first terms can be
neglected if the faces are thin and term three and six can be neglected if the core modulus is
low. For a sandwich with equal faces (same thickness and material), which satisfies the two
conditions above, Eq. (1.2) becomes

D
E t E t d E t

D D Df f f f c c
f c= + + = + +

3 2 3

6 2 12
2 0 (1.3)

The position of the neutral axis, here denoted and defined as e in Fig. 1.2, is given by the co-
ordinate system for which
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σ xdz∫ = 0 (1.4)

when integrated over the entire cross-section. For a general sandwich cross-section as shown
in Fig. 1.2, this becomes
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t
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1 2 2

1 1 2 22 2 2 2
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 (1.5)

which for the symmetrical sandwich (same faces) simply positions the neutral axis in the
middle of the core. The direct face stress can now be calculated by using its definition in
Eq. (1.1) as (exact relation, for weak core and for stiff and thin faces).
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A more general definition can also be found for the shear stress. The shear force must balance
the change in the direct stress field, and for reasons of equilibrium

d
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when using the fact that τxz at d/2 + tf is zero. Now, using dMx/dx = Tx, the relation becomes
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where B(z) is the first moment of area which is defined as
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The shear stress in the faces and the core will then appear as
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For a symmetrical sandwich these expressions take a slightly simpler form [1.1] and may
easily be obtained from the above by letting Ef1 = Ef2, tf2 = tf1 and e = d/2. Assuming a weak
core the core shear stress is constant and can be written as

 =
+

τ c
xT

D

E t E t d

E t E t
1 1 2 2

1 1 2 2

(1.11)

and when also assuming thin faces, it further simplifies to

τ c
xT

d
= . (1.12)

As it is now seen from Eqs. (1.6) and (1.12) that the principal load carrying capacity and stress
distribution in a sandwich can be described as [1.1]

"the faces carry bending moments as tensile and compressive stresses and the
core carries transverse forces as shear stresses".

Due to the inherently low density of the core material and the fact that the core is subjected to
a more or less constant shear stress one must always account for transverse shear deformations
when analysing sandwich structures. In principal one can state that the deformation of a
sandwich consist of two parts; deformation due to a bending moment (bending), denoted by
wb and deformation due to a transverse force (shearing), denoted by ws. For a general theory,
e.g. anisotropic sandwich plates or shells, these deformations are coupled resulting in rather
complicated expressions wherefore such cases are omitted here. More information on general
sandwich plate and shell analysis is found in e.g. [1.1-3]. For a sandwich beam with thin faces
the analysis is much simpler and one can define the total curvature from contributions of
bending and shear as
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2
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where S is the shear stiffness. This stiffness is defined as the ratio of the change in transverse
force to the curvature caused by a transverse force change. This shearing thus causes a cross-
section to deflect without rotation of the cross-section. The shear stiffness is often defined as

S
Gh

k
= (1.14)

where G is shear modulus, h is the height of the beam and k is a shear factor, which for a
rectangular homogeneous cross-section equals to 1.2. For a general cross-section, the shear
stiffness can be computed accurately by using an energy balance equation [1.1]. The shear
stiffness for a sandwich with thin faces, tf << tc and weak core, Ec << Ef, can be calculated as
[1.1-3]

S
G d

t
c

c

=
2

(1.15)

The kinematic assumption for a sandwich beam, namely the in-plane and out-of-plane
deformations can be written as

u(z) = u0 + zψx  and  w = wb + ws (1.16)

where u0 is the mid-plane deflection and ψx is the cross-section rotation which depends on the
bending deformation wb of the beam through

ψ x
bdw

dx
= − (1.17)

A schematic of the two modes of deformation is illustrated in Fig. 1.3 showing the
displacement of a simple cantilever sandwich beam.
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Figure 1.3  Deformations of a sandwich beam.

To find a simple but general expression of the governing sandwich equation first assume that
there is no in-plane deformation of the beam, i.e. u0 = 0. If so, the in-plane stresses are
obtained as [1.2]

σ 1 1
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2 1 1
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d w

dx
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dx
b s

   and σ 2 2

2

2 2 2

2

2= − −E z
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b s

 (1.18)

where z1 is a local z-coordinate measured from the middle of the upper face sheet and z2

another local coordinate measured from the middle of the lower face, see Fig. 1.2. The local
bending moments in the faces become

M D
d w

dxx f1 1

2

2= −  and M D
d w

dxx f2 2

2

2= − (1.19)

where Df1 and Df2 are the flexural rigidities of the two faces about their individual neutral axes,
similarly the in-plane forces become
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2 2 2
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The total bending moment is hence
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By using the equations of equilibrium (which are the same irrespective of the inner structure
of the beam) which read

q
dT

dx
N

d w

dx
x

x+ + =
2

2 0  and 
dM

dx
Tx

x= (1.22)

it is possible to derive the governing equation as
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This governing beam equation was derived by Hoff in 1948 [1.4]. For a sandwich with thin
faces this equation takes the more well-known form
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By introducing time dependent inertia terms into the equations of equilibrium, Eq. (1.22)
becomes

 − + + ∂
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where ρ* is the surface mass (mass per unit length per unit width) of the beam and R is the
rotary inertia. These parameters are defined as

ρ ρ* = ∫ dz and R z dz= ∫ ρ 2

where ρ is a material density. In the case of thin faces the governing beam equation reads
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This is commonly known as the Timoshenko beam equation [1.5]. An extension of this
analysis was done in 1951 by Mindlin resulting in a similar governing equation for isotropic
shear deformable plates. That equation is generally referred to as the Mindlin or
Reissner/Mindlin plate equation [1.6].

1.2  APPLICATIONS OF SANDWICH CONSTRUCTIONS

The main benefits of sandwich structures are the high stiffness and strength to weight ratios,
hence is the concept beneficial wherever weight is a major design factor. Today the vehicle
industry shows an increasing interest in the sandwich concept and therefore sandwich
constructions are found in a variety of applications. Specific examples of aeronautical
applications are; cabin floors in civil aircrafts, control surfaces, landing bay doors, helicopter
rotor blades and fuselages, satellite antennas [1.7] and solar panels. In the boat building
industry the sandwich concept has become one of the major construction techniques for small
and medium size ships [1.8]. Even larger light-weight passenger ferries built in metal now
utilise sandwich construction for the main structure in order to save weight at the upper levels,
thereby increasing the seaworthiness of the ship. Sandwich has become an interesting design
concept for train and subway cars allowing increased stiffness and thus increased vibration
eigenfrequencies [1.9]. Self-supporting truck structures in sandwich become considerably
lighter than common metallic structures hence increasing pay-load and profits [1.10]. Truck
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tankers for liquid fuels, milk, juice or other substances have also been built in sandwich
design with success [1.11] since they offer integrated thermal insulation in the load carrying
structure. On the same basis, sandwich containers are built and used world-wide [1.12]. In the
pursuit of lighter and cheaper materials for car body parts, sandwich has become increasingly
interesting for the car industry. This interest is partly driven by legislation forcing cars to
become lighter and hence more environmentally friendly. Additionally, reduced production
costs through integrated manufacturing processes is another major driving force for increased
use of composite materials.
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2
MATERIALS AND MATERIAL CONFIGURATIONS

2.1  FACE MATERIALS

In sandwich structures the face material mainly carries tensile and compressive stresses caused
by applied bending moments and in plane loads. Any material found as thin sheets may be
used as face in sandwich structures but there are two more often used in the sandwich concept,
aluminium and fibre reinforced plastics, FRP. There are basically three groups of fibres
commercially used, glass, Kevlar and carbon fibre and all are manufactured in various
qualities and types e.g. weaves, unidirectional cloth or as chopped strand mat. The two major
types of resin; epoxy and polyester are also produced in various qualities. The benefit of FRP
is the tailoring capabilities offered, i.e. the lay up and build up of the laminate can be
optimised to an expected load path and hereby no extra material and hence weight has to be
added in low or non stressed parts of the structure. The cost of the raw material is generally
related to its strength with carbon being the most expensive fibre constituent and glass the
cheapest. The same yields the resins; price stands against performance with epoxy generally
being higher performing and more expensive

Depending of the cost and quality need, there are numerous manufacturing techniques in
producing FRP. Where high tolerance and performance are a necessity, as in the aircraft
industry, often an autoclave is used. Here resin pre-impregnated fibres, called prepreg, are put
in the mould, then cured under vacuum at elevated temperature in an autoclave. The core
material may either be bonded between two prefabricated skins but more often the core is co-
cured and the sandwich is made in one stage. When producing larger structures, such as
marine vessels wet lay up is the most commonly used technique. Here dry fibres are manually
wet with liquid resin and left to cure at room temperature. But there is an increase in the usage
of more advanced manufacturing methods in the marine industry today. On such method uses
the wet lay up technique to build up the structure which is then vacuum bagged. Heaters are
used to speed up the curing process. Another manufacturing process is resin injection
moulding, where the dry fibres, placed in the mould and covered with a vacuum bag, are
impregnated through a combination of low pressure injection of the resin and vacuum bagging
of the structure. Both these methods enhances the surface tolerance and reduces the solvent
vaporisation.

The core material may either be used as a mould where the faces are laminated directly onto
the pre-formed core or one face is laid down into a mould and the core is then bond to the
face. Obviously, the use of prepreg and an autoclave is the only technique suitable where
honeycomb core is used, since the liquid resin would fill up the cells in a wet lay up process.
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Three different face material combinations and qualities are used throughout the
investigations. Two of them correspond to medium and high performing aeronautical
applications respectively and one configuration is typically found in marine applications.

DBL-850 GLASS/VINYLESTER

The marine configuration consisted of four layers of DBL-850, a unidirectional stitched glass
fibre fabric of 850 g/m2, and Vinylester 8084 [Norpol/Jotun]. The face was applied to the
foam core using the wet lay-up technique, as described above with a thin layer of pure resin on
the core, primer, to prevent the inner fibre layer to be drained. If the priming is omitted there
is an increased risk for delamination between the face and core material.

7781/913 GLASS/EPOXY

The second face material used was manufactured in an autoclave process using faces of 4
layers of quasi-isotropic glass fibre [0°/+45°/90°/-45°] impregnated with epoxy. The core
material was co-cured with the face materials and manufactured by Eurocopter Deutschland
GmbH in Ottobrunn, Germany.

HTA7/913 CARBON/EPOXY

The third face configuration is the most highest performing. The sandwich panels were
manufactured in a co-curing autoclave process using faces of carbon fibre epoxy prepregs.
The faces are made of 4 layers of quasi-isotropic HTA7 carbon fibre [0°/+45°/90°/-45°] and
epoxy. The panels were manufactured by Eurocopter Deutschland GmbH in Ottobrunn,
Germany. The most relevant material properties are listed in Table 2.1.

Table 2.1  Mechanical properties of the three face materials used. The DBL850 faces

were manufactured and tested by the author while the others were manufactured by

Eurocopter Deutschland GmbH in Ottobrunn, Germany, who also provided the material

data. Numbers in italics are estimations.

Face material

Property

DBL-850/8084

[0°/-45°/+45°] 2s

7781/913

[0°/+45°/90°/-45°]

HTA7/913

[0°/+45°/90°/-45°]

E1 [GPa] 20.1 17.8 51.1

E2 [GPa] 5.0 6.0 6.0

E3 [GPa] 9.6 17.8 51.1

ν31 0.167 0.26 0.303

ν21 0.075 0.101 0.035

ν23 0.156 0.101 0.035

G23 [GPa] 2.0 2.5 2.5

G13 [GPa] 4.7 8.2 19.7

G12 [GPa] 2.0 2.5 2.5

Thickness (mm) 3.7 0.96 0.6
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2.2  FOAM MATERIALS

The core material in a sandwich is in most applications either honeycomb, end-grain balsa
wood or cellular foam. In some cases even corrugated cores are used. Honeycomb cores have
mainly been used in aerospace applications due to their excellent weight to mechanical
performance ratio, but are of limited use in other applications due to high costs and difficulties
in the manufacturing process. In some specific cases Kraft paper or steel honeycombs are used
in civil engineering applications like construction panels. Balsa was used in World War II
aeroplanes but has since then found its majority of applications in the boat building industry.

The use of cellular foams as structural elements and load bearing components has increased as
sandwich constructions have become more widely used. The materials are relatively recent
and the majority of the ones in use have been developed over the past 25 years. The
introduction of cellular plastic foams has had a major impact on the use of sandwich
constructions since foams offer such a variety of materials, with various properties, in wide
density and price ranges. In comparison with honeycombs, foams are generally cheaper, have
slightly lower mechanical properties, higher thermal insulation, are easier to bond to, to
fabricate and to shape, and most of them have closed cells which resist water penetration.
There exists a large variety of thermoset foams, like the two used in this work, but also a
number of thermoplastic foams.

Today, the main research efforts are put into typical face materials, but as the demands for
even more optimised structures are raised, the research in the field of core materials is
increasing. Crack initiation and propagation in core materials subjected to dynamic loads are
still relatively unexplored and basic knowledge and tests are yet to be developed for this class
of material.

2.2.1  ANALYSIS OF CELLULAR MATERIALS

All the materials frequently used as cores in sandwich structures have in common that they are
cellular materials: honeycomb, balsa or plastic foam. The cellular solid is defined by Gibson
and Ashby [2.1] as

“... an interconnection network of solid struts or plates which form the edges and
faces of cells.”

The mechanical properties of a cellular solid are given not only by the properties of the virgin
material but also by the type of cell structure. In [2.1] the engineering mechanical properties
and structural behaviour of the most common cellular structures such as honeycomb, foams,
and wood are modelled and derived. Focusing on foams with closed cells produced from
liquid components, which are the materials used in this investigation, the following theoretical
discussion on the mechanical behaviour can be made, based upon [2.1]: A closed cell is
divided into three parts, the cell wall, the cell membrane and the volume enclosed by the
walls. As seen in the close ups of the foam cell structures in Figs. 2.1 and 2.2, the material is
well distributed between the walls and the membranes.
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Figure 2.1  Cell structure of WF51, average cell size 0.50-0.70 mm. Reprinted with
permission of Röhm GmbH [2.2].

Figure 2.2  Cell structure of H100, average cell size 0.35-0.45 mm. Reprinted with
permission of DIAB [2.3].

The deformation of the foam is caused by bending and stretching of the cell walls and
stretching of the membrane faces. The (linear) elastic properties are derived as function of the
solid material elastic modulus, Es and its density, ρs. If the effect of membrane stretching is
accounted for, the relation between the material in the cell walls and the cell edges, φ, is used.
Additionally, if the internal pressure in the enclosed cells, p0, differs from the atmospheric
pressure it will effect the elastic behaviour. The elastic properties can then be estimated from
[2.1] through,
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where the indices f and s denote the expanded foam and the solid material that build up the
cell walls and the edges, respectively. As seen from Eqs. (2.1-3) the elastic moduli strongly
depend on the foam density, increasing quadratically with the foam density. It is also noted
that the shear modulus is not affected by the cell pressure, since linear elastic shear
deformation is not accompanied with any volume change. Using Eqs. (2.1) and (2.2) and the
solid material properties given in [2.1], the modulus of the two foam materials investigated
here is calculated. The cell pressure is neglected since it is of small influence (according to
discussions with the manufacturers). The calculated properties correspond very well with the
tensile and shear modulus found from tests performed by the author, with the fraction φ equal
to approximately 55%. These values also corresponds well with observations from the
photographs in Figs. 2.1-2.2. The calculated shear modulus of WF51 and the one given by the
manufacturer [2.2] differ almost with a factor of two, but there is reason to believe that the
data given in [2.2] is more conservative, a fact also indicated by tests performed by the author
(see also Chapter 5). The material properties are given in Section 2.2.4.

2.2.2  DIVINYCELL SPECIFICS AND MANUFACTURING

Divinycell is a cross-linked rigid cellular PVC foam with closed cell structure and it is
produced in a variety of densities where mechanical properties (higher strength and moduli)
are increased with density [2.3]. Even a small variation in density will cause differences in the
mechanical properties. The fracture behaviour of this material is in the regime between ductile
and brittle. In fatigue tests at high temperatures significant creep is noticed while in tests
performed at room temperature a more brittle behaviour is observed. The Divinycell quality
used in this survey is H100, with a nominal density of 100 kg/m3.

The material build-up consists of a thermoplastic and one thermoset part. Its basic ingredients
are PVC, isocyanates and anhydrides. These ingredients are mixed together forming a plastisol
which is injected into a hot mould where it expands under elevated temperature, forming a
gelatinous block. The block is then expanded in hot water. The temperature is well above the
glass transition temperature for the material and the expansion of the material is due to a
chemical reaction between isocyanate and the water which produces carbon dioxide. The
expanded block is post cured in water at 70° to let the residual isocyanate vanish.

2.2.3  ROHACELL SPECIFICS AND MANUFACTURING

The other material used in this study is Rohacell, a PMI foam with predominantly closed cells
and but which is more brittle than the PVC foam [2.2]. The manufacturing process is
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somewhat similar to that of the H100. The ingredients, methacrylic acid (MAA) and
methacrylonitrile (MAN) are mixed together with a so-called blowing agent (a substance
which produce a gas) in this case formamide. All three are colourless liquids. The first stage is
the polymerisation where the mixture is converted into a clear hard plastic sheet which
contains the still unchanged blowing agent. By heating the sheet to approximately 200°C, a
chemical process starts involving the blowing agent and the plastic liberating substances
which are gaseous and therefore produce small gas bubbles in the plastic. The quality used
throughout this survey is WF51 which has a nominal density of 52 kg/m3.

2.2.4  MATERIAL PROPERTIES OF H100 AND WF51

Most static mechanical properties are given by the manufacturers of the foam core materials
[2.2-3]. Generally their information also often contains physical properties of the foams, like
the coefficient of linear expansion, the dielectric constant, water absorption, thermal
conductivity, etc.

Table 2.2  Mechanical properties of the foams and the honeycomb material used in the

present investigations. The data given are from mechanical test performed by the author

or from [2.4]. Data for shear strength and modulus for the two directions of the

honeycomb are given both from tests performed by the author and also, in parenthesis,

given by the manufacturer [2.5]. The numbers in italic are reasonable estimations.

Core materials Divinycell H100 Rohacell WF51 ECA 3.2-48

Nominal Density [kg/m3] 100 52 48

Shear Modulus [MPa] 40 19 L: 51 (40)

W: 49 (22)

Shear strength [MPa] 1.4 0.8 L: 1.32 (1.35)

W: 0.56 (0.75)

E1 (MPa) 105 85 0.33

E2 (MPa) 105 85 138

E3 (MPa) 105 85 0.22

ν31 0.32 0.42 0.407

ν21 0.32 0.42 0.22

ν23 0.32 0.42 0.22

G32 (MPa) 40 30 30

G13 (MPa) 40 30 0.103

G12 (MPa) 40 30 44

τ12,cr (MPa) 1.4 0.72 1.32

τ32,cr (MPa) 1.4 0.72 0.72

σcr (MPa) 3.16 * 1.45 * 2.5 **

KIc (MPa m) 0.27 0.10 -

Thickness (mm) 50 15 15
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The most important static mechanical properties of the two foam cores used in this
investigation are given in Table 2.2, which shows that these materials have a density in the
order of 3-8% of the common composite materials used as face materials in load carrying
sandwich structures, in the order of 2-4% of aluminium and only approximately 1% of that of
steel. The moduli and strengths are, however, only about 1%, or less of the composites and
metals. Still, due to the stress distribution in a sandwich, the foam material may be efficiently
utilised as a load carrying material and structural component.

2.3  HONEYCOMB MATERIALS

The core material with the highest weight to stiffness ratio, when used in a sandwich structure,
is honeycomb. Honeycomb truly characterises the idea of a composite component. Used on its
own it has few structural applications, while used together with the other constituents of a
sandwich the honeycomb is a strong and light component. The most common materials used
in honeycombs are either aluminium or resin impregnated fibre paper. Thin layers of material
is folded and bonded in a honeycomb pattern as shown in Fig. 2.3. Due to its build-up the
honeycomb has virtually no in-plane stiffness and poor compressive characteristics though
high out-of-plane shear stiffness. The honeycomb is manufactured in large sheets or blocks of
various cell sizes creating different densities and thus different structural properties. In short,
increased density and decreased cell size results in better mechanical properties (higher
strength and stiffness).

L-direction

T-directionW-direction

Glued cell walls Double wall thickness

(a) (b)

Figure 2.3  (a) Build up of a honeycomb structure using folded phenolic paper. (b)
Definition of length and width direction in honeycomb hexagonal cell structure.

2.3.1  NOMEX SPECIFICS

Nomex honeycomb [2.5] is a non-metallic lightweight honeycomb which is manufactured
from Nomex® aramid-fibre paper and coated with a heat resistant phenolic resin. In the
manufacturing of honeycomb the phenolic paper is folded and bonded together forming a cell
structure as shown in Fig. 2.3. Note that some membranes have double wall thickness. The
cell structure is hexagonal with the length and width direction as defined in Fig. 2.3b. The L-
configuration is referred to as the specimen where the L-direction of the cells are parallel to
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the length of the beams. The W-configuration is defined as the W-direction of the cell
structure being parallel to the length of the beam (Fig. 2.4).

440 mm

82 mm

L-configuration

W-configuration

15 mm

500 mm

P/2 P/2

P/2 P/2
50 mm

Figure 2.4  Beam geometry and illustration of the two specimen configurations.

The basic mechanical properties of the materials are listed in Table 2.2 as given by the
manufacturer [2.5] and as tested by the authors. The difference between the results measured
by the author and the ones specified by the manufacturer may be due to the different test
methods used. In the tests performed by the author the block shear test method, ASTM C273
[2.5], was used.

2.4  MATERIAL CONFIGURATIONS USED

All materials described above are used in this thesis, either as virgin core material or
combined in sandwich components. Basically there are three configurations used within this
work. These are chosen on the basis on three typical applications for the core materials
respectively: a marine structure (H100 core) and a low performing aeronautic structure (WF51
core) and a high performance aeronautic or helicopter structure (Nomex-core). These
sandwich structures are described in Table 2.3.

Table 2.3  Material combinations used

Configuration Face Face thickness

[mm]

Core Core thickness

[mm]

H100 Glass/Vinylester 3.7 H100 50

WF51 Glass/Epoxy 0.96 WF51 15

Nomex Carbon/Epoxy 0.6 Nomex 15

2.5  ADHESIVE BOND

The adhesive bond, or rather the interface, connecting the face to the core has a very
complicated build-up which has important bearing on the work herein. The face sheet is
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usually made of fibre composites and, especially if the laminate is hand laid-up, it will have
resin-rich layers towards its surfaces. In the cases where foam core is used the outward most
cells are filled, or almost filled, with adhesive or resin. Hence the core has an outer layer with
properties different from the rest of the core. Below this surface layer is the virgin core
material with its specific properties. The resin-filled outer layer of the core often proves to be
stronger than the virgin core and it is usually observed that fracture occurs in the core, just
underneath this interface.

In the H100 configuration the adhesive bonding is achieved by priming the surface of the core
with vinylester resin, which is then allowed to cure. This is done in order to fill the surface
cells and to avoid that air is entrapped during the hand lay-up of the face sheets. In the WF51
and the Nomex configurations, a thin adhesive film is applied between the core and the first
prepreg layer. This layer melts during the autoclave curing so that bonding is obtained. In the
WF51 case, this means that to some extent adhesive flows down into the core surface cells. In
the Nomex case some adhesive is also found on the cell walls close to the faces and this
somewhat increases the bonding area.

2.6  BEAM SPECIMENS AND MACHINING

The H100 sandwich configuration is chosen from a typical marine application and thus is the
manufacturing process chosen accordingly. The faces are hand laid up directly on large core
sheets, impregnating the dry fibres fabrics with resin using an aluminium roller. It is vital that
the core is primed before the actual lamination process starts to ensure a sufficient bonding
between and face that the core and thus avoid a delamination failure. In the priming process is
a thin layer of resin painted on the core and the primer to cure. The manufacturing and the
curing process took place at room temperature and was carried out by the author.

The WF51 and the ECA48 are two typical aeronautical configurations and as such both are
manufactured using an autoclave. Here pre-impregnated fibres are attached to the sheets of
core material and the sandwich is then cured at elevated temperature and pressure in the
autoclave. Both these sandwich configurations were manufactured by Eurocopter Deutschland
Gmbh but all beams, i.e. the test specimens were cut to the correct size by the author using a
diamond circle saw.
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3
STATIC TESTING OF FOAM CORES AND SANDWICH

CONSTRUCTIONS

This section is aimed at providing a background to some of the more common test methods
used for foam core materials and sandwich constructions. In some cases these methods are
rather specialised. Some data, like fracture toughness data, is to be used in the analysis of
crack growth and can be utilised as governing parameters for the initiation of damage growth
both for static and fatigue loading.

3.1  COMPRESSION TEST

The most common test method used for the compression test of foams is the ASTM D1621-73
standard test method “Compression properties of rigid cellular plastics” [3.1]. A slightly
modified version, which is illustrated schematically in Fig. 3.1, has been used in recent years

Figure 3.1  The modified ASTM D1621-73 axi-symmetric compression test.

In the ASTM D1621-73 standard two procedures are described differing in the method of
measuring the strain: either by the machine cross head displacement or with an extensometer.
When calculating the Young‘s modulus from the first procedure, the height of the specimen
becomes very important, while the effect is small but still not negligible when using an
extensometer. Cylinders are cut out of the foam material with a hole saw (a specially designed
drill tool). The cylindrical shaped specimens are placed between the loading plates and
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centred carefully. The lower loading plate is self centring, as shown in Fig. 3.1, ensuring
uniform pressure on the specimen.

3.2  TENSILE TEST

The ASTM D1623-78 standard test method “Tensile and tensile adhesion properties of rigid
cellular plastics” [3.1] is a commonly used test method for foams. The test is usually
performed in the direction perpendicular to the plane of the foam block. A cylinder is cut out
of the core material with a hole saw and a lathe is then used to form the waist of the cylinder.
The pulley shaped specimen is carefully centred and bonded to a pair of aluminium chucks, as
shown in Fig. 3.2. The fittings and mountings are made to avoid eccentric loads. The
specimen must be of sufficient length in order to avoid end-effects.

Figure 3.2  The ASTM D1623-78 tensile test.

Tensile tests similar to the standard ASTM 638M “Tensile properties of plastics” [3.1] may
also be used when testing tensile properties in the plane of the block. A dog-bone shaped
specimen is cut out of the foam material and the waist is formed in a milling machine. The
strain is measured using an extensometer attached to the waist of the specimen.

3.3  BLOCK SHEAR TEST

An almost universal test method for extracting shear test data for foam core materials and
sandwich panels is the ASTM C273-61 standard test method “Shear properties in flatwise
plane of flat sandwich constructions or sandwich cores” [3.1]. The specimen is cut from the
core material as a rectangular block which is bonded between two parallel loading steel plates,
with a thickness of about 50 mm each. Even a small deviation from parallelity in the loading
plates can cause considerable errors in the calculation of the shear modulus. The four-point
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bending test ASTM C393-62 [3.1] can also be used to find at least the core shear strength, but
it is not at all as common as the block shear test. The rig and test set-up are shown in Fig. 3.3.

Figure 3.3  The ASTM C273-61 shear test.

Olsson and Lönnö [3.2] showed that the block shear test is unfavourable since cracks develop
from stress concentrations at the corners of the core material and cause premature final failure.
This leads to measured shear strength values which are lower than the actual shear strength.
The block shear test procedure, as described above, may be used for shear fatigue tests as
well, according to ASTM 394-62. Their procedure is even more unreliable for the reason
stated above. Zenkert et al. [3.3] used a modified version of the ASTM C273-61 for fracture
mechanics tests of the bi-material corners inherent to the specimen.

The numbers given in Table 2.1 are obtained using the ASTM D1621-73 compression test, the
ASTM D1623-78 tensile test and the ASTM C273-61 shear test. They are based on a large
number of tests performed by the material manufacturers and in order to give "safe" values in
the data sheets the numbers are often slightly conservative. Tests are performed within the
scope of this work using the same methods in order to find more accurate data for the blocks
of foam core materials used herein and the results differed slightly from those in Table 2.1.
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3.4  THE FOUR-POINT BENDING BEAM (FPB)

In this thesis a sandwich beam in four-point bending is the primary test specimen used. The
investigation mainly dealt with fatigue loading of foam and honeycomb core sandwich beams,
with and without simulated damages; but even static load cases are considered. The four-point
bending set-up is shown schematically in Fig. 3.4.

P P

L2

L1

z,w

x,u

Figure 3.4  Sandwich beam in four-point bending.

The key feature of using this type of specimen is that in the region between the inner and outer
supports the transverse force is constant and equal to P, which in turn means that the shear
stress in the core is (approximately) constant over a fairly long part of the beam. Between the
inner supports, over a length of L1, the bending moment is constant and equal to P(L2−L1)/2,
while in the same zone the transverse force is identically equal to zero. Hence, by appropriate
design of the beam and by carefully chosen lengths L1 and L2 the anticipated failure mode will
be a core shear failure which will occur long before the face stresses become critical which
then would cause either face wrinkling or compressive face failure.

The deformation of the beam can be found theoretically by solving Eq. (1.23) by piece wise
integration and satisfying the boundary conditions. This procedure can be found in either [3.4]
or [3.5]. If there is an overhang, this actually stiffens the beam slightly and can be accounted
for in the solution. For cases of thin faces, the overhang has negligible influence [3.4].

In the test geometries used in this study the faces can be considered as thin in the sense that no
measurable difference can be anticipated in the stiffness or deformation of the beam using
either the theory accounting for thick faces or neglecting it. The solution in the thin face case
is found either by solving Eq. (1.24) by piece wise integration or by simply setting Df to zero
in the solutions found in [3.4] and [3.5]. The deformation of the load points, which is equal to
the cross-head displacement of the testing machine is readily found as
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and the maximum deflection, in the middle of the beam can similarly be found as
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The maximum face stress is found between the inner supports and the maximum transverse
shear stress appears between the outer and inner supports, and can in the case of thin equal
faces approximately be written as

σ f
f f
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P L L

t d
= ± = ± −( )2 1

2
 and τ c

P

d
= (3.3)

The beam and testing geometry actually used in the thesis differs slightly from this rather
simplified theoretical model. In the tests, the load points have a finite size so that the loads P
actually are a distributed pressure, or rather a prescribed deformation on part of the surface.
This means that the bending moment and transverse force distributions will be slightly
different. The support loads also induce localised stresses in the vicinity of the supports.
However, the global deformations should still be rather correct using the theoretical model.
For a more accurate analysis of the stress state a two- or three dimensional FE-analysis must
be performed, and this is done in Chapter 5 of this thesis.

3.5  SINGLE EDGE NOTCH BENDING (SENB) SPECIMEN - MODE I FRACTURE TOUGHNESS

A specimen proposed to extract the fracture toughness in Mode I for foams is the single edge
notch bend specimen [3.6]. It has several advantages: the specimen is easy to manufacture and
the test is simple to perform in any quasi static testing machine with the use of a simple
bending rig.

P

W

4W

a

Figure 3.5  The SENB specimen for measuring the Mode I fracture toughness ( the
dashed line indicate the crack growth direction).

The SENB-specimen is cut out as a rectangular piece of core material. The length should be at
least four times the height of the specimen and the height should be about twice the thickness
[3.6]. The crack is sawed using a thin saw blade and the last 2-4 mm of the crack is cut using a
razor blade. The crack should be in the order of 0.2 < a/W < 0.8, where a is the crack length
and W is the specimen height. The specimen is mounted with a short overhang on each side in
the three-point bending rig as shown in Fig. 3.5. The onset of crack growth appears when the
stress intensity reaches a critical level and the failure is unstable due to the increase of the
stress intensity factor with increasing crack length. The critical value of the stress intensity
factor, KI, is referred to as the fracture toughness, KIc. Both WF51 and H100 are tested using
the

 
SENB-specimen and the results from [3.7] are given in Table 3.1. In order to investigate

any orthotropic behaviour of the core materials, the specimens are cut out in different
directions, but no significant differences in KIc could be found in the different directions.
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Table 3.1  Fracture toughness data of the H100 and the WF51 foams.

KIc (SENB)

[MPa m]

KIIc (ENF)

[MPa m]

KIIc (CSB)

[MPa m]

KIIc (CSB-r)

[MPa m]

Qcr

H100 0.21 0.21 0.49 0.24 3.6 [Nmm-1.69]

WF51 0.08 0.13 0.27 0.13 1.4 [Nmm-1.64]

3.6  COMPACT TENSION (CT) SPECIMEN - MODE I FRACTURE TOUGHNESS

The vast majority of fracture toughness tests in Mode I are performed on either Single Edge
Notch Bending (SENB) as described above or Compact Tension (CT) specimen. The compact
tension specimen is pin-loaded by special clevises and characteristic dimensions are width,
thickness and crack length. The position of the load points, specimen height and other
dimensions are given in relations to the characteristics ones. The CT test procedure is given in
ASTM E647-93 [3.1] and the basic geometry is shown in Fig. 3.6.
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Figure 3.6  The CT specimen

There is however, in the standard possibilities to alter the dimensions of the specimen with
certain limits. A predominantly elastic behaviour of the un-cracked ligament of a compact
specimen is required and should satisfy
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where σcr is the ultimate stress or the yield stress. There are no specific requirements on the
thickness of the specimen but it is recommend that the thickness of the specimen match the
section thickness of the structure of interest.

The fracture toughness for the CT specimen is given as
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where φ is a crack length-compliance function given as
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and Pcr is the critical load at fracture.

The CT-specimen is additionally used to extract the Mode I crack propagation rate which is
done in Chapter 9.

3.7  END-NOTCH FLEXURE (ENF) SPECIMEN - FRACTURE UNDER MODE II L OADING

A crack in the core of a sandwich panel situated along or parallel to the faces, as shown in
Fig. 3.7, is subjected to a state of almost pure shear. The end-notch flexure specimen (ENF)
can hence be used to extract the Mode II fracture toughness of a sandwich core. [3.7-8]. Thin
face materials are attached on each side of the core to prevent the specimen from compressive
failure under the load point or tensile failure at the bottom middle point of the specimen prior
to crack extension. The sandwich ENF specimen should mainly be used with isotropic or
moderately anisotropic core materials like foams, it is for example not suitable for honeycomb
core materials.
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Figure 3.7  (a) The standard, and (b) the modified [3.9], end-notch flexure (ENF) specimen for
measuring the Mode II fracture toughness (dashed line indicate crack growth direction).

Zenkert [3.8] investigated ENF specimen manufactured using two equally thick pieces of core
material from the same block bonded together with a thin Teflon film placed in between the
blocks where the crack was to be simulated. Another way is to cut a crack in the solid core
material using a band saw and then to perfect the crack tip using a razor blade. Some overhang
of the specimen must be allowed, thus requiring the Teflon film to be somewhat longer than
the simulated crack length. Grenestedt et al. [3.9] found that friction between the (initial)
crack surfaces influence the fracture toughness and their conclusion are that toughness values
obtained using the standard ENF specimen are 10-20% conservative. They suggested [3.9] a
modification of the specimen which is shown in Fig. 3.7b. By removing a small part of the
core material at the cracked edge and replacing it with a metal hinge, the distance between the
faces is persevered thus preventing contact and friction between the crack faces and hence
more accurate data are obtained.
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3.8  CRACKED SANDWICH BEAM (CSB) - MODE II F RACTURE TOUGHNESS

Carlsson [3.10 ]proposed the cracked sandwich beam (CSB) specimen for the measuring the
Mode II fracture toughness of interfacial cracks. This specimen may be used for foam, balsa or
honeycomb cores as long as the stress intensity factors can be accurately calculated.
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Figure 3.8  (a) The standard [3.10], and (b) the modified, cracked sandwich beam
specimen for measuring the interfacial fracture toughness (the dashed line indicates the

crack growth direction).

The specimen is manufactured in a way similar to the ENF specimen. The faces are attached
to the core by adhesive bonding or by laminating directly onto the core. A thin Teflon film is
placed onto the core to prevent bonding in the area of the simulated crack. The specimen is
machined to the right dimensions including a bit of overhang needed for the testing. The
thickness used here equals the height of the specimen and the crack length is measured from
the support to the crack front as shown in Fig. 3.8. The stress field ahead of the pre-crack is
dominated by in plane shear, creating a Mode II loading of the crack tip. Fracture toughness
results using this specimen are given in Table 3.1 [3.7].

By applying the same reasoning as for the ENF specimen, one can reduce the influence of
friction by modifying the specimen accordingly, which shown in 3.8b. Both the original CSB
and modified versions are used in Chapter 9 of this thesis and more thoroughly described
there.

Since the ENF specimen is difficult to use for honeycomb cores it is suggested in [3.7] that a
modified version of the CSB specimen for the same purpose, denoted the reversed cracked
sandwich beam (CSB-r) can be used. By turning the CSB up side down so that the crack is
placed towards the lower support the sign of KII is reversed and the crack may freely propagate
upwards into the core material. The crack propagation direction may be calculated using the
point stress criterion, or maximum KI as proposed in [3.7,3.9]. For the foam core materials
used in this investigation the fracture toughness values obtained using this methodology are as
anticipated almost the same as for the ENF specimen as seen in Table 3.1.

3.9  MIXED MODE FRACTURE TOUGHNESS

The fracture path of a crack originating from a crack tip subjected to a mixed mode stress field
as shown in Fig. 3.9, has long since been and still is a major area of research. Several fracture
criteria have been proposed, see e.g. [3.11]. Shortly mentioned herein are four of the most
commonly used criteria, the numerical results given are taken from [3.9].
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Figure 3.9  Crack subjected to Mode I and II loading.

The criterion of maximum tangential stress proposes that the crack propagates when the
tangential stress reaches a critical value at a certain distance ahead of the tip. The angle ϕ, in
which the crack advances is the one where the tangential stress has its maximum. For pure
Mode II loading this corresponds to ϕ=70.5º. This approach has been used with success in
fracture toughness tests of cellular foams in [3.9].

The strain energy density minimum criterion states that fracture occurs at the point where the
strain energy density, S, has a minimum and that fracture occurs when S reaches a critical
value Scr. The energy density is a function of the stress intensity factors. For pure Mode II
loading this gives a predicted propagation angle of ϕ=79.2º. This criterion was used by
Zenkert [3.8] in an early investigation on mid-plane cracks in shear loaded sandwich core
materials.

The maximum strain energy release rate criterion states that fracture occurs in the direction
are the strain energy release rate has its maximum, which in pure Mode II loading is at ϕ
=77.4º.

Hutchinson and Suo [3.12] proposed that a crack in a brittle isotropic homogeneous material
propagates in a direction such that Mode I conditions are maintained at the crack tip. For pure
Mode II loading the fracture path corresponds to approximately ϕ=79º. This model is also said
to be valid in fatigue loading. Tests performed by Iida and Kobayashi [3.13] on mixed mode
fatigue fracture on thin aluminium sheets with a pre-existing crack show that the crack would
propagate in the direction where the Mode II stress field would vanish at the crack tip.

As seen, there is little or no difference in the predicted fracture path in the four models
described above when considering a pure Mode II loading. Hence, it may be difficult to state
which of them that is the most accurate model. The fracture criterion used in the following
chapters is the maximum tangential stress criterion which proved to give very good results for
static loading of the materials used as shown in [3.9].

It is believed that a fatigue shear loaded crack in the investigated materials will kink from the
co-planar direction of the crack and grow in agreement with the mixed-mode models
described above.
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3.10  TOUGHNESS OF A WEDGE

At the tip of a wedge, the stress state of a homogeneous linear elastic solid is singular and can
be written as

( )σ ϕλ
ij ijQr f= −1 (3.6)

where (r,ϕ) are polar co-ordinates, λ is at the tip of the wedge, and Q is a generalised stress
intensity factor. The strength of the singularity, λ, depends on the opening angle, β, of the
wedge and the co-ordinates at a wedge tip are shown in Fig. 3.10.
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Figure 3.10  Definition of co-ordinates at a wedge-tip.

Grenestedt et al. [3.9] use a point-stress criterion, as originally suggested by Whitney and
Nuismer [3.14], where fracture is predicted to occur when the maximum tangential stress at a
certain radial distance from the notch tip reached a critical value. In Hallström and Grenestedt
[3.15] the wedge and crack toughness of different cellular foams are investigated
experimentally and a general failure criterion is formulated. Two test methods, shown in
Fig. 3.11, are used to enhance Mode I and Mode II as well as mixed mode conditions. In
Fig. 3.11a the vertical and horizontal positions of the load introductions can be varied and
thus enabling a variation of the mode-mixity. The modified end notch flexure (ENF) specimen
shown in Fig. 3.11b is in [3.9] proven suitable for wedges under Mode II loading conditions.
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Figure 3.11  Test fixture for (a) mixed mode and (b) Mode II conditions used in [3.15]. The
later is a modified ENF specimen proposed in [3.9]
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3.11  TOUGHNESS OF A BI-MATERIAL WEDGE

A common problem in sandwich structures are so called butt joints, unfilled or partly filled
gaps between core blocks which are bonded together with structural putty. This creates bi- or
tri-material corners, surrounded by both core material, putty and perhaps face material. As
mentioned before, the standard ASTM C273-61 block shear test is used to measure the
toughness of 90-degree bi-material corners in [3.3] and [3.7]. This is done by performing the
shear test with sandwich panels with the face sheets attached to the core (which can be done in
C273-61), but then milling away some core material thereby creating a 90-degree corner
between the core and the face sheet. It is found that cracks initiate and grow at these corners at
load levels much lower than the ones corresponding to an ordinary core shear failure. Values
of the fracture toughness, denoted Qcr, for the core and face combinations in a 90-degree
wedge used in this thesis are given in Table 3.1. Note that the values given are specific to the
material combination and that the dimension of Q is slightly awkward.

3.12  ACOUSTIC EMISSION

Acoustic emission (AE) is a Quality Control (QC) and non-destructive evaluation (NDE)
technique that has proven to be most useful in metals and composite structures, but that has
not yet received much attention in sandwich applications; partly due to the excellent damping
characteristics of the core materials used. Basically, AE employs a transducer, mounted to the
structure, which registers emitted sounds from the loaded structure. Emitted sounds are then
quantified and compared to a database of known sound-defect relationships and the degree of
the damage from which the sounds are emitted can be quantified. An extensive and thorough
introduction to the AE methodology and nomenclature is found in [3.16].

The AE has the ability to monitor dynamically, in real time, and provide a response due to
possible discontinuities in the structure subjected to an imposed structural stress. This
provides a significant advantage over other non destructive testing methods. With appropriate
sensor location and signal processing AE can be used to locate the origins of emissions.
Analysis of the AE signals in time and frequency domains can enable AE monitoring to be
used to identify failure modes. The main disadvantage of AE is that it requires a knowledge of
signal propagation characteristics and a history of typical failures for the material and
structure being studied. Attempts to correlate results with those from other researchers are also
complicated by the effect that acquisition parameters, such as filtering, threshold settings and
sensor response, have on the processed results.

Of primary interest when performing mechanical testing utilising AE equipment is the amount
of activity (e.g. hits, events or counts), when it occurs (relative to load and/or time), where it
originates (multiple sensor arrays allow location detection), and the characteristics of the
signals in both time and frequency domains. The signal amplitude, see for example Fig. 3.12,
is widely used as the first stage of damage characterisation, however, the measured amplitude
of an acoustic event is very dependent on the distance to the sensor (relative to the attenuation
of the particular material), coupling between the sensor and the specimen, the transfer
function of the sensor and the amplification and filtering settings of the AE system. Hence,
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amplitude results need to be interpreted with care, particularly when comparing results from
different specimen types and AE systems. Other basic signal parameters as shown in Fig. 3.12
include rise time (interval between a signal’s first threshold crossing and the first peak
amplitude), duration (between first and last threshold crossings), average frequency (number
of threshold crossings/duration) and energy (integration of the signal during the time from the
first threshold crossing to the end of the signal). While these parameters provide some
characterisation of the AE signals they are all very dependent on the relationship between the
signal waveform shape and the threshold setting used during acquisition and/or post
processing of results.

Threshold level

Duration

Amplitude

Time

Rise Time

1st threshold 
   crossing

Figure 3.12  AE waveform parameters.

Other NDE approaches that have successfully been applied to sandwich structures include
radiography, ultrasonics, mechanical impedance, holography, and thermography.

A difficulty encountered during the research performed and described in Chapters 5-10 in this
thesis, is that the fatigue damage initiation is difficult to monitor when no visible or
measurable signs of damage are present during the major part of the life. Knowledge of the
exact initiation point and the processes leading to the growth of micro-damages into larger
cracks should lead to a better understanding and characterisation of the fatigue behaviour of
the core material and ultimately lead to ways of enhancing the fatigue properties of the
material itself. AE is used in this thesis in an attempt to monitor crack initiation and growth in
the core, during both static and fatigue loading as described in Chapter 11.
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4
FATIGUE TESTING OF CORES AND SANDWICH

CONSTRUCTIONS

This section is aimed at introducing the basics of fatigue testing nomenclature and procedures
and the more common fatigue test methods used for foam core materials and sandwich
constructions. In some cases these are rather specialised. Furthermore, some fatigue life
prediction models for notched structures utilising e.g. fracture toughness data are described.
The fracture toughness data is used in the analysis of crack growth and can also be utilised as
governing parameter for the initiation of damage growth both for static and fatigue loading.
The basics of fatigue theories and procedures are described in textbooks such as Fuchs and
Stephens [4.1], Suresh [4.2] and Reifsnider [4.3].

4.1  THE STRESS L IFE APPROACH

The basic fatigue characteristics for an emerging material or material combination are
essential to gain confidence in the durability of the material and its structural application. The
stress life approach to fatigue was first introduced in the 1860s by Wöhler. Out of his work
evolved the concept of an ‘endurance’ limit, which characterises the applied stress amplitude
below which a material is expected to have an infinite fatigue life. This empirical method has
found widespread use in fatigue analysis although it does not account for plastic deformation
during the cyclic loading. The basis for Wöhler curves or S/N curves are constant amplitude
testing of smooth specimens, i.e. the test specimens are cyclically loaded between a maximum
and minimum stress (or strain) level, Smax and Smin until failure occurs. The notation is
illustrated in Fig. 4.1. where the mean stress and the stress amplitude are defined as

S
S S

amp = −max min

2
(4.1)

S
S S

mean = +max min

2
(4.2)
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Figure 4.1  Nomenclature for constant stress amplitude loading

The S/N diagrams, where S is the applied stress and N is the number of load cycles can be
plotted in a logarithmic or in a semi-logarithmic diagram (generally is S on a linear scale and
N on a logarithmic) as shown in Fig. 4.2. In a S/N diagram the total specimen life is plotted,
where the total life implies the number of load cycles necessary to initiate fatigue cracks in the
smooth specimens plus the number of cycles to propagate the dominant fatigue crack to
failure. The stress, S, in Eqs. (4.1-2) may be replaced with strain or even a stress intensity
factor.

N

S

Figure 4.2  Typical S/N diagram with curve fit functions, the dotted line shows a semi
linear representation and the solid a smooth function.

Test methods for determining the stress-life response are specified in the ASTM standards
E466-E468 [4.4].

Under constant amplitude loading many engineering materials exhibit a plateau in the stress-
life plot typically beyond about 106 fatigue cycles which also seems to be valid for the
sandwich core materials investigated herein. This load level below which the specimen may
be cycled an infinite number of times without showing any crack initiation, or propagation of
an existing crack, is called the endurance limit or threshold level. Tests performed below this
level are generally interrupted and their corresponding result representation in the S/N diagram
is accompanied by an arrow indicating a non failed test as illustrated in Fig. 4.2.

The fatigue life of a material or a component may differ dramatically under constant
amplitude loads with a maintained maximum applied load but changed minimum load or
rather, changed amplitude. Therefore is the load ratio, R, introduced as



Fatigue Testing

37

R
S

S
= min

max

(4.3)

where R<0 corresponds to a load cycle with both compression and tension loading or, as in the
majority of the investigations in this thesis, positive and negative shear. The interval 0<R<1
represent tests under tension/tension loads and R>1 corresponds to compression/compression
loading. The characterisation of a new material generally involves test series at different load
ratios.

4.2  FATIGUE L IFE REPRESENTATION

For emerging material systems and combinations, applications normally precede and drive the
development of life prediction methods. As a result, many empirical models have been used
and are still used to characterise the fatigue life of sandwich structures and the materials of the
core and faces. Some of these are [4.2]

( )S N S Ncr
a= (4.4)

( )S N S b Ncr= − log (4.5)

where S is the applied maximum cyclic load, N is the number of cycles, Scr is the static
strength and a and b are material parameters. Eq. (4.4) is the classical power-law fatigue
criterion producing a linear S/N curve in a logarithmic plot while Eq. (4.5) is a linear
representation of the fatigue data in a semi-logarithmic plot. A more sophisticated model
including the fatigue threshold, Sth, is the following smooth fatigue data prediction curve

S N S S S eth cr th
N a b

( ) ( ) log( / )= + − − (4.6)

This equation was proposed by Weibull [4.5-6] to describe statistical variations in e.g.
mechanical testing of materials. The purpose of a curve fit is to obtain a simple representation
of the stress life behaviour which can be used in the design process. The material parameters
are found as a best curve fit by i.e. minimising the quadratic error between the test data and
the theoretical value of Eq. (4.6).

M EAN STRESS EFFECT

It is possible to plot the test results with their curve fits (or prediction curves) for different
load ratios, R, in one S/N diagram. But more generally is the effect on the fatigue life as a
function of the mean stress or the stress amplitude of interest. The mean stress effects in
fatigue can also be represented in terms of constant-life diagrams, as shown in Fig. 4.3. In
these models different combinations of the stress amplitude and mean stress are plotted to
provide a constant life. Most well known among these models are those due to Goodman [4.7]
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and Soderberg [4.9]
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= −








1 (4.9)

where Sfs is the fatigue strength (for a fixed life) for fully reversed loading (Smean=0 and R=-1)
and Syield is the yield strength of the material. The constant amplitude diagram is usually used
when only the static strength and the fatigue strength have been evaluated or are accessible.

Samp Sfs

Smean

Gerber
Goodman

Syield

Soderberg

1

1 Scr

Figure 4.3  Constant life diagram

If a sufficient number of tests are conducted, a Haigh diagram as shown in Fig. 4.4, can be
constructed for constant lifetime curves. Again the mean stress is represented on the x-axis
and the stress amplitude is given on the y-axis. If this type of diagram is to be fully
constructed numerous test results for different combinations of mean stresses and amplitudes
are required. When a Haigh diagram has been used in the preceding chapters a short
description of its construction is of interest.

The mean stress is a linear function of the stress amplitude for a fixed R and these ratios are
plotted in Fig. 4.4 as solid lines. Actual test results may be included in a Haigh diagram but
the interpretation is made easier by using data from the curve fits (Eq. (4.6)) based on the test
results. Data points for a fixed interval, one per decade, of load cycles are then plotted in the
diagram. These data points are not actual test results but are based on the best curve fit and are
thus a good representation of the actual test results. By connecting these points with a curve or
a line a visual representation of the relation between the mean stress and the stress amplitude
is possible.
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Figure 4.4  Principle of Haigh diagram

The prediction curves in Figs. 4.3-4 can be extrapolated to the left of the ordinate axis to
represent the effect of compressive mean stresses.

4.3  MATERIAL DEGRADATION DUE TO FATIGUE LOADING

When performing fatigue tests at constant stress amplitudes the cyclic softening or hardening
of the material is accompanied by an increase or a decrease in the strain amplitude. The cyclic
softening behaviour is shown schematically in Fig. 4.5. Consequently, if a constant strain
amplitude is applied, an increase or a decrease of the stress level in the material will take
place.

σ ε

(a) (b)

t t

Figure 4.5  (a) Stress controlled loading and (b) the strain response due to cyclic softening.

The cyclic softening during the fatigue life can be expressed graphically in stress-strain loops,
as shown in Fig. 4.6.
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Figure 4.6  Schematic representation of (a) stable stress-strain hysteresis and (b) cyclic
stress-strain curve drawn through the tips of the stable loops.

In sandwich beams softening may be due to both crack nucleation and temperature increase
causing the material to exhibit thermal softening. In a preliminary study performed by the
author, the temperature behaviour for the considered materials showed a strong dependence of
the strain rate and this is further emphasised in Chapters 4 and 8 where a criterion for a
maximum allowed strain rate for fatigue tests of cellular foams is proposed.

Stress-strain hysteresis in sandwich beams have been investigated by Buene et al. [4.10]
where beams tested in a four point bending rig were subjected to simulated cyclic slamming
loads. A pronounced hysteresis just prior to failure was found, indicating a sudden death of
the specimen, i.e. the damage accumulation in the specimen was not indicated by a change in
stiffness until just before failure. In specimens loaded below the fatigue threshold none or very
little cyclic softening was noticed. This is in line with the observations described in the
following chapters of this thesis.

4.4  GENERAL FATIGUE TEST METHODS

General fatigue test methods, specimen preparation and result presentation have been
described in a number of textbooks, e.g., Fuchs and Stephens [4.1], Reifsnider [4.2], Suresh
[4.3] and Weibull [4.5]. Fatigue tests are divided into three different classes; smooth specimen
tests to obtain total fatigue life, pre-cracked specimen tests to obtain crack propagation data,
and structural testing where the fatigue life of a specific application is verified.
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Figure 4.7  Un-notched axial hour glass fatigue specimen.

One example of a smooth test specimen is shown in Fig. 4.7. The loading may be bending,
torsion, tension or any combination of the three. In such tests the total life is considered, not
distinguishing between crack initiation and propagation. It is also possible to include holes,
notches or other defects causing stress concentrations and to study their influence on the
fatigue life.

4.5  UNI-AXIAL FATIGUE TESTS OF FOAM CORES

There are no well defined fatigue test procedures for neither tension or compression of foam
core materials. The test standards for the static properties described in Chapter 3 would
probably be suitable for fatigue testing as well but none of them would work in both tension
and compression, i.e. R<0.

In Chapter 8 in this thesis a fatigue test technique is proposed which uses the same type of test
specimen, axis symmetric dog bone, as described in ASTM D1623-78 “Tensile and tensile
adhesion properties of rigid cellular plastics“ [4.4].

4.6  FATIGUE TEST METHOD FOR SANDWICH BEAMS

For the experimental extraction of the shear modulus and the shear strength of core materials
in sandwich constructions the block shear test ASTM 273-61 or the four-point bending test
ASTM C393-62 [4.4] are proposed. The block shear test procedure may be used for shear
fatigue tests as well, according to ASTM 394-62. In this test the core material is bonded
between two steel blocks which are loaded in tension as shown in Fig. 3.3. Olsson and Lönnö
[4.11] show that this geometry inherently creates stress concentrations at the corners of the
core material which cause premature crack initiation and failure. This leads to a
underestimated measured shear strength. This test procedure is hence, for the reason of the
stress intensification at the corners, not reliable for determining the fatigue life and
furthermore the rig does not allow reversed loading.

The four point bending test method, ASTM C393-62 has proven beneficial when investigating
static sandwich shear failure. An extension of the four-point bending procedure to fatigue
testing has been proposed [4.11] and used with success in several investigations of the fatigue
life of shear loaded foam core materials [4.11-13]. The inherent advantages of the four-point
bend test are that no large stress concentrations are present and that the entire assembly (face -
adhesive joint - core) is loaded in a representative way i.e. as in an application of a real
sandwich structure. Bending moment and transverse force diagrams are shown in Fig. 4.8
where it is seen that the transverse force is constant between the inner and outer supports
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while the bending moment decreases from its maximum between the inner supports to zero at
the outer supports. Hence, the feature of the four-point bending test is that in the middle
section the bending moment is constant (and of maximum) with zero transverse force and in
the regimes between the outer and inner supports the transverse force is constant.

x

y

L

L1

2

T(x)

M(x)

PP

Figure 4.8  The four point bending set-up with idealised transverse force and bending
moment diagrams.

The four point bending test procedure can be used for a number of purposes. The region of
constant bending moment between the inner supports is well suited for membrane tension or
compression strength tests of the faces. It is also possible to design the beam to get an almost
constant core shear stress (by using thin and stiff faces) and yet having a low enough face
stress in the middle section to safely avoid face compressive, tensile or local buckling failure
hence ensuring core failure in shear between the inner and outer supports. The four-point
bending rig used within the present survey is sketched in Fig. 4.9.

Load cell

L 2

Actuator

L1

(ball bearings)
Hinges

Figure 4.9  Four-point bending rig
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Two four point bending rigs which enable dynamic fatigue loading with both positive and
negative loads were designed and manufactured. Through their design the supports were
allowed to rotate around the neutral axis of the beam in order to minimise the stress
concentrations near the load introductions. Further the supports were movable in the beam
length direction to enable varying settings of L1 and L2. The supports were also covered with
rubber pads in order to smooth out the load transfer. The outer load arms were also allowed to
move horizontally thus preventing any membrane forces to occur.

This test method provides an almost pure shear stress in the core, between the inner and outer
supports, as will be shown in Chapter 5 of this thesis, and is hence very suitable for the
present purposes.

The maximum transverse force and thus also the maximum shear stress in the core in this
configuration is by using the approximate relation for the core shear stress in Eq. (1.12)

T Pmax =  and τ max = P

d
(4.10)

Similarly, the maximum bending moment, and thus the maximum face tensile/compressive
stress (for a sandwich with equal faces) is by using the approximate relation for the face stress
in Eq. (1.6)

M
P L L

max

( )
=

−2 1

2
 and σ max

( )
=

−P L L

t df

2 1

2
(4.11)

In order to design the four-point bending specimen to ensure core shear failure, the support
distances must be calculated so that core shear becomes critical. Assuming the core has an
ultimate shear strength �τ c  and the face has a critical tensile strength �σ f , where the latter can
be either a compressive, a tensile or a local buckling strength, the local buckling, or wrinkling
strength, is estimated using the well-known relation

�σ lb f c cE E G= 1

2
3 (4.12)

where Ef is the face modulus, Ec is the core transverse modulus (perpendicular to the plane of
the block) and Gc is the core transverse shear modulus. Assuming further that the face
thickness tf is given, the condition that the critical load for core shear failure should be lower
than that for face failure.

P
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Usually this also requires some margin of safety, say 2, to avoid problems such as the
considerably lower fatigue strength of the face. In this investigation, the right hand side of
Eq. (4.6) is approximately given in Table 4.1.

Table 4.1  Estimations of the support lengths for the four-point bend testing

Configuration H100 WF51 Nomex-L Nomex-W

τc [MPa] 1.4 0.72 1.32 0.56

σf [MPa] * 215 150 350 350

tf [mm] 3.7 0.96 0.6 0.6

max{L2−L1} [mm] 1140 400 320 750

4.7 FATIGUE CRACK PROPAGATION IN CELLULAR FOAM CORES

Pre-cracked specimens are primarily used to study the crack propagation rate in the considered
materials. These types of specimen have one or two initial cracks from which propagation will
occur. Two standard types of such specimens are shown in Fig. 4.10: the single edge notched
bending specimen, SENB, and the compact tension specimen, CT. The latter is described and
used in Chapter 9 of this thesis. Both are used for Mode I crack growth investigations and the
test methods and the geometry of these specimens are thoroughly described for example in
ASTM standards [4.4].
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1.2W

(a) (b)

Figure 4.10  (a) The single edge notched bend (SENB) and (b) the compact tension (CT)
specimens for measuring the Mode I crack propagation rate (the dashed lines indicate the

crack growth direction).

The crack propagation rate, da/dN, is usually plotted against the stress concentration
amplitudes, ∆K, where the crack propagation is divided into three phases: initiation, stable
crack growth and unstable crack growth, as illustrated in Fig. 4.11. The first part deals
primarily with non continuum failure processes, where the increment of average crack growth
is less than 10-6 mm (cycle)-1. In this regime, the stress intensity factor range approaches the
fatigue crack growth threshold, Kth. The intermediate part is also called the Paris regime and is
generally the most interesting since there is a linear relation in the log-log plot between the
crack propagation rate and the stress intensification range due to the notch. This corresponds
to a stable crack growth and this relation is written as
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da

dN
c Km= ∆ (4.14)

where m is the slope of the curve and c is the point where an extension of the curve will
intersect with ∆K=1 MPa m. Regime III, at very high ∆K values, the fatigue crack growth
rates are significantly higher than those observed in regime II, Paris regime. A higher
sensitivity of crack growth to microstructure, load ratios and stress ratios is also noticed in
regime III.

Additionally in Fig. 4.11 the effect of load ratio is shown. The enhanced influence of load
ratio is a consequence of the critical condition that the maximum stress intensity factor value
for the fatigue cycle, Kmax, approaches the fracture toughness of the material, Kc. Since the ∆K
values at which Kmax begins to approach Kc are lower for high R ratios, the catastrophic
fatigue failure occurs at lower ∆K values with increased load ratio.

log da
dN

log ∆K

I II III

m

K c
∆ thK

low Rhigh R

Figure 4.11  Fatigue crack growth da/dN versus stress intensity amplitude ∆K.

For metals, the compact tension (CT) specimen, shown in Fig. 4.10(b) is commonly used to
measure the fatigue crack growth in the Paris’ regime (regime II) and the test procedure
specifications are found in ASTM specification E647-93. The stress intensity factor for this
configuration, as function of crack length, is given by the relation

∆ ∆
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where φ is a finite width correction factor, approximately given by the relation
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A slightly modified version of this specimen is used in Chapter 9 of this thesis to measure
crack propagation rates in a cellular foam.

4.8 FATIGUE CRACK PROPAGATION IN THE FACE/CORE INTERFACE

There are no well defined test procedures for measuring fatigue crack growth in or along the
face/core interface of a sandwich construction. The cracked sandwich beam (CSB) discussed
in Chapter 3 has been used for static measurements of the face/core interface toughness, but it
has not been used for fatigue loading. In composite materials, both Mode I (opening) and
Mode II (shearing) inter laminar fatigue crack propagation tests are commonly performed with
the use of the double cantilever beam (DCB) and the end notch flexure (ENF) specimens,
respectively.

In Chapter 10 of this thesis the CSB and a special type of DCB specimen are used in an
attempt to measure both Mode I and Mode II crack propagation along the face/core interface
in the core material of a sandwich.

4.9 FATIGUE TEST CONTROL

CONSTANT AMPLITUDE FATIGUE

The by far most common test procedure is the stress, strain or stress intensity controlled
constant amplitude test. The latter is used to extract the crack propagation parameters
described above.

INDIRECT LOAD CONTROL

It is also possible to use a combination of stress and strain control, an inner displacement
control loop, and an outer load control loop. The tests are conducted in displacement control
but the response from the load cell is registered and after a specified number of cycles an
average of the load deviation is fed back to the displacement control. This process was
successfully used within this thesis for tests at low load levels, or rather in the lower range of
the load cell capacity.

VARIABLE AMPLITUDE FATIGUE

One of the most important tasks in the design of a fatigue loaded components is to develop
load spectra which are representative for the stresses and strains actually experienced by the
component during service. Such service spectra are estimated under typical operating
conditions for example, by monitoring of the output of strain gages mounted on different
critical parts of the component.
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Several cycle counting techniques have been developed to reduce complex fatigue loading
histories to a series of discrete events so that cyclic damage could be accounted for properly:
rain flow counting, range pair, level crossing and peak counting methods. The details of these
techniques are found in fatigue textbooks, e.g. [4.1].

Fatigue testing of structures is often only performed in a certification process or for a design
verification and is generally very expensive, time consuming and labour intensive.
Nevertheless it is inevitable. Few general remarks can be made on this type of testing but
often some loading history simulation is used, rather than the constant load amplitude
procedure described below. Also some worst case damages are simulated and these should not
grow or propagate in an unexpected way. Generally only one or a few identical parts are
tested.

4.10  THE FATIGUE NOTCH FACTOR APPROACH

The crack initiation and growth of notched standardised test specimens may easily be
monitored in a laboratory environment. The stress or stress intensity factors may also be
calculated analytically or with the use of high accuracy FE methods. However, engineering
structures often contain an unknown number of both larger and minor flaws which are the
principlal sites for the initiation of fatigue cracks. The stress and deformation fields in the
areas of such flaws of course have strong influence on the onset of crack propagation.

There have been hopes that the fatigue strength of a notched component could be estimated by
the fatigue strength of a smooth component divided by a factor computed analytically, e.g. the
stress concentration factor. The theoretical elastic stress concentration factor denoted by Kt

relates the local stress ahead of a notch tip to the far field loading. Experiments suggest that
the stress concentrations at notches have less effect in fatigue than in the static case. Peterson
[4.14] proposed the following approximate formula for the fatigue notch factor

k
K

a rPeterson
t= +

−
+

1
1

1 ( / )
(4.17)

where r is the radius at the notch root and a is a material depending parameter. Variations of
this formula have been evaluated with variable success [4.15]. For soft metallic materials it
has been concluded that the notch factor varies and it is close to the stress concentration factor
for large notches, but Kt<<kPeterson for sharp and small notches.

Comparable approaches for composites materials are incompletely developed although a great
deal of information on damage development around non-uniformities such as notches, holes
and other stress concentrations has appeared in the literature [4.16].

A simple empirical approach proposes a correlation between the fatigue life behaviour of un-
notched and notched components using the fatigue notch factor,
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where Sth is the fatigue threshold, i.e. the stress level below which no crack will initiate and a
nucleated crack it will not further propagate. It has been found that this approach produces a
conservative result and when using this approach the fatigue threshold must be found either by
testing or by computer simulations. A modified approach would be the use of the static
strength reduction due to the inflicted damage instead, hence only static tests on the damaged
component would be needed. Thus, the static notch factor is calculated as

k
S

SD

crit Notched

crit Unnotched

= ,

,

(4.19)

where Scrit,Notched and Scrit,Un-notched are the ultimate static strength of the specimens with and
without damage. This performance will generally not be applicable on ductile solids such as
steel or aluminium alloys but as shown in the preceding chapters the approach can be used on
the more brittle cellular foams.

4.11  MULTI -AXIAL FATIGUE

In real structures the stress and strain fields are generally quite complex and one of the most
difficult tasks in fatigue testing and analyses is to translate the S/N diagram information found
from uniaxial testing to a general case involving a much more complicated state of stress. The
classical multiaxial approaches are; the maximum principal stress, the von Mises yield
condition and the Tresca yield condition [4.2]. These are used with varying degree of success
but it seems that the von Mises approach is the one which is the most commonly used. An
application of this criterion is presented in Chapter 8 of this thesis. Using the von Mises yield
criterion Eq. (4.6) can be rewritten as

σ σ σ σvM vM th vM cr vM th
N aN e

b

( ) ( ), , ,
log( / )= + − −

(4.20)

where σvM is the von Mises stress is defined, using the definition of the stress components on
an infinitesimal volume element in Fig. 4.12, as

( )σ σ σ σ σ σ σ σ σ σ τ τ τvM x y z x y y z x z xy yz zx= + + − − − + + +2 2 2 2 2 2 1 2
3 3 3

/
(4.21)

If a pure axial stress is considered Eq. (4.21) becomes

σe,vM = σz (4.22)

and in the case of a pure in plane shear stress, Eq. (4.21) gives

σe,vM = 3 τxy (4.23)
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Figure 4.12  Definition of stress components on an infinitesimal volume element.

4.12  FATIGUE DESIGN CRITERIA

The development towards lighter, stronger and more reliable structures requires good and
reliable design fatigue life prediction models and design critera. Different fatigue design
methodologies are used depending of the application as described in e.g. [4.1].

INFINITE -L IFE

The stress level applied should be safely below the fatigue threshold of the structure. This
approach is used on components difficult to inspect or where an over-sized design is not
crucial.

SAFE-L IFE

The safe-life design approach is developed for aeronautical applications where the typical
cyclic load spectra, which are imposed on a structural component in service, are first
determined. On the basis of this information, the components are analyzed or tested in a
laboratory under load conditions which are typical for the service spectra and a useful fatigue
life is estimated for the component. The estimated fatigue life, suitably modified with a safety
factor, then provides a prediction of ‘safe-life’ for the component.

FAIL -SAFE DESIGN

The weight penalty for high safety factors called upon a new design criteria. The fail-safe
concept is hence based on the argument that, even if an individual component of a large
structure fails, there should be sufficient structural integrity in the remaining parts to enable
the structure to operate safely until the flaw is detected. Components which have multiple load
paths are generally fail-safe because of structural redundancy. In addition the structure may
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contain crack arresters to prevent undesirable levels of crack growth. The fail-safe approach
mandates periodic inspection along with the requirement that the crack detection techniques
be capable of identifying flaws to enable prompt repairs and replacements.

DAMAGE TOLERANT DESIGN

This approach assumes that fatigue cracks are present and uses fracture mechanics analyses
and tests to check whether such cracks will grow long enough to cause failure before they are
detected during a periodical inspection. This very sophisticated but expensive design approach
method is today rarely found outside the nuclear power and aerospace industry.
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5
FATIGUE OF UNDAMAGED FOAM CORE SANDWICH

BEAMS

The present chapter addresses the fatigue characteristics of two cellular foam core materials as
used in load carrying sandwich structures. The fatigue loading studied is a constant shear
stress which corresponds to the main type of loading that the core in a sandwich structure
exhibits. Based on results from testing stress-life curves are presented for a number of stress
ratios (R) and are fitted to a simple two-parameter Weibull function. The influence of the R-
value is emphasised and standard Haigh diagrams are constructed. It is seen that the fatigue
behaviour of the core materials investigated herein well can be described in manners similar to
that of classical metal fatigue. A thorough investigation is performed on the behaviour of
fatigue crack formation and growth.

5.1  OBJECTIVE

Focusing on two commonly used cellular foam materials an investigation on their fatigue
properties has been performed. The aim was partly to extract relevant fatigue data that can be
used in the design of foam core sandwich components but moreover to investigate the
fundamental physical behaviour of fatigue damage initiation and growth in foam core
sandwich structures. Furthermore, the objective was to develop, analyse and verify an
appropriate test method for fatigue testing under relevant loading conditions, to find the effect
of the mean stress and finally to understand and predict how and where fatigue failure occurs
in this type of construction. Previous investigations [5.1-5] have shown the benefit of the
usage of the four point bending test procedure for sandwich foams and thus such a rig was
developed, modified for reversed loading, R<0, and utilised.

5.2  MATERIALS , SPECIMENS AND TEST METHOD

The materials configurations investigated were one with glass fibre reinforced vinylester faces
on a 50 mm thick Divinycell H100 and the other with glass fibre reinforced epoxy on a 15 mm
thick Rohacell WF51. These material configurations are described in Chapter 2 and are
hereafter referred to as H100 and WF51 configurations.

Sandwich beams were cut from the manufactured sandwich panels (see chapter 2 for details)
using a diamond tooling to the dimensions 550 mm length and 50 mm width. The position of
the supports were chosen so that the expected failure would not be in local buckling of the
faces or tension/compression failure of the faces but in shear of the core material. The position
was calculated using standard sandwich beam theory, Eqs. (4.11-14). For the H100
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configurations the lengths L1 = 440 mm and L2 = 82 mm were used, whereas for the WF51
configurations these lengths were L1 = 380 mm and L2 = 142 mm, see Fig. 4.9.

Two four point bending rigs were used that enabled dynamic fatigue loading with both
positive and negative loads as described in Chapter 4 and shown in Fig. 4.9. The stiffness was
continuously monitored and any growth of damages was visually inspected using a travelling
microscope at regular intervals. All fatigue test were run under indirect load control as
described in Chapter 4.

5.3  STATIC TESTS

Static tests were initially performed to get relevant load levels for the fatigue tests. Four
identical specimens within each configuration were tested at room temperature, 22°C, in an
Instron 6025 universal testing machine at a constant displacement rate of 2 mm/min.

The H100 configuration did not actually fracture in shear but the core shear strains exceeded
the elastic strain limit and the core started to deform plastically. The load-deflection relation
was linear up to the peak value. Thereafter the specimen continued to deformed at constant
load. The shear stress at peak load corresponds well with the shear strength given by the
manufacturer of the material.

(a) (b)

Figure 5.1  Photograph of (a) a static failure and (b) a fatigue failure for WF51 specimen.

The WF51 configuration failed in shear with a crack running diagonally through the core
between the supports as shown in Fig. 5.1a. The crack was running at an angle of
approximately 45° relative to the neutral axis of the sandwich beam. This corresponds to the
direction of the maximum principal stress. The assumption of linear beam theory was
considered valid when the centre displacements at failure was less than half the beam
thicknesses respectively.

5.4  FATIGUE TESTING

The main objectives within this investigation were to obtain basic knowledge on the fatigue
behaviour of these foam materials and a scheme using constant amplitude loading was used.
To investigate the fatigue dependency of stress amplitude and mean and maximum stress, the
testing was performed at different loading ratios. The H100 beams were tested at 5 different
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loading ratios R=−1, −0.5, 0.1, 0.25, and 0.5. The WF51 configuration was tested at R=0.1
and −1. A minimum of 6 specimens within each configuration and stress ratio were used.

Fatigue tests were performed in a 40 kN and a 10 kN Schenk servo hydraulic universal testing
machine. To monitor the fatigue fracture process a stereo microscope equipped with a
micrometer was attached to the rig. The data acquisition performed monitored the stiffness
variation during the tests using the output signals of the load cell and the deflection of the
hydraulic piston. The aim was to perform tests at load levels of 70, 60, 50, 40, 30 and 25
percent of respective static failure load. However, since the fatigue threshold and maximum
applicable load varied with the different configurations and with the different load ratios the
levels were slightly adjusted accordingly.

The thermal conductivity of the foam materials is very low, which means that they have good
thermal insulation properties. Usually this is beneficial but when the materials exhibit a large
strain variation, which will create a small temperature increase, the heat will not be lead away.
It was found in [5.1,5.6] and in this investigation, that even a small increase in temperature in
the core, 5-10°C, reduces the fatigue life of the specimens. To ensure that the fatigue life
found in this survey was not influenced by any thermal changes during testing a pre-study of
the temperature behaviour versus loading frequency was performed. A digital thermometer
with two external probes was used, one measuring the core temperature and one measuring
the surrounding air temperature. Inserting the probe in the core at the location of the expected
maximum strain would be beneficial but the probe may cause friction and consequently
increase the temperature. Instead the core temperature was measured on the free surface where
the thermometer probe was covered with a small piece of core material glued on the surface
for insulation.

It was believed that the core temperature increase was associated with the strain rate. Using
the standard sandwich assumptions, Ef>>Ec and tf<<tc, and assuming that the shear stress is
constant through the core thickness and that no tensile stresses are carried by the core
material, the maximum strain in the core is [5.7]

γ max
max max= =T

G d

P

G dc c

(5.1)

where Tmax is the maximum transverse force per unit width, Gc is the shear modulus and d is
the distance between the neutral axis of the faces. Using the standard definition of the loading
ratio, R (Eq. (4.3)), the strain rate may be written as

d

dt
f

P

G d
R f

c

γ γ= ⋅ = − ⋅∆ max ( )1 (5.2)

where f is the frequency. The strain rate hence varies linearly with both frequency and loading
ratio. This gives, that for the same maximum load an increased frequency could be used for an
increased load ratio.
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Based on test results from earlier investigations [5.6] and from the temperature tests a
maximum shear strain rate of 10%/s for H100 was suggested. This was based on the criterion
that the temperature increase from the initial temperature should be less than 5°C.

Through this investigation a test frequency of 2 Hz was used for a majority of the H100
specimen which in some cases was very conservative. For higher load ratios (60% and more)
at R=−1 the test frequency was decreased according to the empirical relation above. The
WF51 material is more brittle and more heat resistant and the problem of increased
temperature was not pronounced. In the testing of WF51 a frequency of 3 Hz was used.

5.5  FATIGUE TEST RESULTS, S/N DIAGRAMS AND CURVE FITTING FUNCTION

The fatigue results of the undamaged specimens are presented as standard S/N diagrams in
Figs. 5.2-4 but with the load normalised with respect to the static failure load. The number of
cycles is plotted on the x-axis on a logarithmic scale and the lines are curve fits to the test
results. This fatigue life representation is based on the two parameter Weibull [5.8] function
as

( )τ τ τ τUD th th
N ae

b

= + − −� log( / ) (5.3)

where τth is the fatigue threshold (or endurance limit), further discussed in the next section, τ̂
is the static failure shear strength and a and b are the fitting parameters found by minimising
the quadratic error between the test results and the function. The Weibull function has proved
to be well suited to describe the fatigue life for the materials under the loading used in this
survey as seen in Figs. 5.2-4.
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Figure 5.2  S/N diagram for H100 beams. Lines are curve fits according to Eq. (5.3).
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Figure 5.3  S/N diagram for H100 beams. Lines are curve fits according to Eq. (5.3).
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Figure 5.4  S/N diagram for WF51 beams. Lines are curve fits using Eq. (5.3).

5.6  HAIGH DIAGRAM , MEAN STRESS AND STRESS AMPLITUDE DEPENDENCY

The fatigue life is not always fully characterised by the maximum stress level. The effect of
the cyclic mean stress and amplitude may be of equal importance. By using the results from a
series of tests where both the loading ratio and load levels were varied, a Haigh diagram can
be constructed providing a good overview of the fatigue life dependence of the two
parameters. In a Haigh diagram the x-axis represents the mean stress level and the y-axis the
stress amplitude. In the diagram shown in Fig. 5.5, the dotted lines show the loading ratio as a
function of the mean stress and stress amplitude. The effect of the mean stress as a function of
the stress amplitude for a fixed number of cycles to failure is plotted as solid lines in Fig. 5.5,
and are based the synthetic S/N curves in Figs. 5.2-3. The linear functions were chosen as a
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best visual fit to the data points from the synthetic curves. Each line represents a decade of
load cycles. Only a selected number of test results from each test series has been included for
better visibility. As seen, the agreement with the synthetic lines is in the correct regime, but it
is still possible to make the conclusion that a change of stress amplitude or mean stress will
have equal influence on the fatigue life at low cycle fatigue. At high cycle fatigue the stress
amplitude has a greater influence on the fatigue life than the mean stress. The WF51 specimen
have only been tested at two load ratios and therefore no Haigh diagram has been constructed.
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Figure 5.5  Haigh diagram over results obtained for the H100 configuration.

5.7  FATIGUE THRESHOLD

The fatigue threshold, τth is defined as the stress level below which no damage will initiate or
if a damage already has formed, no further growth or propagation will take place. A limit
number of load cycles was here set to 5·106. If no damage growth had been observed up to this
level the test was interrupted and the specimen was assumed to have reached the fatigue
threshold. The threshold levels are given as percentage of the static failure load and listed in
Table 5.1. As seen the variation is small, no configuration showed any crack initiation or
growth below 20% and all will display fatigue fracture at levels above 40%. The fatigue
threshold are significantly reduced for lower R-values.
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Table 5.1  Fatigue threshold in percent of the static failure load.

Fatigue

Threshold R=−1 R=−0.5 R=0.1 R=0.25 R=0.5

H100 20% 25% 30% 35% 40%

WF51 30% -- 40% -- --

5.8  STIFFNESS DEGRADATION

The time (or number of cycles) from crack initiation to final fracture were in all cases short
relative to the fatigue life. The variation of the stiffness during the major part of the lifetime
was insignificant. This behaviour is in good agreement with earlier investigations [5.4] and
[5.5]. The stiffness did not decrease below 90% of the original stiffness until just before final
failure. During this last part of the fatigue life the degradation was more pronounced and the
reason for this is the crack formation further discussed below.

5.9  DAMAGE FORMATION

The following discussion concerns primarily the H100 configuration since the larger specimen
size allowed simpler monitoring.

Even if the shear stress is assumed to be approximately constant between the inner and outer
supports this is not perfectly true. The test beam was analysed (modelled with supports and
dimensions as in the test but the materials were considered to have isotropic properties) using
the finite element code STRIPE [5.9-10]. STRIPE implements p-adaptivity, i.e., automatic
increase of the polynomial interpolating functions. The convergence rate obtained and the
error estimate provided suggest that the calculated stresses are accurate within less than 0.5%.
In Fig. 5.6 the shear stress is plotted as contours showing only the variation of the top 10% of
the stress, each contour line representing 0.033% of the maximum stress. First, one can
conclude that the approximation of constant shear stress between the inner and outer supports
is good. It is also seen that the zone of maximum shear stress is slightly off the neutral axis in
the interesting area. Furthermore, there are locally high stresses in the vicinity of the load
supports. A discussion of that will follow later.

As anticipated there is a zone in the centre of the core which exhibits the highest repetitive
shear stress denoted the fracture process zone. During testing an infra-red thermographic
camera was used to observe the temperature changes in the specimen. Two important things
were learnt from this; heat from the hydraulic cylinder of the test machine was transferred
through the rig to the specimen locally giving a slightly higher temperature around the load
supports. Secondly, in the final phases of a fatigue test an area in the middle of the fracture
process zone heated up. It was found that the size and shape of the warmer area corresponded
very well in size and location with the fracture process zone, as found from the FE-analysis. It
was believed that this local heating was mainly due to damage formation and growth.
However, the zone started to heat up before any damage could be observed visually.
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The high shear stress along the centre line causes small individual micro cracks or
irregularities to initiate which only could be observed visually at a very late stage of the
fatigue life of the specimen. These micro cracks eventually grew in number and started to
interact with each other forming a horizontal crack with a length referred to as a, see Fig. 5.7.
This phenomena occurred at the same time as when the decrease in stiffness was first
observed. The zone in which the micro cracks developed, the fracture process zone,
corresponded well in size and location with the zone of high shear stresses from the FE-
analysis, see Fig. 5.7. The length of the zone is further dependent on the support distance as
described below. Once these micro cracks form and start to coalescence, the stress
intensification increases rapidly which drives them even faster forming a visible horizontal
crack. This macro crack will be subjected to an almost pure Mode II stress field [5.11], and
hence the crack kinks away diagonally towards the faces. This final phase was very short.
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Figure 5.6  Isostress plot of (a) the shear stress and (b) the von Mises stress in the shear
zone of the test beam. Only the top 10% is plotted and each contour represents 0.033%
of the maximum stress. The maximum shear stresses are in the plateaus between the
supports slightly off axis to the neutral axis. In the areas above and below the supports

the stresses are less then 90% of the maximum stress.

A second reason for the damage to occur in the centre plane of the beam is that the density of
the core material varies slightly due to the manufacturing process; in the case of the H100
having a minimum density in the middle plane. The WF51 core was only 15 mm thick and the
density minimum could occur anywhere since it was cut to the correct thickness.
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a
(a) (b) (c)

α α

Figure 5.7  (a) Initial microcracks forming a macrocrack with length a, crack propagation
angles and typical geometry of final failure of beams loaded at (b) R=-1 and (c) at R≠−1.

There are several facts supporting this failure process explanation;
(i) Assuming an irregularity in the centre of the core where the maximum shear stress occur

causing a crack to initiate and then grow horizontally, a noticeable stiffness change
should have been observed. This was not the case, the stiffness did not decrease until just
before kinking and final fracture.

(ii) If a horizontal crack was formed it would not extend horizontally but kink and grow
outwards, towards the faces with an angle of about 70 degrees [5.11]. Tests were
performed where short horizontal pre cracks of different lengths were cut and they all
immediately kinked and propagated away in an anticipated Mode I direction. This will be
pursued in more depth later.

(iii) The size of the fracture process zone seen in the experiments agreed well with the size of
the zone of maximum von Mises stresses according to the FE analyses.

(iv) Further FE analyses and tests using other support distances again showed agreement in
fracture process size and location. A further discussion on this will follow.

The facts above support the conclusion that cell walls are rupturing everywhere in the fracture
process during the fatigue loading creating micro cracks or micro defects before any macro
size crack is formed. The horizontal crack length, a, varied between 60-70 mm independently
of the maximum load and loading ratio for the H100 test series.

For the WF51 it was more difficult to see and follow the failure process due to its more brittle
behaviour and the thinner specimens used. But it seemed like a horizontal crack formed in the
core, although not necessarily exactly in the middle. This initial crack was, however, shorter,
or typically 15-30 mm. This is in agreement with the analysis since for this configuration the
distance between the inner and outer support was significantly shorter. The final phase of the
failure process, the propagation phase, was also shorter for this configuration.

During the last part of the fatigue failure process the behaviour differed depending on the load
ratio. For all R-values except for R=−1, two diagonal cracks emanated from the central crack,
as shown in Fig. 5.7(b). This was as anticipated since the cases in which R≠−1 the load cycle
is not symmetrical with respect to the zero level and hence the absolute value of the maximum
and minimum load differs. This produces an non symmetric failure pattern and the crack
formation is affected by the dominating load, Pmax>Pmin when −1<R<1. In the case of
R=−1 the load envelope is symmetric and four cracks formed as illustrated in Fig. 5.7(c).
Crack propagation in one diagonal direction, subjected to an opening load during half the load
cycle, is unaffected by the cracks growing in the other diagonal direction since these cracks
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then are closed. Hence, cracks initiate from the crack tip of the horizontal macro crack, one
growing upwards during half the load cycle, the other growing downwards during the other
half of the load cycle.

Photographs of two typical failure modes are shown in Figs. 5.8 and 5.9. Both are for the
H100 configuration, one for R=0.25 and the other for R=−1. A corresponding photograph for
a WF51 specimen is shown in Fig.5.1(b).

Figure 5.8  Photograph of H100 fatigue failure mode at R=0.25.

Figure 5.9  Photograph of H100 fatigue failure mode at R=−1.

5.10  INFLUENCE OF THE SUPPORT DISTANCE

Further tests were performed with the H100 material at the same loading conditions as above,
except for the support distance. The results indicated that the length of the horizontal crack
was strongly influenced by the support distance. Finite element calculations were also
performed and it was found that the length of the horizontal fatigue crack agreed very well
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with the size of the zone with the highest von Mises stress. Note that the number of cycles to
failure did not change due to the variation of the support distance.

5.11  CRACK PROPAGATION ANGLE

When the visible macro crack had formed the crack kinked out towards the faces, as seen in
Figs.5.8 and 5.9. The angle in which the cracks kinked at final fracture was different for each
crack, ranging between 55 and 85 degrees and independent of the load ratio and load level.
The initial crack propagation angles were measured from the horizontal plane, as shown in
Fig. 5.7(b). As seen from Figs. 5.8 and 5.9 the initial fracture angle may be somewhat difficult
to determine. The maximum tangential stress of a crack in an isotropic homogenous material
loaded in Mode II will occur at an angle of approximately 70° which is in clear agreement
with the results form the present testing. Grenestedt et al. [5.12] showed that this also yields
for this type of material and the maximum tangential stress was hence suggested as a fracture
criterion.

5.12  COMPARATIVE TESTS WITH PREFABRICATED "F ATIGUE " C RACKS

The continuous horizontal crack in the mid-plane of the sandwich had a length of
approximately 65 mm (with the baseline support distances 82 and 440 mm) and this typical
crack length (before final failure) was independent of the load level. This is somewhat
surprising considering the result presented by Zenkert [5.11] where a clear relation between
the length of a pre-manufactured mid-plane crack and the critical load in static tests is found.
This crack length independence supports the present failure mode description; if the fatigue
crack would grow in the Mode II direction (horizontally), it would eventually grow to a length
were it would become statically critical, i.e., to a length which would cause static failure under
the maximum of the applied cyclic load. But, the horizontal fatigue crack length was found to
be independent of the load which means that small cracks are created along the entire length
of the process zone before they start to coalescence to form a macro crack.

To investigate if the crack formation leading to final fracture may be described as above, tests
with pre-manufactured cracks were performed. The idea was to prove that a horizontal mid-
plane crack subjected to Mode II loading will not propagate in its original direction but switch
to the direction of maximum tangential stress and then propagate in that direction under the
influence of Mode I stresses. In a series of H100 specimens an artificial horizontal crack of 20
mm were manufactured using a 0.75 mm thin saw blade. The crack initiation and propagation
was monitored using a travelling microscope. The tests were run at 2 Hz and R=0.1. During
the fatigue loading diagonal cracks formed at the tips of the horizontal crack, at slant angles,
approximately ±70° with respect to the neutral axis of the beam. The two cracks subjected to
opening loads then propagated out towards the faces. No crack propagation ahead of the pre
manufactured crack (in the horizontal direction) was noticed and this supports the failure
process theory proposed above.
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5.13  HIGH LOAD LEVELS

When applying high loads, 70-80% of the static failure load, some specimens failed in the
region close to the supports rather than due to the expected central cracking. This behaviour
was even more accentuated when performing tests at high positive loading ratios. For the
R=0.5 case some specimens failed in this way even at load levels of 50% of the static failure
load. Two factors can explain this behaviour; the small transverse (or compressive) stresses
close to the supports and the thermal influence from the warm loading piston and support.

The crack did not initiate directly at the support but approximately 10 mm from the support
corner and 5 mm down into the core. This is in agreement with the result of the FE-analysis,
see Fig. 5.6, showing only marginally lower von Mises stress close to the supports than in the
middle of the specimen. Even though the core density can be expected to be slightly higher
and the stress slightly lower towards the face the specimen sometimes fails in this region. One
reason could be that high loads, and the subsequent large deformations, caused more sliding
and friction between the load support and the specimen locally. This would increase the
temperature in this region, and thus effect the fatigue life. Thermographic monitoring during
testing supported this assumption.

5.14  SUMMARY AND CONCLUSIONS

Fatigue tests in four-point bending were performed on two different sandwich configurations;
one with a PVC foam core, Divinycell H100, and one with a PMI foam, Rohacell WF51.

A new and improved four point bending rig test fixture was evaluated. The rig proved most
useful in performing fatigue shear tests on sandwich beams at both positive and negative
loading ratios. It is believed that the test method used will provide more accurate results than
the existing standard methods.

A relation between loading ratio, maximum load and test frequency has been proposed to
prevent undesired local heating of the specimens when performing fatigue tests. The relation
is given as maximum allowed strain rate. The maximum strain rate is proposed to be 10%/s
for the H100 configuration. This was by no means a complete investigation of the dependence
between fatigue loading and temperature. The influence of the size of the specimen was for
example not taken into account. Thus it is believed that with respect to temperature, a higher
frequency may be used when testing of this type of foam cores is performed at low amplitudes
or at increased loading ratio, R.

The fatigue test results were presented in standard S/N diagrams and a Weibull type function
was used as a curve fit to the results in order to describe the fatigue behaviour using a smooth
continuous function. The agreement between the test results and the function was very good.
The fatigue threshold, τth, used in the curve fit function, was chosen based on the test results,
defined as the maximum stress level for which a specimen could withstand more than 5
million cycles without showing any crack initiation.
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A first approximation in describing the overall fatigue life using a Haigh diagram was
performed with some success. The results showed that the stress amplitude had a greater
influence on fatigue lifetime than the mean stress.

The R-dependency of shear loaded foam material was investigated. It was found that the
reduction of the fatigue life was significant when applying loads at R<0. It was shown that
especially the fatigue threshold was highly affected by reversed loads.

It was also found from testing that the stiffness may not be a good monitoring measure for the
"health" of a specimen. When the stiffness started to decrease during the last part of the
fatigue life tests there was already considerable damage present in the core material.

Investigations were done in order to clarify some of the phenomena occurring in the fatigue
tests. Detailed FE-analyses were performed using a high accuracy FE-code in order to find
small variations in the stress field in the shear zone of the test specimen. It was found that the
size, shape and location of the zone of von Mises stress agreed well with the failure process
zone in the experiments and also with measurements of temperature gradients using
thermography. An investigation of the influence of support distances was made concluding
that the size of the failure process zone depended on the lengths between the load supports. It
was also found that stress field in the zone between the inner and outer supports is very close
to pure shear.

The damage formation process in the test specimens elapsed as follows; damage initiated in
the zone of high shear stresses over the entire length of the zone and in the middle of the
specimen. After the initiation phase, which consisted of at least 90% of the entire specimen
life, these micro damages grew together and formed an horizontal macro crack, which length
depended on the size of the shear zone coupled to the length between the load supports. Once
the macro crack had developed, the two crack fronts kinked away and grew towards the
face/core interfaces in directions corresponding to e.g. the maximum tangential stress (or
maximum Mode I stress intensity factor). This failure process theory was supported by
additional tests with prefabricated central core cracks. Some specimens at high load levels and
with high R-values failed close to the load supports. This was thought to be due to local heat
created by friction at the load supports.
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6
FATIGUE OF FOAM CORE SANDWICH BEAMS WITH

INITIAL DAMAGES

This chapter addresses the influence of sub-surface core damage in sandwich beams subjected
to fatigue loading. Using results from static and fatigue tests of undamaged beams a model for
the prediction of the fatigue life of damaged beams is proposed. Sandwich beams subjected to
transverse loading inducing a shear stress field in the core material with two typical sub-
surface damages, a flawed butt-joint and a interface disbond, are investigated. The fatigue life
of damaged sandwich beams is investigated through numerous tests which are presented in
standard S/N diagrams. Curve fitting to the experimental data is performed using a two
parameter Weibull function. In order to capture the effects of crack opening and crack closure
loads and their relations two different loading ratios are employed. Also, a modified stress life
function is proposed using notch factors to predict the fatigue life of damaged beams. The
notch factor is calculated as the ratio of the failure loads of damaged to undamaged beams
obtained from static tests. The results indicate that the proposed simple approach can be used
to accurately predict the reduction in the fatigue life due to the inflicted damages. Also, an
alternative and very general method based on point stress criterion is proposed which seems
rather promising. The fracture paths are monitored and the fracture initiation in fatigue is
discussed.

6.1  OBJECTIVE

The static strength of a load bearing component will decrease if a damage is inflicted in the
component. The strength reduction is usually found by testing and sometimes also from FE-
calculations.

The fatigue life of a component will also be affected adversely by a damage though the
magnitude of this reduction in fatigue life is often more difficult to establish. The fatigue life
of damaged structures may be determined by extensive testing of specimens with various
damages at different load levels. Although this provides acceptable results it is time
consuming and very costly. The approach proposed herein uses a combination of the static
strength reduction of the damaged and the fatigue life of the undamaged component. Its
simplicity makes it attractive for industrial design applications.

6.2  MATERIALS , SPECIMENS AND TEST METHOD

The material configurations investigated were one with a glass fibre reinforced vinylester
faces on a 50 mm thick Divinycell H100 and the other with glass fibre reinforced epoxy on a
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15 mm thick Rohacell WF51. These material configurations are described in Chapter 2 and
hereafter referred to as H100 and WF51 configurations.

Sandwich beams were cut from the manufactured sandwich panels (see Chapter 2 for details)
using a diamond tooling to the dimension 550 mm length and 50 mm width. The position of
the test rig supports were chosen so that the expected failure of the sandwich would not be in
local buckling of the faces or tension/compression failure of the faces but in shear of the core
material. This was calculated using the standard sandwich beam theory, Eqs. (4.11-14). For
the H100 configurations the lengths L1 = 440 mm and L2 = 82 mm were used, whereas for the
WF51 configurations these lengths were L1 = 380 mm and L2 = 142 mm, see Fig. 4.9.

Two four point bending rigs were used that enabled dynamic fatigue loading with both
positive and negative loads as described in Chapter 4 and shown in Fig. 4.9 and the test
procedure have earlier been used with success in several investigations [6.1-3]. The fatigue
tests were monitored using both data acquisition and visual inspection through a specially
designed travelling microscope with a micrometer. The stiffness was continuously monitored
and any growth of the damages was checked visually at regular intervals. All fatigue test were
run under indirect load control as described in Chapter 4.

6.3  INTERFACE DAMAGE

In real structures interface disbond damages can originate either from the manufacturing
process or during service, e.g. impact from a dropped tool or a minor collision. In order to
create a reproducible and well defined damage the interface disbond was simulated by inserts
of Teflon film rather than impacting the sandwich, as illustrated in Fig. 6.1 and Fig. 6.2. The
Teflon film insert was placed in the face/core interface when the panels were manufactured
and two crack lengths for each material combination were investigated; 15 and 30 mm for the
WF51 configuration and 25 and 50 mm for the H100 configuration.
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Figure 6.1  Definition of interface flaw and fracture path.
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(a) (b)

Figure 6.2  Photo of (a) configuration H100 with a 25 mm interface disbond, and (b)
configuration WF51 with a 15 mm interface disbond.

6.4  BUTT-JOINT DAMAGE

The foam core materials are manufactured as flat rectangular blocks. When used as core in
large sandwich structures these blocks are edgewise bonded using a putty or filler. If this
bonding operation fails a gap without or partly without filler will occur, a flawed butt-joint.
Two different widths of simulated flawed butt-joints were investigated for each material
combination; 1 and 4 mm for the WF51 configuration and 1 and 10 mm for the H100
configuration. The motivation for this choice was that if the joint between blocks of core
material is made without a deliberate gap, the width will become approximately 1 mm if the
bonding operation fails. The 4 mm width corresponds to a reasonable gap created by two
blocks of core material sliding slightly in the manufacturing process. Finally, a 10 mm width
for the H100 configuration corresponds to a standard width used in the marine industry blocks
of core material that are bonded using putty with U- or V-shaped gaps between the core
material blocks while manufacturing the sandwich. The butt-joint damage was introduced
after the manufacturing process using a thin jig-saw in the case of the H100 configuration. In
the WF51 configuration the butt-joint was produced simply by just leaving a gap between two
separate core blocks. The reason for not choosing this technique in the former case was the
use of liquid resin in the manufacturing process. The resin would partly fill up the gap and the
resulting flawed butt-joint would not be controlled. A nearly perfect butt-joint was a necessity
for accurate comparison with the FE-calculations. A "perfect" defect also represents a worst
case scenario since it creates sharp 90-degree bi-material wedges between the face and the
core, as illustrated in Fig. 6.3 and in Fig. 6.4.
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Figure 6.3 Definition of butt-joint and fracture path.
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(a) (b)

Figure 6.4  Photo of (a) configuration H100 with a 10 mm flawed butt-joint, and (b)
configuration WF51 with a 1 mm flawed butt-joint.

6.5  STATIC TESTS

The approach proposed in this chapter was based on the relation between the static strength of
undamaged and damaged beams. For that reason static strength tests for all configuration were
initially performed, both on undamaged beams and beams with interface and butt-joint flaws.
The static strength tests were performed in an Instron universal testing machine using the
same four point bending rig as described in Chapter 4. The design of the specimen and the
support distance were chosen in such a way that failure occurred in shear in the core (or at the
stress intensification's due to the damages) between the supports rather then face failure (local
buckling, tension or compression) [6.4-5] and all specimens failed as anticipated. The tests
were performed at a constant deformation rate of 2 mm/min and at room temperature. The
results are presented in Tables 6.1 and 6.2.

6.6  STATIC STRENGTH REDUCTION

Based on the fatigue threshold of un-notched and notched specimens the stress life approach,
as described in Chapter 4 or [6.6], relates the fatigue life behaviour of un-notched and notched
components using a fatigue notch factor. The notch factor is thus calculated as

kD
Damaged

UD

=
�

�

τ
τ

(6.1)

where �τ UD  is the critical static shear stress for the beams without any damage. Note that in the
case of the H100 configuration the critical stress corresponds to the yield point. The initiation
of failure for the damaged beams are entirely determined by the conditions at the stress
intensities. Hence, it is not correct to discuss a shear failure stress for these configurations.
However, one can translate the fracture load for the damaged beams into a corresponding
equivalent shear stress for the undamaged beams. Consequently the critical shear stress of
damage beams is denoted �τ Damaged. The static strength reduction of both material
configurations with the different damages has been investigated by numerical calculations.
The reduction factor has also been verified by testing. The numerical calculations for flawed
butt-joints are described in [6.7] and a simplified approach for the prediction of static failure
of beams with interface disbond is given in [6.8].
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Table 6.1  Static failure loads per unit width of beams with flawed butt-joints. The strength

reduction factor, kD is the relation between the static failure load of pre damaged and

undamaged beams.

Configuration Butt-joint gap [mm] Fracture load

[N/mm]

kD

H100 1 42.8 0.486

H100 10 35.4 0.402

WF51 1 5.79 0.470

WF51 4 5.19 0.422

Table 6.2  Static failure loads for unit width of beams with interface disbonds. The strength

reduction, kD is the relation between the static failure load of pre damaged and

undamaged beams.

Configuration Interface disbond

[mm]

Fracture load

[N/mm]

kD

H100 25 66.0 0.750

H100 50 46.9 0.533

WF51 15 9.11 0.690

WF51 30 6.03 0.457

As seen in Tables 6.1 and 6.2, the reduction in static strength due to the initial damages is
rather large, reducing the strength by a factor of 1.5 to 2.8, even though their sizes are
considered quite small.

6.7  FATIGUE TESTING SPECIFICS

Based on the results of static tests, reasonable load levels in the fatigue tests were chosen. The
intention was to perform fatigue tests at load levels ranging from 25-70% of respective static
fracture load. However, the load levels were adjusted to be evenly distributed between the
measured maximum applicable load and the fatigue threshold since they varied for different
configurations and load ratios. In the tests series with undamaged beams described in
Chapter 5 the frequency was kept low in order to avoid increased temperature, which would
affect the fatigue life adversely. As shown in Chapter 5, the maximum allowed test frequency
is related to the strain rate and thereby the loading and here the test frequencies varied from 2-
4 Hz depending on the configuration and the load level.

Two different load ratios, relating minimum shear stress, τmin to its maximum, τmax as

R= τ
τ

min

max

, (6.2)
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were used throughout the investigation. The reason for the choice of different loading ratios
were that different local loading conditions occurred for the specimens, as described in the
following sections.

The results from fatigue testing of beams without any initial flaws are reported in Chapter 5.
Lines fits to the experimental data, based on the Weibull function [6.9], a logarithmic function
with two fitting parameters, were used according to

( )τ τ τ τUD th UD th
N aN e

b

( ) � log( / )= + − − (6.3)

where τUD is the shear stress of the undamaged beam for a given number of load cycles to
failure, τth is the fatigue threshold, further discussed in the next section, �τ UD  is the static shear
strength and a and b are the fitting parameters determined by minimising the quadratic error
between the test results and the function.

6.8  FATIGUE THRESHOLD

The fatigue threshold (in some of the references refereed to as the endurance limit) was
investigated for all test series, both the undamaged and damaged ones. The fatigue threshold,
τth, is the stress level below which no damage will initiate or if a damage already has formed,
no further growth or propagation will take place. A limit number of load cycles was set to
5·106. If no crack had initiated at this time, the test was stopped load level applied was said to
define (or a level below) the fatigue threshold for that configuration. The threshold levels as
percentage of the static failure load are listed in Table 6.3. As seen the variation was not
significant. No configuration showed any crack initiation or growth below 20% and all
exhibited fatigue fracture at load levels above 50% of the static failure load.

Table 6.3  Fatigue threshold in percent relative to the static failure load of each
configuration respectively, and relative to the static failure load of the undamaged
configuration. UD refers to undamaged beam, FBJ to flawed butt-joint and ID to interface
disbond. The numbers refer to the width of the butt-joint tj or the length of the disbond a
(Figs. 6.1 and 6.3).

Configuration τ th / �τ Damaged

R=−1

τ th / �τ Damaged

R=0.1

τ th / �τ UD

R=−1

τ th / �τ UD

R=0.1

UD-H100 -- -- 0.20 0.25

FBJ1-H100 0.20 0.23 0.10 0.11

FBJ10-H100 0.20 0.20 0.08 0.08

ID25-H100 0.20 0.25 0.15 0.19

ID50-H100 0.15 0.17 0.08 0.09

UD-WF51 -- -- 0.30 0.40

FBJ1-WF51 0.30 0.40 0.15 0.19

FBJ4-WF51 0.30 0.40 0.13 0.17

ID15-WF51 0.50 0.50 0.23 0.23

ID30-WF51 0.25 0.35 0.11 0.16
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6.9  FAILURE PROCESS OF BUTT-JOINT DAMAGED SPECIMENS

The cracks originating from the corners of butt-joints propagated in the interface between the
core and the face materials, as illustrated in Fig. 6.3, or rather, at some finite distance down in
the core which was approximately equal one to one half cell size. This was due to the fact that
the cells closest to the faces were filled with adhesive during the manufacturing process. This
layer is much stiffer than the core itself and therefore the cracks propagated below this region.

The fatigue fracture may be divided into two phases; initiation and propagation. In both cases
a singular stress field is present in the vicinity of the wedge or the propagating crack. The
calculation of the local stress fields may be performed using standard LEFM. During the first
90% of the total fatigue life no damage extension was observed and hence the stress field was
dominated by the singularity at the wedge. When a crack finally formed at the wedge it
propagated in the core, illustrated in Fig. 6.3 and Fig. 6.4. The stress field of the crack tip
governed the subsequent failure, this with another (most likely stronger) strength of the
singularity. The crack growth was stable but with increasing velocity as the cracks grew
longer due to the increase of the stress intensity with crack length.

During the tests the change in compliance (change of displacement) was monitored in order to
investigate if this would be a good way to detect the crack initiation. Even when a clearly
visible crack had originated no such change in compliance could be observed with certainty.
This observation was verified using FEM where the change of displacement as a function of
crack length was calculated. A full 3-D model of the beam and test setup was used and the
crack was modelled 0.2 mm down into the core (corresponding to approximately one half cell
size). The finite element software used was STRIPE [6.10-11], developed at the Swedish
Aeronautical Research Institute (FFA), which implements the p-extension of the finite
element method, and provides a solution with high accuracy especially when analysing
singular stress fields. The compliance, as the cross-head displacement per unit load, was
computed as function of crack extension and the results are shown in Fig. 6.5.
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Figure 6.5  Numerical results of compliance, as function of crack growth. Square dots (�)
for the wide butt-joints (tj = 10 and 4 mm) and diamond dots (♦) for the 1 mm joints.

As seen in Fig. 6.5, the change in compliance is very small due to an incremental increase in
crack length. The change for cracks of up 10 mm at each corner is too small to be measurable
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when sampling the load point deflection in the experimental set-up. Hence, this verifies that
the compliance is a bad indicator of onset of crack growth, as pointed out previously in
Chapter 5 and in [6.12-13]. Considering that the initiation phase of the fatigue life is in order
of 90% of the total life and further that there is virtually no stiffness change for the first 10
mm of crack growth, which corresponds to a major part of the propagation phase one can only
detect a damage growth by stiffness degradation when only a small number of load cycles
remain until final failure.

For the WF51 configurations with flawed butt-joint, the scatter in the results is quite large.
This is most probably due to resin that has assembled at the corners during the manufacturing
process. Though these corners were carefully sanded into the correct shape the cells in this
region were still partly filled with resin. This obviously caused a locally reinforced material at
the wedge tip forcing the fatigue crack to originate 0.5-1 mm down in the core. The crack then
propagated along the edge of the resin rich area to the interface of the core and face where it
propagated in the same manner as described for the H100 configuration. For the H100
configuration this problem did not occur since the flaws were "manufactured" after the panel
were assembled and bonded.

6.10  FAILURE PROCESS OF INTERFACE DAMAGED SPECIMENS

If the disbond is caused by e.g. an impact, a crack will commonly occur in the core material,
along and near the interface, as shown in Fig. 6.1. Cracks initiated from the tip of the
interfacial Teflon inserts and propagated down into the core material as shown in Fig. 6.1 and
Fig. 6.2.

An interfacial disbond, as in this survey, subjected to a shear load exhibits an almost pure
Mode II (in-plane sliding) stress field. It is believed that the crack will kink in the direction of
maximum tangential stress. For a crack subjected to pure Mode II this would be
approximately 70°. This is in agreement with the initial crack kink angle observed in both the
static and the fatigue tests.

First consider a positive loading ratio, where the stress intensity factors have opposite signs at
the two crack fronts: At one tip the crack surfaces close and create a contact pressure, but
which is rather small compared to the remote shear stress, as shown in [6.8]. At the other
crack tip, the crack surfaces open and create a mixed mode stress field (Mode I and Mode II)
but for which the dominating mode still is Mode II. It was also shown in [6.8] that the effect
of friction on the closed part of the crack surfaces is small. A problem that needs further
attention is a proper way to analyse bi-material cracks as they appear in this survey; between
two orthotropic media. No simple or straight-forward method for the extraction of stress
intensity factors for this class of problems exists. In the case of a negative loading ratio, R=−1,
all crack tips exhibits an opening load during half of the load cycle. Hence, both cracks will
the propagate into the core in the same manner as discussed above.

The crack propagating into the core is subjected to mixed-mode loading conditions. The
relative strengths of KI and KII can be characterised in terms of an elastic mixity parameter, Me.
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The mode mixity factor M=0 for pure Mode II and M=1 for pure Mode I. A FE analysis was
performed to investigate the change of compliance of the beam and the mode mixity at the
crack tip when the crack propagates through the thickness of the core material. A plain strain
2-D model was used where the crack propagated in finite steps using geometry data from a
fatigue tested specimen. Similar to the butt-joint cases, and as seen in Fig. 6.6, the change in
compliance is very small due to an incremental increase in crack length.

It was found that the chosen method of modelling the crack on the basis of the real geometry
of a crack induce some uncertainties in calculating the stress intensity factors. The Mode II
stress intensity factor was found to be very sensitive to the angle of the crack tip for short
cracks. FE calculations showed that the mode mixity varied up to 15% when the crack tip
angle was varied between 50 and 85 degrees for a 1,5 mm crack. This may be the reason why
the calculated mode mixity doesn't follow a smooth pattern in the case of the H100
configuration. Nevertheless, it is clearly seen that the crack propagates in the first millimetres
under a more pronounced mixed mode condition changing to a crack tip loading of almost
pure Mode I deeper into the core. The results from the mode mixity calculations are given to
explain rather than fully describe the fracture behaviour.
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Figure 6.6  Numerical results of compliance and mode mixity, as function of crack growth.
Square dots (�) represents the compliance for the larger interface disbonds (tj = 50 and

30 mm) and circular dots (●) for the smaller (tj = 25 and 15 mm) disbonds. The triangular
(▲) and the rhombic (◆) dots represents the mode mixity for the larger and smaller

disbonds respectively.

Similar to the butt-joint case, the initiation of damage growth was at least 90% of the total
number of load cycles to failure. This is illustrated in Fig. 6.7 were the stiffness is plotted as
function of the number of fatigue cycles.

Once the cracks started to grow, the Mode I stress intensity naturally increased (this was
verified in the FE-analysis) and so did the growth rate. Hence, in the final cycles the crack
grew in relatively large increments per load cycle.
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Figure 6.7  Change in stiffness as function of fatigue cycles. The specimen was a H100
configuration with a 25 mm interface disbond. The stiffness has been normalised with

respect to the initial one.

It was found that the manufacturing of perfect or near perfect flaws of the kinds described
above proved a bit more difficult than one would expect. Both for the WF51 and the H100
configuration it was found that a small amount of resin tended to accumulate round the edges
of the inserted Teflon film. This behaviour was most visible in the WF51 configuration with
15 mm Teflon inserts and may explain some of the poor correlation of the results shown in
Fig. 6.16. For all the other configuration no problems occurred and the fatigue cracks all
initiated at the tip of the Teflon inserts. The results for WF51 ID30 in Fig. 6.17, on the other
hand, correlates much better with the prediction model and in this configuration the assembly
of resin was not so clearly visible. In the case of the H100 ID25 in Fig. 6.12 it is quite difficult
to notice any effect of the damage since the reduction is so high (0.75).

6.11  FATIGUE L IFE PREDICTION USING NOTCH FACTORS

As a first approximation the fatigue life prediction of a damaged specimen may be based on
the static strength reduction caused by the inflicted damage. The static strength reduction
factor, kD was determined from static strength tests and by numerical calculations with the use
of FEM. This simple approach states that the fatigue load of a damaged specimen is

τ τDamaged D UDN k N( ) ( )= (6.5)

where τDamaged(N) is the reduced fatigue load of a specimen due to a damage, kD is the reduction
factor and τUD(N) is the reference fatigue stress level of an undamaged specimen.

The result of this approach is presented in Fig. 6.8 in which the two upper most curves
represents the fatigue life of undamaged H100 configuration beams, as taken from Chapter 5,
while the two lower are based on the same function but multiplied with the reduction factor
corresponding to the beams with 1 mm flawed butt-joints. First, one can observe from Fig. 6.8
that the agreement between the test data and the notch factor approach is rather satisfying.
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Secondly, there is also a small difference between the data obtained for the different R-values.
All points for R=−1 are below the prediction curve although they seem to have the same
trend. A reason for this might be that the static test results are a bit too high, perhaps due to
improper manufacturing of the defects or just due to scatter, which would mean that the notch
factor perhaps should somewhat lower. The numerical prediction in this case [6.7] was also a
bit conservative indicating the same thing. The points for R=0.1 are also below the prediction
for this load ratio and appear closer to, and above, the line for R=−1.
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Figure 6.8  S/N diagram for H100 beams with 1 mm butt-joint using the notch factor
approach. Dashed lines are curve fits to the result from the testing of un-notched beams
using Eq. (6.3).The solid lines are based on the former and reduced using the relation in

Eq. (6.5).

The sandwich beams without flaws or damages subjected to fatigue loading showed a strong
dependence of the loading ratio, R, as described in Chapter 5; the fatigue life increased with
increased loading ratio. This also seemed to be valid for the flawed specimens even though the
R-dependency was considerably smaller. One plausible reason for this is given in the
following:

6.12  CRACK OPENING AMPLITUDE

Consider a beam with a flawed butt-joint. Each corner of the butt-joint is a location of stress
intensification when the beam is transversely loaded. In static loading only two diagonal
corners will exhibit a positive singular peel stress. This would also be the case in fatigue if the
stress ratio is positive, R>0, illustrated in Fig. 6.9. Cracks originate at these locations and
propagate in the interface between the core and the face material.

In the case of negative loading ratio, R<0, all four corners are subjected to a positive peel
stress during some part of the load cycle and for R=−1, the average peel stress would be equal
for all four corners. For R≠−1, the portion and amplitude of the peel stress differs between the
two diagonal pairs of corners. This is schematically illustrated in Fig. 6.9.
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Figure 6.9  Crack opening amplitude of a crack originating from a flawed butt-joint. The left
hand side shows the beam with the flaw and the direction of the applied loads. The right

hand side illustrates the load cycles for two R-values; in the two upper most curves R=0.1
and the two lower most R=-1. The load level applied in the left hand figures are illustrated

by the dot on the load cycle curves.

Only a positive peel stress will cause a crack to initiate or grow. Consider one diagonal pair of
corners; the difference between the maximum and minimum loads, causing positive peel
stress, is defined as the crack opening amplitude Pamp.

The crack opening amplitude Pamp, is defined as the difference between the maximum and
minimum applied load resulting in a positive peel stress. Pamp is defined differently for
positive and negative load ratios. Pamp is the difference between the maximum and the zero
load level if the loading passes zero, i.e. R<0 and when the loading is solely positive, R>0,
hence not passes the zero level, Pamp is the level between maximum and minimum applied
load. In order to account for this in the prediction model, a crack opening amplitude
correction factor, kamp,is introduced as

R kamp< ⇒ =0 1 (6.6)

R k
P P

Pamp> ⇒ =
−

0 max min

max

(6.7)

In the following kamp is denoted as the amplitude factor. Using Eq. (6.7) the amplitude factor
become 0.9 when R=0.1 and will be one and hence have no effect in the cases when R=−1.

The results from the fatigue tests are normalised with respect to the critical load and reduced
by using both the static strength reduction factor and the amplitude factor through,
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τ τDamaged D amp UDN k k N( ) ( )= . (6.8)

The effect of this improvement on the correlation of the result is illustrated in Fig. 6.10. This
can be interpreted as if the fatigue life of flawed sandwich beams is influenced more by the
crack opening amplitude rather than the loading ratio, R, itself. The results according to this
alternative approach from the testing of the additional configurations and their corresponding
prediction functions are given in Figs. 6.10-17.
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Figure 6.10  S-N diagram of the H100-configuration with a 1 mm flawed butt-joint. The
dashed line is for undamaged beams and the solid line represents the same fatigue life

but reduced with the static strength reduction factor, kD.
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Figure 6.11  S-N diagram for the H100 configuration with 10 mm flawed butt-joint. Diamond
marks (◆) for R=−1 and square marks (■) for R=0.1. The upper most line represents the
fatigue life of undamaged beams. The lower line represents the same fatigue life but are

reduced with the static strength and amplitude reduction factors, k
D
 and k
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Figure 6.12  S-N diagram for the H100 configuration with 25 mm interface disbond.
Diamond marks (◆) for R=−1 and square marks (■) for R=0.1. The upper most line

represents the fatigue life of undamaged beams. The lower line represents the same fatigue
life but are reduced with the static strength and amplitude reduction factors, k

D
 and k
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.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1E+07 1E+081E+061E+051E+041E+031E+021E+011E+00 log N

R =0.1

R =-1

 /τ^τ
Damaged

Figure 6.13  S-N diagram for the H100 configuration with 50 mm interface disbond.
Diamond marks (◆) for R=−-1 and square marks (■) for R=0.1. The upper most line

represents the fatigue life of undamaged beams. The lower line represents the same fatigue
life but are reduced with the static strength and amplitude reduction factors, k

D
 and k
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Figure 6.14  S-N diagram for the WF51 configuration with 1 mm flawed butt-joint. Diamond
marks (◆) for R=−1 and square marks (■) for R=0.1. The upper most line represents the
fatigue life of undamaged beams. The lower line represents the same fatigue life but are

reduced with the static strength and amplitude reduction factors, k
D
 and k

amp
.
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Figure 6.15  S-N diagram for the WF51 configuration with 4 mm flawed butt-joint. Diamond
marks (◆) for R=−1 and square marks (■) for R=0.1. The upper most line represents the
fatigue life of undamaged beams. The lower line represents the same fatigue life but are

reduced with the static strength and amplitude reduction factors, k
D
 and k

amp
.
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Figure 6.16  S-N diagram for the WF51 configuration with 15 mm interface disbond.
Diamond marks (◆) for R=−1 and square marks (■) for R=0.1. The upper most line

represents the fatigue life of undamaged beams. The lower line represents the same fatigue
life but are reduced with the static strength and amplitude reduction factors, k
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 and k
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Figure 6.17  S-N diagram for the WF51 configuration with 30 mm interface disbond.
Diamond marks (◆) for R=−1 and square marks (■) for R=0.1. The upper most line

represents the fatigue life of undamaged beams. The lower line represents the same fatigue
life but are reduced with the static strength and amplitude reduction factors, k
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 and k
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6.13  THE POINT STRESS CRITERION APPLIED TO FATIGUE PROBLEMS

The following section is by no means intended to prove a concept but rather to give a
background to why the notch factor approach can be assumed to work.

The point stress criterion has successfully been applied for the prediction of brittle fracture of
composite materials, but has lately also been used for crack and wedge problems in foam core
materials [6.14]. The point-stress criterion assumes failure to occur when the maximum
opening stress σϕϕ (the stress perpendicular to the assumed fracture path) along the assumed
fracture path at some pre-set distance lcr reaches some critical stress level, σcr. The stress
intensity factor can then be written

Q lc cr cr= −σ λ1 (6.9)

where Qc is the fracture toughness according a general description (not only valid for cracks),
λ is the strength of singularity, which is 0.5 for the disbond cases and about 0.7 for the
flawed-butt-joint cases [6.7]. Thus, by a correct choice of lcr and σcr, for example by fitting to
experimental data, the value of Qc as function of λ can be obtained. A method to obtain a Qc is
to assume the value of σcr equal to the un-notched strength of the material, e.g., as found from
a simple bend specimen and lcr may then be obtained from a simple fracture toughness test
[6.7]. The relation between the fracture toughness Qc and the singularity λ was estimated
using material data for the core materials from Chapter 2, yielding lcr = 1.16 and 0.754 mm for
the H100 and WF51 configurations, respectively. The estimated relations are shown in
Fig. 6.18.

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

0.5 0.6 0.7 0.8 0.9 1

H100

WF51

λ

Qc

Figure 6.18  Estimated relation between Qc and λ using Eq. (6.9) [6.7].

This criterion has proven reliable for static strength predictions [6.14] of foam core materials.
It was further applied for the prediction of the static onset of damage propagation for flawed
butt-joints [6.7] of the same configurations as used herein, and was found slightly
conservative for the more ductile H100 material and quite accurate for the more brittle WF51.
This indicates that brittle fracture applies quite well to WF51 but with less accuracy to H100
due to larger plastic zone sizes in the more ductile material. However, in fatigue, the plastic
zones are smaller than in the case of static fracture and hence one could assume that a
criterion like the point stress criterion would be applicable for fatigue failure analysis of the
materials used herein.
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In multi-axial fatigue it is most beneficial if a general parameter could be found to translate
the information from uni-axial tests to a more general stress state. An example of such a
parameter is the von Mises stress which has been used with some success [6.6]. The use of
this means that in the case of multi-axial fatigue the number of cycles to failure can be
expressed in a S/N diagram plotting the von Mises stress instead of uni-axial stresses. In the
undamaged tests herein, the von Mises effective stress is approximately equal to 3τ  since all
other stress components are small as described in Chapter 5. This von Mises stress correlate
well with the critical tensile strength as given in [6.15-16] for the materials used in this
survey. Hence, the corresponding von Mises stress level in the undamaged beam tests is here
assumed to be 3τ .

In [6.7] and [6.8] it is described how stress intensity factors can be calculated for the beam
configurations and damage geometries used in this study. From them one can estimate the
maximum tangential stress at the critical distance lcr from a present crack tip or wedge. The
calculated distances are given in Table 6.4. The Q:s for the butt-joints are believed to be quite
accurate [6.7], whereas for the interface disbonds, a rather simplified approach to calculate the
stress intensity factors was used disregarding the oscillatory stress field [6.8] in the close
vicinity of the crack tips. The direction of maximum σϕϕ is in the butt-joint case zero degrees,
that is, along the interface, whereas in the disbond case it is assumed to be about −70 degrees
according to results in [6.14] since the stress field is Mode II dominated.

Table 6.4  Strength of singularity, stress intensity factors for a unit load, maximum

tangential point stress (at unit load and at static failure) and its direction for the studied

beam cases. UD refers to undamaged beam, FBJ to flawed butt-joint and ID to interface

disbond. The numbers following refer to width of butt-joint tj or length of disbond a, see

Figs. 6.1 and 6.3.

Configuration λ Q

[N/mmλ+1/N]

σϕϕ at lcr

[MPa/N]

σϕϕ at Pcr

[MPa]

UD-H100 1 -- 0.0323 2.84

FBJ1-H100 0.696 0.097 0.0927 3.97

FBJ10-H100 0.696 0.113 0.108 3.82

ID25-H100 0.5 0.0392 0.0420 2.77

ID50-H100 0.5 0.0694 0.0744 3.49

UD-WF51 1 -- 0.109 1.44

FBJ1-WF51 0.638 0.221 0.245 1.57

FBJ4-WF51 0.638 0.321 0.356 1.65

ID15-WF51 0.5 0.140 0.186 1.69

ID30-WF51 0.5 0.229 0.305 1.84

If one assumes that the maximum tangential stress in all the damaged cases is much larger
than any other stress component in the specific direction in the vicinity of the stress
intensification the von Mises stress is almost equal to the maximum σϕϕ. In the butt-joint case
it was found in [6.7] that the shear stress along the interface in the vicinity of the wedge and in
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the direction in which the maximum σϕϕ occurred was in the order of 20-30% of σϕϕ giving a
small error to this assumption. In the disbond case one can assume that along the path of
maximum tangential stress the other stress components are negligible, and hence the von
Mises stress equals the maximum σϕϕ.

As seen in Table 6.4, the point stress values for the damaged WF51 geometries are fairly
similar and slightly higher than the undamaged. This is anticipated since in the damaged cases
only a small amount of material is subjected to a high stress field whereas in the undamaged
case there is a larger volume of material carrying the applied load. For the H100 configuration
one of the damaged point stress predictions is lower than the undamaged and this is probably
due to the rather poor method for calculation of the stress intensity factors in the disbond case.
The fairly large difference between the undamaged and damaged point stress values is because
the undamaged ones are conservative. In the H100 cases the critical stress corresponds to a
yield stress rather than an actual fracture stress.

Now it should be possible to place all the obtained data in one master diagram based on the
point stress criterion. Since the basic data for the criterion, un-notched tensile strength and
fracture toughness, usually are provided by the material manufacturers in a conservative
manner (due to scatter) one should be able to use this as a quick and safe prediction method of
the fatigue life of almost any configuration. The results are shown in Figs. 6.19 and 6.20 in
which the solid line represents the curve fit for the undamaged configuration and all the data
points are plotted from configurations with disbonds, flawed butt-joints and even the ones
without damage. As seen, a conservative, but rather fair agreement is found for the H100
configuration. However, the agreement is not very good, but conservative, for the WF51
specimens. The reason for this is that the scatter in the fatigue life data is quite high, mainly
due to problems in the manufacturing of sharp wedges and cracks (as discussed earlier).

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1E+07 1E+081E+061E+051E+041E+031E+021E+011E+00 log N

R =0.1  FBJ1

R =-1  FBJ1

R =0.1  FBJ10

R =-1  FBJ10

R =0.1  ID25

R =-1  ID25

R =0.1  ID50

R =-1  ID50

σ    /σmax cr

Figure 6.19  Maximum stress according to the point stress criterion normalised with the
critical stress for all fatigue specimens of the H100 configuration. Solid is line fit for

undamaged specimens.
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Figure 6.20  Maximum stress according to the point stress criterion normalised with the
critical stress for all fatigue specimens of the WF51 configuration. Solid is line fit for

undamaged specimens.

If there is some physical justification to the above reasoning, it would be possible to predict
the fatigue life of any foam core sandwich configuration with only the knowledge of a simple
point stress criterion, as described above, and the S/N curve for the core material. In order to
proceed scientifically, more tests would have to be performed, specifically in uni-axial
tension/compression to validate the assumption of using the von Mises stress as governing
parameter. Furthermore, calculations of the stresses in the vicinity of the crack tips disbond
cases must be pursued more thoroughly. These first results seem quite promising and provide
good reason to continue on this approach. There is hence a strong indication, since the point
stress approach seems applicable, that the fatigue life of sandwich beams can be represented
by some stress level, the point stress, and hence mainly depend on the applied load level. This
means that the influence of a damage is the same for static and fatigue loading, i.e. the
strength reduction is in proportion to the increase in stress level. This is exactly what the notch
factor approach suggests.

6.14  SUMMARY AND CONCLUSION

The fatigue performance of sandwich beams with initial flaws was studied. Fatigue tests on
beams with typical sandwich core and interface damages have been performed and the results
were plotted in S/N diagrams. A two parameter logarithmic Weibull function was used as a
curve fit function.

Two types of sub-surface damage were investigated; a face/core interface disbond and a
flawed butt-joint. Damages of this types occur commonly in practical applications due to
imperfections in the manufacturing process. Two different sandwich configurations were also
used; one with materials and sizes typical for the marine industry and the other typical for the
aerospace industry.
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It was further found that the change in compliance was not a good way to determine the crack
initiation. Even when a clearly visible crack had originated, no change in compliance could be
observed with certainty.

A simple model for prediction of the fatigue life of beams with damages using notch factors
was proposed. The notch factors were found from static tests performed on both undamaged
and damaged beams. Even though the failure modes were different for the undamaged and
damaged beams, the proposed model show surprisingly good correlation with the results
obtained from the tests.

It was found that the strong R-dependence experienced for undamaged foam core sandwich
beams was much smaller for damaged beams and this was explained using a typical crack
opening approach which gave better correlation with the obtained test data.

A quantitative but fairly thorough discussion on the physics behind this notch factor approach
was presented based on the point stress criterion and tests and predictions of static fracture of
foam core materials. The main conclusion of this was that further tests and analyses are
required in order prove the applicability of the point stress criterion for fatigue life prediction
for sandwich materials and configurations. However, there are convincing arguments and
indications for it's use that future studies will be pursued in this direction.
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7
FATIGUE OF UNDAMAGED AND DAMAGED

HONEYCOMB SANDWICH BEAMS

In this chapter, the fatigue characteristics of shear loaded honeycomb sandwich beams are
experimentally investigated through constant load amplitude tests. Two honeycomb sandwich
configurations are tested differentiated only by the orientation of the honeycomb core. The
fatigue test results are presented in standard S/N diagrams with a best curve fit to the
experimental data. Furthermore, the effect of sub-surface damages, such as flawed butt-joints
and interface disbonds are investigated. Two loading ratios are applied for all fatigue test
series. On the basis of the difference in these test results, the effect of crack opening and
closure are discussed. An empirical prediction model for the fatigue life of damaged beams is
proposed based on the results from both the fatigue tests of undamaged beams and the static
strength of the damaged specimens. The prediction model is verified against the fatigue test
results of the damaged beams. The fatigue fracture initiation and propagation for undamaged
and damaged honeycomb core sandwich beams are also discussed.

7.1  MATERIALS , SPECIMENS AND TEST METHOD

The honeycomb was a 15 mm thick Nomex ECA 3.2/48 [7.1] investigated as core in sandwich
beams where the faces were made of 4 layers of quasi-isotropic HTA7 carbon fibre
[0°/+45°/90°/-45°] impregnated with epoxy. The honeycomb build up creates a geometrical
difference in the two in-plane principle directions, as shown in Fig. 2.3. The honeycomb is
made from aramid-fibre paper folded and glued together forming a hexagonal cell structure,
producing some cell walls with double thickness. In the L-configuration the ”double” cell
walls are parallel to the length direction of the beam while in the W-configuration they are
perpendicular. Analyses were performed on both configurations and they are denoted L and W
in the following. The beam configurations are shown Fig. 2.4 and the materials and the
specimens are more thoroughly described in Chapter 2 with the basic mechanical properties
listed in Table 2.3.

The chosen test method was based on the ASTM C393-62 ”Flexural Test Method for Flat
Sandwich Constructions” [7.2] but the four point bending rig used here was modified to
enable dynamic fatigue loading with both positive and negative loads, as described in
Chapter 4.3 and shown in Fig. 4.7. The position of the test fixture supports were chosen so
that the expected failure of the sandwich beam would occur in shear of the core and not in
local buckling or tension/compression of the faces. By using the standard sandwich beam
theory the support distances are calculated, Eq. (4.14), as L1 = 380 mm and L2 = 142 mm, see
Fig. 4.7. The full size of the sandwich specimens were 550 by 50 mm.
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The tests were performed in a Schenk PSA40 hydraulic testing machine using indirect load
control as described in Chapter 4.4. The load and displacement were continuously recorded
and the damage or crack growth in the specimens were regularly checked visually using a
travelling microscope.

7.2  PRE-DAMAGED SPECIMENS

In real structures, an interface disbond damage may originate either from the manufacturing
process or during service, e.g. impact from a dropped tool or other assaults. In order to create
a reproducible and well defined pre-damage the interface disbond here consisted of a Teflon
film insert, as illustrated in Fig. 7.1b. The Teflon film was placed in the face/core interface
during the manufacturing process and two crack lengths, or Teflon film sizes, for each
material combination were investigated; 15 and 30 mm.

Beam

Beam length direction
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Core
tc

Inderface

failure path

(a) (b)

failure path

(c)

 butt-joint width 

Teflon film

direction
thickness

Flawed
disbond width

Figure 7.1  Definition of (a) sandwich constituents, (b) interface flaw and (c) flawed butt-
joint and their respective fatigue fracture paths. The two pre-damages run through the

width of the beam.

Two butt-joint widths were investigated; 1 and 4 mm, schematically shown in Fig. 7.1c. The
motivation for this choice was that if in production the joint between blocks of core material is
made without a deliberate gap, the width will become approximately 1 mm if the bonding
operation fails. The 4 mm width corresponds to a reasonable gap created by two blocks of
core material sliding slightly during the manufacturing process. The butt-joints were produced
by leaving a gap between two separate core blocks in the sandwich manufacturing process
using a spacer. The specimens in the configurations with the interface crack will in the
following be referred to as ID15 and ID30 where the number indicates the damage size.
Consequently, the specimens with flawed butt joints will be refereed to as FBJ1 and FBJ4.

7.3  STATIC TESTING

Static tests were carried out on all configurations at room temperature in an Instron 6025
universal testing machine at a constant deformation rate of 2 mm/min. Four specimens within
each configuration were tested. The assumption of small strains was considered valid as the
beam centre displacement at failure was less than the beam thickness. The shear strengths
from the tests of the initially undamaged specimen are given in Table 2.3 together with the
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shear strengths supplied by the manufacturer [7.1]. The fracture loads from the static tests of
the pre damaged specimens as failure load per unit beam width are given in Table 7.1.

The ratio between the fracture load of the undamaged specimens and the damaged ones,
denoted kD, are also given in the table. The inverse of kD is thus the reduction in strength due
to the damage. This static strength reduction is in the order of 40-60 % for all configurations
with two exceptions: the 30 mm interface disbond configurations where the reduction is even
higher, 70-77 %.

The specimens in the undamaged L-configuration, hereafter denoted as UD-L, failed in shear
with a crack propagating diagonally through the thickness of the honeycomb core as shown in
Fig. 7.2a, which was the expected failure mode. Despite the care taken to achieve a core shear
failure, the specimens in the undamaged W-configuration, UD-W, failed due to face buckling
close to the support as shown in Fig. 7.2b. But it was observed that the honeycomb cells had
started to buckle shortly before failure. Furthermore, the estimated shear stress in the core at
the failure was close to the shear strength given by the manufacturer. Hence, it was believed
that the sandwich beams were close to a core shear failure.

In the pre-damaged specimens, the anticipated failures were related to stress intensifications in
the vicinity of the defects. For the ID specimen this proved correct, the fracture initiated from
one tip of the Teflon insert and a crack propagated diagonally through the core with an initial
angle of approximately 70-80 degrees from the pre crack (Teflon insert) direction, as shown in
Figs.7.3a-b. This is in agreement with known failure criteria [7.3] for isotropic solid materials
under similar mixed mode conditions. Furthermore, the load-displacement relation was linear
up to failure for all beam configurations and the failure appeared abruptly in all cases, i.e., the
damage growth was unstable.

Table 7.1  Static failure loads from tests of beams with interface disbond and flawed butt-

joints. The strength reduction, kD, as given in Eq. (7.3), is the relation between the static

failure load of pre-damaged and undamaged beams.

Configuration Pre-damage size

[mm]

Fracture load

[N/mm]

kD

L-ID15 15 9.53 0.635

L-ID30 30 3.49 0.233

W-ID15 15 5.36 0.654

W-ID30 30 2.43 0.296

L-FBJ1 1 9.82 0.655

L-FBJ4 4 7.08 0.472

W-FBJ1 1 7.06 0.861

W-FBJ4 4 6.29 0.767

The expected failure mode for the L-FBJ and W-FBJ specimens was a diagonal pair of cracks
originating in the corners of the butt-joint and a crack propagation in the core/face interface as
shown in Fig. 7.1c. Consequently, it was a bit surprising when the honeycomb cells closest to
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the butt-joint collapsed in buckling, as shown in Fig. 7.4. Hence the failure was not governed
by the butt-joint singular stress field.

 
(a) (b)

Figure 7.2  Static failure of initially undamaged specimen. (a)The L-UD specimens failed
in local buckling of the face while (b) the W-UD specimens showed a anticipated core

shear failure.

  

(a) (b)

Figure 7.3  Static failure of specimen with initial interface damages. (a) In the ID-specimen
a crack initiated at the tip of the Teflon insert and propagated diagonally through the core.

(b) In the W-ID specimens, the crack propagated straight through the thickness of the
beam and the initiation was at the tip of the insert.

 
(a) (b)

Figure 7.4  Static failure of specimens with initially flawed butt joints. (a) The L-FBJ and
(b) W-FBJ specimens both failed due to cell wall buckling in the honeycomb core. The

failure mode was most pronounced in the L-configuration
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7.4  FATIGUE TESTING OF UNDAMAGED SPECIMENS

The fatigue tests were performed at room temperature in a Schenk PSA40 hydraulic test
machine. The load levels for the fatigue tests were based on the static test results and
minimum 6 specimens were tested in each configuration. The test frequencies varied between
2-4 Hz depending on the load level where the higher frequency was used at low load
amplitudes.

To asses the influences of the stress amplitude and the fatigue mean stress, the tests were
performed at two different load ratios R=0.1 and R=−1. The load ratio is defined as

R= τ
τ

min

max

(7.1)

where τmin is the minimum applied shear stress and τmax the maximum.

The fatigue test results are plotted in a stress-life, S/N-diagrams, and in Figs.7.5 and 7.6. are
the results for the L-UD and W-UD tests shown. As seen, the scatter is fairly low. The
specimens tested at R=0.1 were found to withstand approximately another decade of load
cycles compared to the ones tested in R=-1 at the same load level, demonstrating an increased
fatigue life with increased R. The number of cycles to failure was approximately the same for
both L- and W- configurations subjected to the same relative load, i.e. the fatigue load relative
to the static ultimate load.

In Figs. 7.5 and 7.6 a best curve fit to the experimental results, based on the Weibull function
[7.4], is included according to

( )τ τ τ τUD th UD th
N aN e

b

( ) � log( / )= + − − (7.2)

where τUD is the shear stress of the undamaged beam, N is the number of load cycles, τth is the
fatigue threshold and �τ UD  is the static shear strength. The fitting parameters a and b are
determined by minimising the quadratic error between the test results and Eq. (7.2).
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Figure 7.5  S-N diagram for fatigue life of un-notched sandwich beams, UD-L
configuration. Square marks (■) for R=0.1 and diamond marks (◆) for R=-1.
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Figure 7.6  S-N diagram for fatigue life of un-notched sandwich, UD-W configuration.
Square marks (■) for R=0.1 and diamond marks (◆) for R=-1.

7.5  FAILURE PROCESS OF UNDAMAGED SPECIMENS

The following discussion regarding the failure process of the L-UD and W-UD is based on
visual inspection of the free sides of the beams. Both configurations failed in shear with a
crack propagating diagonally through the thickness of the core. However, the initiation
differed between the two configurations:

W-UD

A noticeable shear buckling of the vertical cell walls in the centre region between the inner
and outer support was observed from the first load cycle. The shear buckling did however not
cause any significant change of the beam stiffness. Next observation was the formation of
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several small horizontal cracks in the cell walls formed in groups within separate cell, as
shown in Fig. 7.7a-b. This observation was made when approximately 80% of the cycles to
failure had been completed. No sign of cracks running between separate cells was noticed at
this stage, but when a crack between two separate cells eventually was formed, the final
failure occurred almost instantaneously as the crack propagated through the thickness oof the
beam.

W-configuration

x

y

x

z

Top view

Side view

Micro cracks 10 mm

L-configuration

x

y

x

z

Top view

Side view

Cracks 10 mm

(a) (c)

(b) (d)

Figure 7.7  Shear fatigue crack pattern shown for the L-configuration without any initial
damage, (a) schematically and (b) photo. Corresponding illustrations for the W-
configuration, (c) schematically and (d) photo. For both configurations, R=0.1.

L-UD

The fatigue crack formation in the L-configuration appeared in a similar manner as inW-UD.
However the number of observed micro cracks was significantly less and the failure was more
abrupt. The fracture pattern of a diagonal crack running through the thickness of the beam was
the same, as shown in Fig. 7.7c-d. This pattern was not affected by the number of cycles to
failure.
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7.6  STRENGTH REDUCTION MODEL

Various fatigue life prediction models for notched or damaged structures utilising the fracture
toughness data are described in [7.3]. A static strength reduction factor, kD, is introduced as

k
s

sD
Damaged

UD

=
�

�
(7.3)

where �sUD  and �sDamaged is the static strength of the structures with and without damages.
Generally, the failure initiation of a damaged structure is determined by the stress intensity in
the vicinity of the damage. Hence, it is not strictly valid to use the term ”failure stress” for
these configurations. However, one can translate the fracture load for the damaged structure
into a corresponding equivalent strength, �τ Damaged, as for the undamaged beams. The failure
loads of the pre-damaged beams are given in Table 7.1 together with the reduction factors.

The strength reduction of these configurations, due to the two types of damages used herein,
has been investigated by finite element calculations by Zenkert et. al. [7.5] and Zenkert and
Falk [7.6]. Analytical calculations for beams with flawed butt-joints are performed by Zenkert
et. al. [7.7] and a simplified approach for the prediction of static failure of beams with
interface disbond is described by Zenkert [7.8].

As discussed in Chapter 6, the propagating crack originating from pre-damages investigated
here is only subjected to a positive peel (crack opening) stress during some part of the load
cycle. During other parts of the load cycle, the stresses are reversed and are acting to close the
crack which will not add to the crack growth. (A more thorough description of the crack
opening and closing stresses is given in Chapter 6.) In order to account for this in a fatigue
prediction model of damaged sandwich beams, a crack opening amplitude correction factor,
kamp, is suggested and introduced as

R kamp< ⇒ =0 1 (7.4)

R k
P P

Pamp> ⇒ =
−

= −
0 max min

max

max min

max

τ τ
τ

(7.5)

For the two loading ratios used throughout this investigation, R=0.1 and R=−1 the amplitude
factor is, kamp=0.9 and kamp=1 respectively.

The proposed fatigue life prediction model for specimen with initial damages can now be
given as

τ τDamaged D amp UDN k k N( ) ( )= (7.6)

where kD is the static strength reduction factor. The fatigue life of the undamaged specimen,
τUD(N) is given by the Weibull function in Eq. (7.2) which is based on the fatigue test results.
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7.7  FATIGUE TESTING OF PRE-DAMAGED SPECIMENS

The fatigue tests of the pre-damaged specimens were performed under the same conditions as
for the undamaged. Two failure criteria were used, either a reduction of the initial stiffness of
20% or a complete failure with a visual crack running either through the thickness of the beam
or an interface crack propagating to the load introduction support.

The fatigue threshold, τth, sometimes referred to as the endurance or fatigue limit, is the stress
level below which the specimen may be cycled an infinite number of times without showing
any crack initiation, or propagation of an existing crack. In this investigation, if no crack had
initiated after 5·106 load cycles, the test was interrupted and the present load level was below
the fatigue threshold for that configuration. The estimated threshold levels as a percentage of
the static failure load are listed in Table 7.2. As seen, the variation is not insignificant: the
threshold values ranged between 15-50%.

Table 7.2  Fatigue thresholds in percent relative to the static failure load of each

configuration. The fatigue thresholds are also given as percent of the static failure loads of

the undamaged configurations.

Configuration τ τth Damaged/ �

R=−1

τ τth Damaged/ �

R=0.1

τ τth UD/ �

R=−1

τ τth UD/ �

R=0.1
UD - L -- -- 22% 35%

FBJ1 - L 15% 25% 10% 17%

FBJ4 - L 18% 22% 9% 10%

ID15 - L 25% 35% 16% 22%

ID30 - L 45% 50% 10% 12%

UD - W -- -- 25% 40%

FBJ1 - W 25% 35% 22% 30%

FBJ4 - W 20% 25% 15% 19%

ID15 - W 45% 50% 26% 33%

ID30 - W 45% 50% 14% 15%

7.8  FAILURE PROCESS OF BUTT-JOINT PRE-DAMAGED SPECIMENS

The expected failure path of shear loaded sandwich beams with a flawed but joint (FBJ)
would be a interfacial crack propagation governed by the stress intensification in the vicinity
of the 90 degree corners [7.7]. In the fatigue tests, a tendency of the same buckling
phenomena as in the static tests could initially be noticed, but this did not cause the failure.
Instead, as expected, cracks originated from the corners of the butt-joints and propagated in
the interfaces between the core and the face sheets. Actually, the cracks propagated at some
finite distance down in the core, (approximately 0.6 mm) rather than in the actual interfaces,
as illustrated in Fig. 7.1c. This pattern is presumably due to the small amount of adhesive
which flows down on the cell walls during the manufacturing process creating a stiffer and
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stronger region of the core, and hence the crack will propagate below this zone in the non-
stiffened core.

The fatigue fracture may be divided into two phases; initiation and propagation. In both cases
a singular stress field is present in the vicinity of the wedge or the propagating crack. During
the first 80-90% of the total fatigue life no damage extension could be observed and hence the
stress field was dominated by the singularity at the wedge. When a crack finally formed at the
wedge, it propagated in the core as illustrated in Fig. 7.1c and Fig. 7.8. The new singular stress
field at the crack tip now governs the subsequent crack propagation and failure. The crack
growth was stable but increased in velocity as the cracks grew longer due to the increase in
stress intensity with crack length.

In Chapter 6 are Finite Element Method (FEM) computations performed to calculate the
stiffness degradation due to the propagating crack originating from a butt-joint damage. The
same type of sandwich specimens (as herein) were investigated though the core materials were
two types of cellular foams. It was shown that the change in compliance was very small due to
an incremental increase in crack length and hence it was verified that the compliance is a poor
indicator of onset of crack growth, which was also concluded in [7.9-10].

   

(a) (b)

Figure 7.8  Fatigue failure of (a) L-FBJ and (b) W-FBJ specimens. In both configurations
cracks propagated at a finite distance into the core rather in the actual interface between

the core and the face.

The results from the fatigue tests of the FBJ specimens are shown in Figs. 7.9-7.12. As seen is
the scatter in test results larger than for the undamaged beams which may be explained by the
small amount of resin in the corner of the butt-joints found in some specimen. The amount of
this assembly of resin would effect the fatigue life of the specimen adversely.

The test results are shown as normalised with the static strength of the undamaged specimen.
Curve fits, Eq. 7.6. The test results of the L-FBJ specimens are non conservative compared to
the prediction curve while the results from the W-FBJ tests show a good agreement with the
prediction curve.
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Figure 7.9  S-N diagram for the L-configuration with 1 mm flawed butt-joint. Diamond
marks (◆) for R=-1 and square marks (■) for R=0.1. The upper most line represents the
fatigue life of undamaged beams. The lower line represents the same fatigue life but are

reduced with the static strength and amplitude reduction factors, kD and kamp.
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Figure 7.10  S-N diagram for the L-configuration with 4 mm flawed butt-joint. Diamond
marks (◆) for R=-1 and square marks (■) for R=0.1. The upper most line represents the
fatigue life of undamaged beams. The lower line represents the same fatigue life but are

reduced with the static strength and amplitude reduction factors, kD and kamp.



Fatigue Crack Initiation and Propagation in Sandwich Structures

100

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1τ/ τ̂

1E+071E+061E+051E+041E+031E+021E+011E+00 log N

UD-W
R = -1

FBJ1-W

Figure 7.11  S-N diagram for the W-configuration with 1 mm flawed butt-joint. Diamond
marks (◆) for R=-1 and square marks (■) for R=0.1. The upper most line represents the
fatigue life of undamaged beams. The lower line represents the same fatigue life but are

reduced with the static strength and amplitude reduction factors, kD and kamp.
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Figure 7.12  S-N diagram for the W-configuration with 4 mm flawed butt-joint. Diamond
marks (◆) for R=-1 and square marks (■) for R=0.1. The upper most line represents the
fatigue life of undamaged beams. The lower line represents the same fatigue life but are

reduced with the static strength and amplitude reduction factors, kD and kamp.
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7.9  FAILURE PROCESS OF INTERFACE PRE-DAMAGED SPECIMENS

An interfacial disbond in a sandwich beam which is subjected to a shear load exhibits an
almost pure Mode II (in-plane shear) stress field near the crack tip [7.8]. When the core is an
isotropic solid it is assumed that the crack will kink in the direction of maximum tangential
stress and for a crack subjected to pure Mode II loading this would be approximately 70°, as
discussed in Chapter 6. But as expected, with strongly orthotropic and in-homogenous
material properties, as in the case of a honeycomb core, this does not seem to hold.

Different fatigue failures could be noticed for all ID configurations investigated. In the two
configurations with the smaller, 15 mm, inserts, the crack propagated diagonally through the
thickness of the beams. This is similar to the fatigue failure of foam core sandwich beams
with interface disbonds as described in Chapter 6. In the specimens with the larger, 30 mm,
Teflon inserts the failure was totally different. In the following, the fracture modes and the test
results for the ID configurations are discussed.

The fatigue test results from the ID test series are presented in Figs. 7.14, 7.16, 7.18 and 7.20.
The results are normalised with respect to the static failure load of the undamaged specimens.
The fatigue life prediction curve for the damaged specimen are additionally included in the
S/N-diagrams based on Eq. 7.6. Furthermore, are the Weibull curve fit function for the
undamaged test series included in the diagrams.

L-ID30

During the first fatigue test of the L-ID30 configuration, there was no clear visual indication
of damage or crack propagation as the stiffness started to decrease and the fatigue was
interrupted. The face material was removed in the area of the Teflon insert and the core could
now be inspected through the full width of the beam. As seen in Fig. 7.15 the cell walls in the
area of one tip of the Teflon insert are fractured. This fracture is characterised by a
delamination of the cell walls, but no rupture of individual cell walls could be noticed. The
rest of the cells beneath the Teflon insert were still intact. The fracture are characterised by a
strong Poison behaviour, the cells are stretched in the length direction of the beam during the
loading and consequently a high peel stress acting to separate the bonded cell walls are
present. As no cells actually are fractured, this phenomena is not visible from the free edges
and furthermore, the outermost cells may sustain large deformation when having free edges.
In the other end of the Teflon insert, where the cells are compressed, the diagonal cell walls
buckled as shown in Fig. 7.15b. Since this did not cause any fracture in fatigue it was not
further investigated. The test results are based the failure criterion of a 20% decreased
stiffness an are shown in Fig. 7.16, as normalised with respect to the static strength of the
undamaged specimens. The curve fit prediction included in the S/N-diagram is according to
Eq. 7.6 and as seen, the test results are just on the conservative side of this prediction curve.
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Figure 7.13  Fatigue failure for L-configuration with 30 mm interface damage, the figure
shows a top view of the area where the Teflon film used to be. Note the stretched cell

walls and delamination at the left hand side and the buckled cells on the right hand side.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1τ/ τ̂

1E+071E+061E+051E+041E+031E+021E+011E+00 log N

UD-L
R = -1

ID30-L

Figure 7.14  S-N diagram for the L-configuration with 30 mm interface disbond. Diamond
marks (◆) for R=-1 and square marks (■) for R=0.1. The upper most line represents the
fatigue life of undamaged beams. The lower line represents the same fatigue life but are

reduced with the static strength and amplitude reduction factors, kD and kamp.

L-ID15

In the L-ID15 specimens, the fatigue crack initiated at the tip of the Teflon insert and
propagated diagonally through the core. After the tests were interrupted, the face material was
removed around the Teflon film and the inspection showed that the cells closest to the Teflon
tip were fractured (in a similar way as will be described for the L-ID30 above). It was
assumed that this was the primary failure but since it did not affect the stiffness in any major
sense the stiffness could not be used as failure criterion. Instead, it was suspected to be the
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secondary failure, a diagonal crack through the thickness which caused a large stiffness
degradation. The propagation of this crack was fast and a typical failure is shown in Fig. 7.13.
The fatigue test results are presented in Fig. 7.14 and as seen they are on the conservative side
of the prediction curve.

(a) (b)

Figure 7.15  Fatigue failure for L-configuration with 15 mm interface damage. (a) Notice
the crushed cells on the right hand side in the top view an also the buckled cells to the left.

(b) The secondary crack running through the thickness of the beam.
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Figure 7.16  S-N diagram for the L-configuration with 15 mm interface disbond. Diamond
marks (◆) for R=-1 and square marks (■) for R=0.1. The upper most line represents the
fatigue life of undamaged beams. The lower line represents the same fatigue life but are

reduced with the static strength and amplitude reduction factors, kD and kamp.
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W-ID15

The crack in the W-ID15 propagated straight through the thickness of the honeycomb core at a
90° angle relative the beam length direction as shown in Fig. 7.17. The crack propagated in
the bond line between two rows of cells. The crack was almost impossible to detect during
testing and the specimen were sometimes fractured through the thickness with a stiffness
reduction less than 20%. Hence the testing was not interrupted since the failure criteria was
not fulfilled. The test results are shown in Fig. 7.18 and as seen they are in poor
correspondence with the prediction curve. The curve fit for the W-UD beams in R=0.1 loading
is included in Fig. 7.18 to show that there is (de facto) a reduction due to the pre-damage for
the R=0.1 test series. One explanation to the poor correlation might be that the failure criteria,
a 20% stiffness reduction, was to course. On the other hand, these results implies that
structures with this type of fracture still will carry transverse fatigue loads without any
significant stiffness detriment.

Figure 7.17  Fatigue failure for W-configuration with 15 mm interface damage. (a) Notice
the delaminated cells on the left hand side of the top view. In (b) the side view of the

specimen with the delamination between cells is shown.
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Figure 7.18 S-N diagram for the W-configuration with 15 mm interface disbond. Diamond
marks (◆) for R=-1 and square marks (■) for R=0.1. The upper most line (dashed)

represents the fatigue life of undamaged beams for R=0.1, and the dotted the undamaged
for R=-1. The lower line, solid, represents the R=-1 fatigue life but are reduced with the

static strength and amplitude reduction factors, kD and kamp.
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W-ID30

At fatigue failure of the W-ID30 specimens, cracks propagated through the thickness of the
honeycomb core at an 90 degree angle to the length direction of the beam. The cracks
propagated in the bond between the double cell walls at one end of the pre-damage, as shown
in Fig. 7.19. No individual cell wall was fractured but the cells in the opposite end of the pre-
damage buckled in compression. When a crack propagated through the core thickness, the
load bearing capacity and hence the stiffness droped significantly. The test results are given in
Fig. 7.20 and as for the W-ID15, the results are conservative compared to the prediction curve.

            

(a) (b)

Figure 7.19  Fatigue failure for W-configuration with 30 mm interface damage, (a) Notice
the delamination of cells in the right hand side of the side view of the beam and the

compressed and buckled cells on the left. (b) shows the top view where the delamination
between cells are clearly seen.
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Figure 7.20  S-N diagram for the W-configuration with 30 mm interface disbond. Diamond
marks (◆) for R=-1 and square marks (■) for R=0.1. The upper most line represents the
fatigue life of undamaged beams. The lower line represents the same fatigue life but are

reduced with the static strength and amplitude reduction factors, kD and kamp.
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7.10  STIFFNESS REDUCTION

Both load and deflection were monitored during all fatigue tests. The stiffness could hence be
calculated and used as failure criterion. It was also investigated whether or not the change in
stiffness may be a suitable parameter to discover a minor crack before it grows critically. But
it was found that all initially damaged configurations showed a insignificant stiffness
reduction during the major part of their fatigue life. Furthermore, in the L-ID configurations
the crack run through the full thickness of the beam without any significant stiffness
degradation. This implies that stiffness monitoring is not a good way of detecting core
damages in honeycomb sandwich structures. This is in good correlation with earlier
investigations on sandwich beams using cellular foam cores rather than honeycomb as
described in Chapters 5-6 and in [7.9-10]. There is a loss of stiffness just before final fracture,
but the remaining fatigue life when any major change in stiffness could be observed were in
most cases less then 20%. This implies that the crack initiation time is greater than the time
for the crack to propagate to failure, which corresponds well with the visual observations
made.

7.11  SUMMARY AND CONCLUSIONS

Shear fatigue tests have been performed on sandwich honeycomb beams, both on originally
undamaged specimens and on beams with two typical sandwich core damages. The first
objective was to achieve a basic understanding in how this type material fail under a constant
amplitude fatigue load and produce standard stress life, S/N, diagrams. The second goal was to
establish a fatigue fracture prediction model for sandwich with these types of damages. The
prediction model utilises the fatigue data from undamaged specimen together with the static
strength reduction of the beams due to the damages.

The fatigue test results were presented in standard stress life, S/N, diagrams. A best curve fit
to the test results was included in the diagrams and a smooth Weibull type function was used
for this purpose and which proved well in describing the fatigue life of this type of material.

The fatigue threshold, τth, used in the curve fit function was chosen based on the test results
and defined as the maximum stress level for which a specimen could withstand more than 5
million cycles without showing any crack initiation.

A static strength notch factor, kD, was introduced as the ratio between the static failure load of
the damaged and undamaged beams. This was used in the proposed prediction model for
fatigue loaded damaged specimens. Another factor which effects the crack propagation in
damage specimens and thus their fatigue life is the load ratio, R. A amplitude factor, kamp, was
introduced in order to take this effect into account in the prediction model.

The fatigue test results of the specimens with core pre-damages were also presented in
standard S/N diagrams. The fatigue prediction curve was additionally included in these
diagrams. The basis for this prediction was the curve fit from the tests of the undamaged
beams which then was reduced with the two notch factors, kD and kamp. When the failure
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mechanism of the static and fatigue loaded specimen differed for some configurations, it may
not be a unblemished thing to compare their strength. This may explain the deviation between
the test results and the prediction curves. However, the proposed design criterion is promising.

Monitoring of the stiffness variation during the fatigue tests showed that the stiffness may not
be a good measure for the "health" of a specimen. All initially damaged configurations
showed insignificant stiffness degradation during the major part of their fatigue life and when
the stiffness started to decrease during the last part of the fatigue life, there was already
considerable damage present in the core material.

The damage formation process of the undamaged honeycomb sandwich specimens initiates as
individual groups of small diagonal cracks in the vertical cell walls in the shear loaded zone.
These cracks will eventually grow together and form diagonal cracks through the specimen
and hence it will be broken.

The crack path in the butt-joint damaged specimen subjected to fatigue load originated in the
corners of the butt-joint and cracks propagated in the interface between the core and face
material. This was the expected failure pattern whereas the specimens subjected to a static
load fractured due to buckling of the cell walls closest to the butt-joint.

In the case of the specimen with simulated interface damage the fracture process differed
depending on the material configuration and the length of the interface disbond. However, the
fracture did in all cases originate in the area close to the tip of the Teflon insert due to the
stress intensification present in this region. Both configurations (L and W) with 15 mm
disbonds exhibited crack propagation diagonally through the thickness of core.

The honeycomb is made from aramid-fibre paper folded and glued together forming a
hexagonal cell structure, producing some cell walls with double thickness. In the L-
configuration the ”double” cell walls are parallel to the length direction of the beam while in
the W-configuration they are perpendicular. The specimens with a 30 mm disbond all showed
delamination between these bonded cell walls at failure; in the L-configuration the cells along
the edge of the Teflon film were stretched and hence separated from each other producing
severe damage but yet not visible from the outside when no cell walls fractured. In the W-
configuration the cells right at the tip of the Teflon insert separated from each other producing
a visible gap through the width of the beam.
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8
FATIGUE OF CELLULAR FOAMS

This chapter considers the uni-axial fatigue characteristics of two cellular foam materials
commonly used as cores of load carrying sandwich structures. The fatigue life is investigated
through numerous experiments and the results are presented in standard S/N diagrams together
with curve fits to the test results. Fatigue tests are performed for different stress ratios, R,
chosen to produce fatigue load cycles where the specimens are stressed solely in tension,
solely in compression or in combinations of tension and compression. The influence of the
mean stress effect is discussed, based on compiled the Haigh diagrams. Further, the results
from the uni-axial fatigue tests are compared to the stress life of shear fatigue loaded
specimens. In this comparison the von Mises equivalent stress is used and a discussion is
made on the validity of this is procedure.

8.1  MATERIALS AND TEST METHOD

Two cellular foams commonly used as core material in sandwich structures were investigated;
Divinycell H100 [8.1] and Rohacell WF51 [8.2]. The materials are thoroughly described in
Chapter 2 with the material data given in Table 2.2.

The proposed fatigue test procedure uses an axi symmetric dog bone specimen, described in
ASTM D1623-78 “Tensile and tensile adhesion properties of rigid cellular plastics“ [8.3]. The
test fixture consists of two similar aluminium cylinders with one flat end to which the test
specimen was bonded and one threaded end which was fixed in a hydraulic test machine. The
specimens were cut from blocks of foam core, bonded between the two cylinders and a waist
was milled to the correct shape and size in a lathe. The two cylinders were threaded in
opposite directions in order to simplify the fastening into the test machine. The test set-up was
statically over determined and hence the specimen preparation and mounting was handled
with specific care in order to avoid ”undocumented damage”. The test rig with a specimen is
shown in Fig. 8.1 and the specimen dimensions are given in Table 8.1.

Table 8.1  Dimension of the specimens.

Diameter, D
[mm]

Waist, d
[mm]

Height, H
[mm]

Waist height, h
[mm]

Tapering radius, r
[mm]

H100 50 35 50 27 11.5

WF51 50 35 55 32 11.5
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Figure 8.1 (a) Schematic drawing and (b) photo of the test set-up with a temperature
sensor mounted on the specimen.

8.2  STATIC TESTS

Static tests were performed both in tension and compression under a constant deformation rate
of 2 mm/min at room temperature. Three specimens in each configuration were tested and the
results are given in Table 8.2. Both the average tensile and compressive strength found for the
H100 material correspond well with the data given by the manufacturer. In Fig. 8.2, the
load/deflection curve from a compression test of H100 is shown. A small deviation from the
linear relation at approximately 40% of the fracture load can be observed. This indicates that
the this method is not suitable when detailed information regarding the behaviour of the core
material under compressive loads inquired. The compressive fracture was characterised by a
diagonal damaged zone through the specimen and as seen in Fig. 8.2 the specimen continue to
carry a substantial load even after fracture. Following the compressive strength test the
residual tensile strength was investigated for H100. Surprisingly was a fully maintained
fracture strength observed.
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Figure 8.2  Load/deflection relation for H100 compressive test

The tensile static strength found for the WF51 was 20% higher than the strength given by the
manufacturer. It is believed that the discrepancy may be subscribed to the different test
methods used. Additionally as shown in Chapter 5, the data given by the manufacturer are
somewhat conservative.

Table 8.2  Static test results, the number in parenthesis are test results from the

manufacturers [8.1,8.2].

Configuration H100 WF51

Tensile fracture load [kN] 2.91 1.23

Tensile strength [MPa] 3.0 (3.1) 1.3 (1.6)

Displacement [mm] 1.74 0.77

Compression fracture load 1.51 0.90

Compression strength [MPa] 1.56 (1.4) 0.93 (0.9)

Displacement [mm] 1.92 0.95

8.3  STRAIN RATE

Because of their closed cell structure, the foams display a low thermal conductivity, [8.1,8.2].
This is generally considered beneficial since it provides a good insulation, but a consequence
is that the material has a limited ability to lead away heat induced from e.g. high strain rates.
As shown in Chapter 5 and in [8.4, 8.5] even a small increase in temperature in the H100
configuration will cause severe decrease in the fatigue life. It is therefore of interest to
examine how the strain rate effects the temperature and thus also the fatigue life.

Using the assumptions of linear elastic isotropic and homogeneous material and neglecting
the radial and tangential stress components Hooke’s law is written as
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where P is the axial load and A is the cross section area. The fatigue load ratio, R, is given as
the ratio between minimum and maximum applied load, Pmin and Pmax The strain amplitude,
which is the difference in maximum and minimum strain, may be then written as
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which gives the strain rate as
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−

⋅∆ max( )1
(8.3)

where f is the load frequency.

The temperature on the free surface of the specimens was measured during the tests using a
digital thermometer. The thermometer probe was covered a with a small piece of core material
and glued to the surface of the specimen. This method was used successfully in the work
described in Chapter 5 and it proved to work in this investigation as well.

Inserting the tensile modulus in Eq. (8.3) gives a strain rate limit of 10%/s for pure the tension
tests (R>0) of the H100 configuration. This observation is in agreement with the results given
in Chapter 5. In the tension/compression fatigue tests, R=−1, the H100 configuration showed a
higher sensitivity to strain rates and a temperature raise for strain rates above 5%/s was
noticed. For tests performed at R=−0.5 strain rates up to 7.4%/s were used without any
observed raise in the temperature.

The strain rate limit for the tension-compression tests of the WF51 configuration, R=−1, was
calculated to 8.7 %/s. In the other test series with WF51, a maximum strain rate of 10%/s was
used without any observed temperature raise.

The test frequencies used, corresponding to the strain rates above, ranged between 2 and 12
Hz.

8.4  FATIGUE TESTS

The fatigue tests were performed under a load controlled sinusoidal cycle using a servo
hydraulic testing machine, MTS 50kN. The H100 configuration tests were performed at five
different loading ratios: R=10, 0.5, 0.1, −0.5, −1, and the WF51 configuration tests were
performed at four different loading ratios: R=10, 0.1 −0.5 and −1. Tests were performed at
room temperature on a minimum of 6 specimens for each R value. The fatigue life of the
specimens is characterised as the number of cycles to ultimate failure.
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S-N diagrams are used to characterise the fatigue life as function of the maximum stress or
stress amplitude. The applied stress is plotted on the y-axes and the number of cycles on the
logarithmic x-axes. The applied stress is generally normalised with respect to the static
strength.

The fatigue life of a material plotted in a S/N curve may be described using different curve
fitting functions. It is beneficial to choose a smooth function which takes the threshold level
and static strength into account. One such smooth function was proposed by Weibull [8.6,8.7]
and proved applicable for shear loaded cellular foams, (see Chapter 5). The Weibull function
is a logarithmic function with two fitting parameters, a and b:

( ) ( )σ σ σ σ( ) log /N eth cr th
N a b

= + − − (8.4)

where σ represents the ultimate stress level as function of the number of load cycles, N. The
fatigue threshold, σth, is the stress level below which the fatigue life of the specimen is infinite
without neither crack initiation nor propagation, and σcr is the static strength.

8.5  FRACTURE SURFACE

The fracture surfaces were examined for all specimens and a clear difference between the
specimens tested at high loads and those subjected to a load level close to the threshold was
observed. The specimens tested at high loads had a considerably rougher fracture surface than
specimen tested at low loads as shown in Fig. 8.3. This observation relates to both material
configurations. There are suggestions to the physical explanation to this phenomena but non
can be given with certainty.

                  

(a) (b)

Figure 8.3  The fracture surface structure of (a) Low Cycle Fatigue (LCF) and (b) a High
Cycle Fatigue (HCF) specimens of the H100 configuration.

8.6  FATIGUE TEST RESULTS

There is a big difference in the tensile and compressive elastic modulus in each material and
additionally in the strength. This raises a question how to interpret the fatigue test results
when the applied load in each fatigue cycle is both tensile and compressive.

The WF51 specimens tested at R=−0.5 sustain a considerably higher number of cycles
compared to those loaded in R=−1 even when the applied maximum tensile load is the same,
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shown in Fig. 8.4. Hence, the compression part of the load cycle affects the fatigue life, but to
what extent?

For WF51, the compressive strength is approximately 75% of the tensile strength. In practice,
this means that a WF51 structure loaded at R=−1 at 75% of the tensile strength actually
reaches the compressive ultimate stress and hence should fail during the first load cycle.

An empirical way to handle this is to compare the ratio between the compressive and tensile
strengths with R for test series with reversed loading. For H100 this strength ratio is
approximately equal to −0.5 and for WF51 approximately −0.75. If the strength ratio is larger
than R the compressive strength should be considered and if the strength ratio is lower than R,
the tensile strength should be used. For test series where the fatigue load is solely compressive
or solely tensile the respective strength should be used. This simple, and somewhat rough,
assumption is formulated as

σ
σ
cr Compressive

cr Tensile

R,

,

< < 1 ⇒ �
,σ σ= cr Tensile (8.5)

R> 1 or  R cr Compressive

cr Tensile

<
σ

σ
,

,

⇒ �
,σ σ= cr Compressive

This model suggests that there is no interaction between the tensile and compressive part of
the cyclic load, which of course is not true. But with the present knowledge of the materials
this simple model gives surprisingly good results.

In Figs. 8.5 and 8.6 the test results for the WF51 and H100 configurations are plotted together
with the curve fit functions based on Eq. (8.4) and the test results are normalised with the
static compressive or tensile strength according to Eq. (8.5). The best curve fit is achieved by
minimising the quadratic error between the function and the test results. The arrows over
some high cycle fatigue test results indicate an interrupted test when it exceeded 5⋅106 load
cycles without showing any sign of fracture.

In the test series R=10 and R=0.1 the ratio between the absolute values of the applied
maximum and minimum load is equally large. If the proposed model holds, the test results for
these R values should match but, as seen in Fig. 8.5, there is a 10% difference in applied load
for the same number of cycles. Hence, the WF51 material seems to be more sensitive to
compressive fatigue than to tensile fatigue even when the load levels are normalised according
to Eq. (8.5).

In the test series R=−0.5 and R=−1 the tensile loads are equally large, while the compressive
part is a factor two lower in the R=−0.5 test series. It can be observed from the results plotted
in Fig. 8.4 that there is a difference between the two tests series but when the results are
normalised according to Eq. (8.5) and plotted in Fig. 8.5 no adverse impact on the fatigue life
is noticed.
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Figure 8.4  Fatigue test results of uni-axially loaded WF51specimen.
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Figure 8.5  S/N diagram for WF51 specimens. Lines are curve fits according to Eq. (8.4).
The results are normalised according to Eq. (8.5).

In Fig. 8.6 the fatigue test results for the H100 material are plotted and, as expected, a lower
R-value is accompanied with a lower number of load cycles to failure. The cycles to failure is
also reduced when the compressive part of the fatigue load cycles is increased.

The test specimens at R=10 do not fracture in the sense that the specimen break, which are the
case for all other specimens. These tests are instead interrupted when a 50% stiffness loss is
reached. Residual strength test were performed for all these specimen which is described in
Section 8.12. Fatigue tests above 90% of the compressive strength only lasted for a few cycles
and the threshold level for R=10 is as high as 70%. Hence, it is not meaningful to run all the
anticipated six specimen in such narrow zone.
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For H100, there is a distinct difference between the test results for R=−0.5 and R=−1 in
Fig. 8.7. This difference is not explained by the different strengths used when normalising the
results. If the test results for R=−0.5 would have been normalised with respect to the tensile
strength, the result diagram would be identical to Fig. 8.7. This since the ratio between
compressive and tensile strength is 0.5 and the ratio between compressive and tensile load in
R=−0.5 is exactly the same. Remember that it is the tensile part of the load cycle which is to
be normalised with the tensile strength and vice versa.

The interpretation of results for the R=−0.5 and R=−1 in Fig. 8.7 is that the tensile stress has a
larger affect on the fatigue life than the compressive. This is opposite to the conclusions made
for WF51.
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Figure 8.6  Fatigue test results of uni-axially loaded H100 specimen, the absolute value of
maximum applied load is given on the y-axis.
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Figure 8.7  S/N diagram of uni-axially loaded H100 specimens. Lines are curve fits
according to Eq. (8.4) and the results are normalised according to Eq. (8.5) and hence the

R=-1 and R=-0.5 results are normalised with respect to the compressive strength.
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8.7  FATIGUE THRESHOLD

The fatigue threshold, σth, is defined as the stress level below which a specimen may be
cyclically loaded an infinite number of times without any initiation or propagation of damage.
The limit number of load cycles was set to 5•106 and if no crack could be detected at this
point, the test was interrupted and the load was assumed to be below the fatigue threshold.
The values found for the foams are given in percentage of the static failure loads in Table 8.3.
A clear relation between the R-values and the fatigue thresholds can be observed with lower
threshold values for lower R-values.

The threshold values for uni-axial tests correspond well with the threshold values of the shear
loaded specimen, evaluated in Chapter 5, with one exception: the threshold for the H100
configuration with R=−0.5 are significantly lower for the specimen under tension/compression
load compared to the shear loaded ones.

Table 8.3  The threshold value is given in percent of the static tensile or compressive

strength as described in section 8.7. The shear fatigue thresholds from Table 5.1 are

given as percentage of the shear strength.

Fatigue

threshold

R=−1 R =−0.5 R =0.1 R =0.5 R =10

H100 25% 15% 25% 40% 70%

WF51 40% 35% 50% - 50%

H100 Shear 20% 25% 30% 40% -

WF51 Shear 30% - 40% - -

8.8  MULTI -AXIAL FATIGUE

The von Mises equivalent stress criterion is commonly used for describing multi-axial fatigue
life [8.8]. Using the definition of stress components on an infinitesimal volume element
shown in Fig. 4.12 the von Mises stress can be expressed as

σ σ σ σ σ σ σ σ σ σ τ τ τe vM x y z x y y z z x xy yz zx, = + + − − − + + +( ) /2 2 2 2 2 2 1 23 3 3 (8.6)

Using this, Eq. (8.4) can be rewritten to

( ) ( ) ( )σ σ σ σe vM e vMth e vMcr e vMth

N aN e
b

, , ,
/= + − −

,
log (8.7)

If a pure axial stress is considered Eq. (8.6) becomes

σe,vM = σz (8.8)

and in the case of a pure in plane shear stress, Eq. (8.6) gives

σe,vM = 3 τxy (8.9)
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One of the aims with this investigation was to deduct the possibility to predict the fatigue
performance of foam core materials under uni-axial stresses and shear stresses through the use
of the equivalent von Mises stress, see Eqs. (8.8) and (8.9). If this proves possible, then there
is a good chance that the fatigue life of core materials in multi-axial loading can be predicted.

8.9  UNI-AXIAL FATIGUE CONTRA SHEAR FATIGUE RESULTS

The uni-axial fatigue test results and the shear fatigue test results presented in Chapter 5, and
their corresponding curve fit functions are plotted in Figs. 8.8-8.12. The applied stresses are
given as von Mises equivalent stress using Eqs. (8.9) and (8.10) and the uni-axial test results
have been normalised with the static strength according to Eq. (8.5). The shear test results are,
naturally, normalised with the shear strength. The von Mises shear strength is 94% and 97%
of the von Mises tensile strength for the H100 and WF51, respectively. The shear test results
in Figs. 8.8-8.12 have been reduced accordingly.

H100 R=− 1 AND R=−0.5

In Fig. 8.8 the results from the H100 configuration test series R=−0.5 and R=−1 are plotted.
The agreement between the results from the shear tests and the uni-axial test at R=−0.5 are
almost total. It is further observed that there is virtually no difference in the fatigue life for the
shear loaded specimens in R=−0.5 and R=−1. This indicates that the foam core is not sensitive
to the amplitude of the reversed part in the shear fatigue loading. In contrast, the reversed part,
or rather, the compressive part of the uni-axial tests will effect the fatigue life adversely.
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Figure 8.8  S/N diagram with fatigue test results from uni-axial and shear fatigue tests for
the H100 configuration at R=−1 and R=-0.5. The von Mises equivalent stress criterion has

been used and the test series are normalised with the compressive and shear strength
respectively.
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H100 R=0.5

The R=0.5 test series of the H100 configuration also shows good correspondence except for
the results in the low cycle fatigue region, as shown in Fig. 8.9.
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Figure 8.9  S/N diagram with fatigue test results from uni-axial and shear fatigue tests for
the H100 configuration at R=0.5. The von Mises equivalent stress criterion has been used

and the test series are normalised with the tensile and shear strength respectively. The
test results in the parentheses failed in local compression close to the supports.

H100 R=0.1

The results from tests at R=0.1, for the H100 configuration, are shown in Fig. 8.10 and
displays good agreement between the two test methods.
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Figure 8.10  S/N diagram with fatigue test results from uni-axial and shear fatigue tests for
the H100 configuration at R=0.1. The von Mises equivalent stress criterion has been used

and the test series are normalised with the tensile and shear strength respectively.
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WF51 R=−1

For the WF51 specimens tested at R=−1 a fair agreement between the results from the uni-
axial tests and the shear tests is noticed, see Fig. 8.11. The results indicate that the uni-axial
loaded specimen sustain approximately 10% higher equivalent stress than the shear loaded
specimens for the same number of cycles.
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Figure 8.11  S/N diagram with fatigue test results from uni-axial and shear fatigue tests for
the WF51 configuration at R=−1. The von Mises equivalent stress criterion has been used
and the test series are normalised with the compressive and shear strength respectively.

WF51 R=0.1

The results from the WF51 configuration at R=0.1, is shown in Fig. 8.12. The agreement
between the uni-axial tests results and the shear tests results is good.
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Figure 8.12 S/N diagram with fatigue test results from uni-axial and shear fatigue tests for
the WF51 configuration at R=0.1. The von Mises equivalent stress criterion has been

used and the test series are normalised with the tensile and shear strength respectively.
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The results presented in Figs. 8.8-8.12 indicates that the use of von Mises equivalent stress is
a feasible way of presenting the fatigue characteristics of cellular foams.

8.10  HAIGH DIAGRAMS

The effect of the stress amplitude and mean stress can be displayed by the use of Haigh
diagrams as discussed in Chapter 4. The mean stress is a linear function of the stress
amplitude for a fixed R and these ratios are plotted in Figs. 8.13 and 8.14 as dotted lines for
the load ratios used herein. Actual test results may be included in a Haigh diagram but the
interpretation is made easier by using data from the curve fits (Eq. (8.4)) based on the test
results. Data points for a fixed interval, one per decade, of load cycles are plotted in Figs. 8.13
(H100) and 8.14 (WF51) based on the curve fit functions.

The discussion of the results interpretation distinguish between low cycle fatigue (LCF) and
high cycle fatigue (HCF) results. The focus is on which of the mean stress and stress
amplitude have the larger influence on the fatigue life. The solid lines between the data points
in Figs. 8.13 and 8.14 may be used for this interpretation.

It can be concluded that a change in stress amplitude or mean stress level will have equal
effect on the fatigue life at LCF at in the intervals −0.5<R<1 and R>1. In the interval −1<R<−
0.5 at both LCF and HCF, an increase of the mean stress level will have a larger impact on the
fatigue life than an equal increase of the stress amplitude will. The opposite relationship apply
to −0.5<R <1 or R >1. In Fig. 8.13 it is further obvious that the results from the R=−0.5 test
series deviate from the results of the other test series.
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life. The squares plotted are based on the curve fit functions from Eq. (8.4). The
different R series are normalised a according to Eq. (8.5) and a dashed/dotted division

line is included in the diagram.
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The interpretation of the test results for WF51 presented in Fig. 8.14 can be performed in a
similar manner. The mean stress and stress amplitude influence on the fatigue life is equally
the same for all load ratios at LCF, which also concerns the interval −1<R<−0.5 at HCF. At
the two other load ratio intervals the means stress will effect the fatigue life more adversely
than the stress amplitude.
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Figure 8.14  Haigh diagram for WF51 material configuration, dotted lines marks
different R-values and the solid lines are used to connect squares of common fatigue

life. The squares plotted are based on the curve fit functions from Eq. (8.4). The
different R series are normalised a according to Eq. (8.5) and a dashed/dotted division

line is included in the diagram.

8.11  RESIDUAL STRENGTH AND REDUCED STIFFNESS

It was shown in Chapters 5-7 that the stiffness proved to be a bad indicator of the health of
sandwich structures fatigue loaded in shear. In these chapters the design of the test specimen
was such that failure occurred in the cellular foam core and the stiffness did not drop
significantly until just before failure. Hence, it was believed that the residual strength of the
specimens was practically constant until just before failure. By monitoring the load and
deflection, and thus the stiffness variation, during the uni-axial tests, a pattern similar to that
found in Chapters 5-7 was observed. The stiffness of the specimens was constant through the
major part of the tests and dropped just before failure. Hence, the conclusion is that: The
stiffness is a bad indicator of the condition of foam cores fatigue loaded in tension as well.
One particularly interesting result was however found: The stiffness of specimens subjected to
a solely or partly compressive fatigue load was markedly reduced during the first 5% of the
fatigue life but then the stiffness remained unchanged until just before failure. By performing
residual strength tests on specimen fatigue loaded but interrupted well before failure, the
effect of this phenomena could be investigated. Residual strength tests were performed on
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specimen from two test series, R=10 and R=−0.5. Surprisingly, the residual tensile strength of
these specimens was equal to, and in some cases even exceeded (10% or less), the strength
found in the static tests. The residual strength was investigated for both low and high cycle
fatigue tests and no difference between these could be noticed. This behaviour is explained in
metal fatigue as cyclic hardening but polymers are generally said to only display cyclic
softening under fatigue loads. When these surprising results was not part of the original
project plan no thorough analytical work has been performed at this time and a deeper analysis
has been left out for further investigations.

8.12  DISCUSSION AND CONCLUSIONS

A new test fixture was designed for uni-axial fatigue testing of foams. Through its design both
tension and compression loads and combinations of these were allowed. The rig consists of
one pair of aluminium cylinders to which the specimen is bonded. This constellation is then
rigidly fixed to a standard hydraulic testing machine using threaded taps. Uni-axial fatigue
tests were performed for different load ratios on two different cellular foam materials,
Divinycell H100 and Rohacell WF51. The set up worked satisfactory and the test results were
reproducible.

A brief study of the strain rate’s influence on the temperature of the specimen was performed.
The purpose was to find a maximum strain rate, which is coupled to the test frequency, for
which no harmful temperature increase in the material could be noticed. A reasonable level
for both material configurations is a maximal strain rate of 10%/s for fatigue test at R>0. For
R<0 (tension/compression) the maximum allowed strain rate found was 5%/s for the H100
configuration.

Static compressive and tensile tests were performed and the strength results correspond to
those given by the manufacturers with one exception, the tensile strength for the WF51
material was found 23% higher than the strength given by the manufacturer.

The strength properties in tension are different to those in compression for the two foam
materials. The effect of this on the fatigue stress life, where the applied loads were partly or
solely compressive, are discussed. A simple empirical model was suggested in which the
applied loads should, in the result presentation and evaluation, either be normalised with
respect to the compressive or tensile strength, depending on the load ratio.

The von Mises equivalent stress is commonly used in multi-axial fatigue prediction models
for metals. It is believed that the von Mises stress could be utilised for this class of materials
as well. The validity of this was demonstrated by a comparison between the fatigue test results
from the uni-axial loaded specimens and results from specimens loaded in shear. By
transforming the applied loads to von Mises stresses, the results from the two test methods
were plotted in one diagram and the agreement between the results were, with one exception,
good.
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9
FATIGUE CRACK GROWTH IN EXPANDED PVC FOAM

The Mode I fatigue crack growth rate in a cross linked and expanded PVC foam is
experimentally investigated using compact tension (CT) specimens. The relation between the
crack growth rate and the cyclic stress intensity range, ∆K, is determined and the results are
plotted in a da/dN-∆K diagram. The fatigue crack growth threshold, ∆Kth, is established using
a load shedding technique where the load amplitude is stepwise reduced until the crack
arrests. The crack growth rate is found to depend on the mean stress level and an attempt has
been made to separate the effects of stress intensity range, ∆K, and the maximum stress
intensity in each cycle, Kmax, by combining the data obtained under different load ratios. The
fatigue crack growth rate in the foam is compared with the growth rate for a interfacial crack
in a double cantilever sandwich beam (DCB) specimen and an almost perfect match is found.

9.1  INTRODUCTION

The fatigue crack growth in a ductile material is said to consist of three phases, as
schematically illustrated in Fig. 9.1. At intermediate stress intensity ranges (regime II), the
crack propagation per cycle, logarithmic da/dN versus ∆K is linear. The crack growth rate
deviates from this linear trend at high and low ∆K levels. At high ∆K levels (regime III) the
crack propagation rate increases rapidly and become unstable until total failure. In regime I the
stress intensity factor approaches the fatigue crack growth threshold, ∆Kth, which generally is
found at crack propagation rates below 10-6 mm per cycle.

log da
dN

log ∆K

I II III

m

Kcr∆ thK

1

Figure 9.1  Schematic illustration of the different regimes of fatigue crack propagation rate
in a ductile material.

Paris [9.1] found that the crack propagation rate is stable in an interval of the crack tip stress
intensity (regime II) and suggested a power function to describe this relation. The crack
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propagation rate as function of the stress intensity, and the interval in which this it is valid, has
to be determined experimentally for every new class or combination of materials through
fatigue testing. The fatigue threshold value, ∆Kth, is also determined from fatigue tests by
decreasing the load stepwise until the crack arrests.

The selection of an expanded PVC foam for this study was motivated by its wide use in load
bearing components in vessels and aircraft's. Cyclic loads are inevitable in these applications
and failure from fatigue thus has to be regarded.

The compact tension (CT) specimen is commonly used for characterising the Mode I crack
propagation rate in metallic materials and the test method is described in ASTM E647-93
[9.2]. This method has also successfully been used on non metallic materials such as solid and
foamed plastics. For example, the crack propagation rate has been experimentally determined
for solid PVC in [9.3], for foamed polycarbonate in [9.4] and for foamed polyurethane in
[9.5]. All investigations indicate that Paris law can be used with good agreement for this class
of material. In Chapter 10 of this thesis, the crack propagation rate in the face/core interface of
a double cantilever sandwich beam is investigated. The materials used are a PMI foam and
same cellular PVC foam as used herein. The fatigue crack growth rate for these materials are
schematically plotted in Fig. 9.2 togeter with data from the litterature. The latter are more
indicative since teh conditions under which they were derived may differ from those in the
present investigation.
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Figure 9.2  Fatigue crack growth characteristics of polymer foams PMI and PVC foam
from Chapter 10, foamed polycarbonate from [9.4], foamed polyurethane from [9.5] and

for solid PVC from [9.3].
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9.2  MATERIAL

The investigated material was Divinycell H100, which is an expanded and cross-linked PVC
foam with closed cell structure, in the following simply referred to as H100. This material is
thoroughly described in Chapter 2. The Mode I fracture toughness was determined in [9.6]
using the single edge notch bend (SENB) test specimen. In Table 9.1 properties of the H100
material are given.

Table 9.1  Material properties of the H100 [9.6-7].

H100

Density [kg/m3] 100

Average Cell Size [mm] 0.45

Elastic modulus [MPa] 100

Tensile Strength [MPa] 3.0

KIc (SENB) [MPa m] 0.21

9.3  THE CT-SPECIMEN

The CT-specimen is used to extract both the Mode I fracture toughness and the Mode I crack
propagation rate. The CT test procedure is given in ASTM E647-93 [9.2] and the specimen
geometry, shown in Fig. 9.3, is based on three characteristic lengths; the crack length a and
the width W, both measured from the load point and the thickness, B. There is, however, in the
standard possibilities to alter the dimensions of the specimen within certain limits.

a
W

0.6 W
0.275W

W/4

1.25 W
P

P

B

Expected
crack path

Pre crack

Figure 9.3  Geometry of the CT specimen

The ASTM standard for fatigue crack growth measurements requires a predominantly linear
elastic behaviour of the specimen during the tests and the un-cracked ligament of a compact
specimen should satisfy

W a
K

cr

− ≥








4
2

π σ
max (9.1)
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where σcr is the ultimate stress or the yield stress and Kmax is the maximum stress intensity at
the crack tip. There are no specific requirements on the specimen thickness but when the
fatigue properties can depend on the thickness it is here recommended that the thickness of the
specimen match the thickness of the structure of interest.

The fracture toughness for the CT specimen is given in [9.8] as

K
P a W

BWIc
cr= φ( / )

1 2
 (9.2)

and the stress intensity amplitude hence is

∆ ∆
K

P a W

BWI = φ( / )
1 2

(9.3)

where Pcr is the critical static fracture load and ∆P the load amplitude. The crack length-
compliance function, φ, is given as
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The PVC foam is manufactured in blocks with finite thickness with 60 mm. Initial tests were
conducted on 25 mm thick specimens with the width W=80 mm and a crack length a=15 mm.
The experimentally determined fracture toughness for this rather small specimen was KIc=0.20
MPa m which corresponds well with the results in [9.6]. However, it proved difficult to
perform fatigue crack propagation tests on this small specimen and achieve reliable data and
crack length measurements.
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Figure 9.4  Compact tension specimen geometry as used for static and fatigue testing

A considerably larger specimen was rather used, with a thickness B = 50 mm was used and
with the other dimensions as given in Fig. 9.4. The relation between width and crack length is
within the ASTM specifications and thus Eq. (9.4) is valid for this geometry. The specimen,
and the crack, was cut out using a band saw. The load was introduced via pin loaded steel
cylinders which were bonded into the PVC foam. This was done to reduce the friction
between the test rig and the specimen and furthermore to obtain a well defined geometry of
the load introduction for the finite element calculations.

9.4  NUMERICAL CALCULATIONS

Numerical calculations were performed using the p-adaptive FE-code STRIPE, developed at
The Swedish Aeronautical Institute (FFA) [9.9] and especially suited for fracture mechanic
calculations. A 3-D model was used where symmetry conditions was utilised and therefore
only one quarter of the specimen was modelled. Even the steel cylinder used for the load
insertion was modelled in order to make the analysis completely agree with the test set-up.

The objective of the FEM analyses was to extract the stress intensity as function of crack
length. This obtained relation, compared with the closed form analytical expression of
Eq. (9.4) is shown in Fig. 9.5 and the agreement between the two is good.
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Figure 9.5  Stress intensity per unit load as function of crack length - numerical results
compared with Eq. (9.4).

9.5 FATIGUE TEST PROCEDURE

The sought after fatigue crack propagation relation in the regime II, known as the Paris’ law
equation, is written in an general form as

da

dN
c K m= ∆ (9.5)

where a is the crack length, N is the number of load cycles, ∆K is the range of crack tip stress
intensity in each load cycle. The constants m and c are determined from the experimental
results where m is related to the slope of the curve and c is the found by extending the straight
line to ∆KI=1 MPa m.

All specimens were pre cracked prior to the fatigue test and KImax at the end of the pre-
cracking should not exceed the initial Kmax in the fatigue test. The crack length was measured
periodically using a travelling microscope and the load and displacement data were
continuously recorded.

The ASTM standard E647-93 outlines two types of fatigue testing schemes which were both
utilised: constant load tests where ∆K increases with increasing crack length, and ∆K-
decreasing tests. The ∆K decreasing procedure is preferable when near threshold data are
sought after. ∆K is stepwise reduced so that each step is less than 10% of the current ∆K. It is
usually not practical to collect data below da/dN=10-7 mm/cycle. The output from a test
generates a crack length versus number of cycles plot. This curve needs be differentiated to
infer da/dN and the ASTM standard suggests two alternative numerical methods for doing
this. In the first, a linear differentiation between two neighbouring points is calculated, which



CRACK PROPAGATION IN FOAM

131

is a simple method but sensitive to scatter. The second method is to fit a quadratic function to
a local region of the a versus N function and calculate the derivative analytically.

9.6  FATIGUE TESTS

Mode I fracture toughness tests using the CT specimen shown in Fig. 9.3 were initially
performed. The average fracture load was 705 N. By inserting this in Eqs. (9.2) and (9.4) the
average fracture toughness is calculated as KIc=0.19 MPa m which is in agreement with the
results in [9.6]. The fatigue crack growth tests were performed using a Schenk PSA-10
hydraulic machine under 1-4 Hz sinusoidal constant load control.

The load and displacement were continuously recorded in each test and the variation of the
compliance were calculated. In Fig. 9.6 this variation, together with the optical measurements
of the crack lengths, is plotted as a functions of load cycles. As noticed, the compliance
variation matches the measured crack length which indicates that the compliance could be
used to calculate the crack length with good accuracy. This is beneficial when the detection of
the crack tip, and hence the crack length measurement, was both time consuming and
associated with uncertainties.
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Figure 9.6  Stiffness variation and measured crack length for CT specimen loaded at
R=0.1 and 60% of the static fracture load.
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9.7  STRESS INTENSITY THRESHOLD

The crack propagation threshold was determined using a load shedding technique. Here the
load amplitude was reduced in finite steps during fatigue tests until the crack stopped
growing. By using this technique, a test on one single specimen provided enough data for the
lower part of the Paris regime. Furthermore, this technique was used to determine the stress
intensity threshold, which was estimated to 0.05 MPam1/2 for H100 at R=0.1. This
corresponds to 25% of the Mode I fracture toughness.

9.8  RESULTS

The stable crack propagation in the so called Paris regime can be described by a power
function, Eq. (9.5). The crack propagation rate, and the power function, displays a linear
relation to the stress intensity factor in a logarithmic da/dN versus ∆K diagram.

In Fig. 9.7 the results from selected crack propagation tests are plotted together with a best fit
to the power function in Eq. (9.5). The crack propagation rate for the H100 gives Paris law
constants m = 5.7 and c = 2500 MPam1/2/mm. The maximum stress intensity at which the
crack growth becomes unstable is about 0.15 MPam1/2, which is approximately 75% of the
static fracture toughness.

The test results may be evaluated in two ways as described in section 9.5. In Fig. 9.7 the crack
growth rate are differentiated between two consecutive crack length readings. By calculating
the stress intensity factor, using FEM, for the average of the two crack lengths a point in the
diagram is obtained. The curve fit in Fig. 9.7 is based on such results.

The crack propagation rate for all other specimens were obtained by using a best curve fit to a
local region of the crack length versus number of cycles plot of the type shown in Fig. 9.6. An
exponential function, rather than quadratic function, was used. By using this curve fit, the
crack growth is obtained as a linear function of crack length. The stress intensity for each
interval is found from the FE calculations and a crack propagation rate can be calculated. The
crack growth rates obtained by this method correspond very well with the results obtained by
the differentiating technique, shown in Fig. 9.7.

Experiments were performed at different two load ratios, R=0.5 and R=0.1. The crack
propagation rate was found independent of R, while the maximum stress intensity at which the
crack propagation became unstable decreased with increasing R. The stress intensity at which
unstable growth occurs are approximately 0.15 MPam1/2 at R=0.1 and 0.12 MPam1/2 at R=0.5.
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Figure 9.7  Crack propagation rate for H100 foam core material.

The crack front shape was experimentally investigated. Fatigue tests were interrupted and
paint was injected at the crack tip. When the paint had dried the specimen was cracked
opened. The crack front was straight and the result was independent of crack length.

9.9  CONCLUSIONS

The stable crack growth rate for the Paris regime and the stress intensity threshold has been
experimental established for the cross linked and expanded PVC foam Divinycell H100. The
experiments were conducted using the Compact Tension test specimen and both constant load
amplitude and load shedding techniques were used. Finite element analysis was used in
determining the stress intensity factor.

The interval where a stable crack propagation may be expected was established as between the
threshold, ∆Kth=0.05 MPam1/2 and a maximum stress intensity, Kmax=0.15 MPam1/2 for the
load ratio R=0.1, which corresponds to approximately 25 and 75% of the fracture toughness
The crack propagation rate using the Paris law power function is given as

da

dN
K= 2500 5 7 ∆ . (9.6)

The crack propagation rate was found independent of R, while the maximum stress intensity at
which the crack propagation became unstable decreased with increasing R.
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10
INTERFACIAL FATIGUE CRACK GROWTH IN FOAM

CORE SANDWICH STRUCTURES

This chapter deals with the experimental measurement of face/core interfacial fatigue crack
growth rates in foam core sandwich beams. The so called ”cracked sandwich beam” specimen
is used, slightly modified, which is a sandwich beam with a simulated face/core interface
crack. The specimen is pre-cracked for a more realistic crack front prior to fatigue growth
measurements. When subjected to either a Mode I or Mode II loading the crack will propagate
along the interface, or rather a finite distance down in the core material. The crack growth is
stable even under constant loading amplitude testing. Stress intensity factors calculated using
FEM are combined with the experimental data and plotted in standard da/dN versus ∆K
diagrams. The constants in the classical Paris’ law can then be extracted using a curve fit to
the plotted data. The stress intensity factor thresholds are determined using a manual load
shedding technique.

10.1  OBJECTIVE

The integrity of the adhesive bond between the face and the core in a sandwich structure is of
vital importance to ensure that loads are transferred between the two constituents. However,
debonds are often created during manufacturing or due to overloading of the structure.
Therefore, it is important to detect these defects, and to quantify their influence on, or the
reduction in, the load-carrying capacity of the structure. This study is primarily aimed to
extend the basic knowledge of fatigue in sandwich structures containing interfacial simulated
damages.

The first goal of this work was to obtain a reliable and accurate method to monitor and
measure the rate and direction of the interfacial crack propagation in sandwich beams
subjected to different load cases. The second objective was to extract basic Paris’ law type
data and to determine stress intensity factor threshold. Sandwich specimens, containing
interfacial debond, were examined under Mode I and Mode II fatigue loading and crack
propagation rates were measured.

Additionally, the fracture mechanisms in the vicinity of face-to-core interface on the micro-
level scale were the subject of interest for further development of more sophisticated model of
prediction of sandwich structure failure.

Interfacial defects in sandwich structures have been previously investigated by Zenkert et al
[10.1-4]. The fracture toughness tests of the sandwich beams with different material
configurations, containing interfacial cracks, were performed in [10.2] using the methodology
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from Carlsson et al [10.5-7], based on the so called cracked sandwich beam (CSB) specimen.
They also derived an analytical expression for the energy release rate of the CSB specimen
and this model was found to give reasonably good agreement with finite element calculations
[10.8].

10.2  MATERIALS AND SPECIMENS

 The materials investigated were two different types fibre reinforced foam core sandwich
configurations. The configurations are given below and the properties of the constituents are
described in Chapter 2.
 

• Configuration WF51: 25 mm Rohacell WF51 core with four layers of DBL-800 glass
fibre fabric [0°/+45°/-45°]2s and NORPOL 20M-80 polyester faces.

• Configuration H100: 25 mm Divinycell H100 core with four layers of DBL-800 glass
fibre fabric [0°/+45°/-45°]2s and NORPOL 20M-80 polyester faces.

The test specimens were manufactured using the hand lay-up technique. A thin primary layer
of polyester was applied on the core surfaces to prevent a deep adhesion of liquid polyester
into the core material. The interfacial disbond was simulated using a 125 µm thick Teflon film
which was placed on to the core material surface before the laminating process. Thus, the
Teflon film was situated between the primed core and the laminates. All specimens were
manufactured with the same initial disbond length of 50 mm. All fatigue specimens were pre-
cracked in fatigue prior to the actual test at a load level which, according to ASTM
requirements [10.9], should not exceed the initial load level in the fatigue crack propagation
test.

The experiments and analyses were performed for two different Modes of crack propagation:
Mode I (opening) and Mode II (in-plane shear). The Cracked Sandwich Beam (CSB) and the
Double Cantilever Beam (DCB) specimens provide almost a pure Mode I and a Mode II
loading, respectively. These specimen configurations were proposed for fatigue tests within
this investigation since they have been successfully used for static tests. The specimens are
briefly described below.

Mode II Test Specimen - Modified Cracked Sandwich Beam

The cracked sandwich beam (CSB) specimen was first introduced by Carlsson et al [10.5-7]
and was used for the determination of Mode II interface fracture toughness measurements in
sandwich beams. The original specimen is shown schematically in Fig. 10.1a.
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Figure 10.1  The cracked sandwich beam test specimen (a) in its original form and (b) the
modified version. Dimensions in [mm].

The CSB specimen seems to work very well for the static measurement but for fatigue testing
the contact surfaces and the possible friction between them create problems. By utilising an
idea sprung from an investigation by Grenestedt et al [10.10], the CSB specimen was here
modified to that shown in Fig. 10.1b, denoted CSB-h (h for hinge). Now, a stiff insert replaces
a part of the core just over the support at the edge where the simulated crack is situated. This
insert, or hinge, helps in transferring the shear load from the top face sheet to the lower face
sheet and the support rather than being transferred as a contact pressure between the crack
surfaces. This obviously reduces the contact pressure and hence friction. Both the original
version and the modified version of the CSB specimen were used in the static and fatigue
testing as well as in the numerical analyses.

The specimen and three-point bending testing rig dimensions were chosen according to the
recommendations and calculations given in [10.6] allowing the crack to propagate along the
interface prior to shear failure of the core. The test rig was made of aluminium with attached
steel rolls where the outer rolls had a diameter of 60 mm. A wooden pad with a width of 50
mm was used between the specimen surface and the centre roll to prevent local buckling of
the faces. The CSB specimen was mounted with a short overhang of 10 mm on each side. The
testing rig and loading pattern is shown in Fig. 10.1.

Mode I Test Specimen - Modified Double Cantilever Beam

A modified Double Cantilever Beam (DCB) specimen configuration was used to investigate
the interfacial fatigue crack growth under Mode I loading. The testing rig for DCB tests was
specially designed to utilise the same type of sandwich specimens with interfacial debond as
used in the CSB tests. The specimen was clamped to the rigid foundation by specially
designed clamps. A hinge was used to prevent the bending moment deformation of face. It
was attached to the end of the sandwich face laminate using two bolts. The test geometry is
schematically shown in Fig. 10.2.
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Figure 10.2  DCB test geometry. Dimensions in [mm].

10.3  EXPERIMENTAL INVESTIGATION

The main goals of the experimental part of this paper were:
• To determine levels of critical loading and critical stresses for sandwich beam

specimens with initial interfacial damages under static and fatigue testing;
• To measure the fatigue crack growth rate da/dN as a function of crack length under

constant load-amplitude fatigue loading;
• To measure the near-threshold crack growth rates da/dN using a load-shedding

technique in order to obtain stress intensity factor threshold values;
• To investigate the mechanisms of fatigue crack initiation and growth under fatigue

loading.
 
The test specimens with a 25 mm core were manufactured using the hand lay-up technique. A
thin primary layer of polyester was applied on the core surfaces to prevent a deep adhesion of
liquid polyester into the core material. To simulate an interfacial debond in the sandwich
structure, a Teflon film with thickness 125 µm was placed on to the core material surface
before the laminating process. Thus, the Teflon film was situated between the primed core and
the laminates. All specimens were manufactured with the same initial debond length of 50
mm. All fatigue specimens were pre-cracked prior to the actual test at a load level that does
not exceed an initial load level in the fatigue test, as specified in the ASTM requirements
[10.9].

The experiments, both static and fatigue, were performed by using a 10 kN Schenk PSA-10
servo hydraulic universal testing machine. The testing machine was equipped with a fully
computer-controlled system allowing excellent control of the test process and simple data
acquisition. The tests were run under load control with a sinusoidal waveform and both the
load and the displacement were sampled. To monitor the fatigue fracture process a specially
designed stereo microscope equipped with a micrometer was attached to the test rig. The
crack growth measurements were performed only from the front surface of specimen, and a
straight crack front through the thickness was assumed.
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10.4  STATIC TESTS

Static tests were initially performed on both the CSB and DCB specimens for both material
configurations to obtain relevant load levels for the fatigue tests. For the former, both the
original version (CSB) and the modified version (CSB-h) of the CSB specimen were used.
Two specimens within each material configuration were tested. The static tests were
performed at a constant deformation rate of 2 mm/min and at room temperature.

The crack propagation was similar for all specimens in both material configurations. As
anticipated, the crack propagated along the interface of the sandwich specimens one or two
cells down in the core material below the layer with resin-rich cells. In the CSB-case (Mode
II) the crack propagated from the end of Teflon insert towards the inner support pad in one
step. In the DCB-case (Mode I), on the other hand, the crack propagated stepwise with the
first step about 12-15 mm long for WF51 specimens and 4-6 mm for H100 specimens. The
fracture load at the first step was used as the static failure load. The results from CSB and
CSB-h configurations were found to be fairly close.

10.5  FATIGUE TESTS IN MODE II

Using the results from the static tests together with some initial trial specimens, reasonable
load levels in the fatigue tests were designated to obtain a stable crack propagation. Fatigue
tests were performed under constant sinusoidal load-amplitude at a frequency of 3-4 Hz
depending on the material configuration and load levels. A load ratio of R=0.1 was mostly
used. Although a few specimens were tested at R=0.3 to designate any R-dependence.

The fatigue crack path was similar to the one found in the static tests. The crack continuously
propagated along the interface, in the core material below the layer of the resin-rich cells.
Photographs of fractured H100 and WF51 CSB specimens are shown in Fig. 10.3. Note that
the diagonal ”secondary fracture” crack, shown in Fig. 10.3(b) occurs when the specimen was
fractured. This crack is not present during the stable crack propagation stage.

Figure 10.3  Fatigue failure of H100 CSB (a), WF51 CSB (b), H100 CSB-h (c) and WF51
CSB-h (d) specimens.
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Initially, a zone around the pre-crack tip with individually damaged cells could be discerned.
The fractured cells were spread out and did not form a continuous crack or distinct crack tip.
In the next stage, some of these cracks merged and formed a 1 mm diagonal crack down just
below the layer of the resin-rich cells. The crack would then grow along the interface but still
below the layer of resin-rich cells. Quite an extensive pre-damaged area with many micro
cracks was observed in the core structure in front of the primary fatigue crack and this was
believed to be due to the large shear deformations and friction. A photograph, taken using a
scanning electron microscope (SEM), of the core material at the fatigue crack front is
presented in Fig. 10.4(a).

Figure 10.4  Photographs of fatigue crack propagation in (a) H100 CSB specimen (Mode
II) and (b) H100 DCB specimen (Mode I).

Up to a length of 12-14 mm a suitable rate of crack extension and stable crack growth could
be obtained for the H100 CSB specimens. However, once the crack had appeared the fatigue
crack in WF51 CSB specimens started to propagate fairly fast and unstable. This was believed
to be due to the brittleness of this core material. The problem with the unstable crack growth
was overcome by using the modified CSB-h specimen which is described above. The metal
hinge keeps the faces at a constant distance, reducing the friction on the crack flanges and
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redistributing the stresses in the crack tip vicinity. Photographs of typical failure of CSB-h
specimens are shown in Fig. 10.3(c, d).

The time (or number of cycles) from crack initiation to final fracture was short relative to the
total fatigue life. A crack could only be visibly detected under the last 30% of the total fatigue
life. Once the fatigue crack had initiated from the pre-fabricated debond tip the rate of crack
propagation was measured using a stereo microscope.

10.6  FATIGUE TESTS IN MODE I

Fatigue tests of DCB specimens were performed under load control at a frequency of 2 Hz.
The load levels were based on the results from the static tests. Some trial fatigue specimens
were tested at different load levels to gain a stable crack propagation on the reasonable crack
length. All DCB specimens were tested at R=0.1 and under constant load-amplitude.

The fatigue crack initiation and propagation in DCB specimens was similar to that in the CSB
configuration. The fatigue crack originated from the tip of the initial debond and continuously
propagated along the interface one or two cells down in the core material. During the initial
phase of the tests individual cells around the Teflon tip were fractured. This region with partly
broken cells was approximately 1.5 mm in diameter and no continuous crack could be
observed at this point. These micro cracks eventually grew together and formed one fatigue
macro crack which started to propagate in the core material. In contrast to the Mode II fatigue
crack in the CSB configuration, the Mode I fatigue crack in DCB specimens propagated
without an area of pre-damaged cells in front of the crack tip in the core material. This
behaviour could be seen in all DCB specimens for both material configurations. Photographs
of fractured H100 and WF51 DCB specimens are presented in Fig. 10.5. The cell structure in
front and around of fatigue crack tip was observed by using SEM and photograph of the
microstructure is illustrated in Fig. 10.4(b).

Figure 10.5  Fatigue failure of H100 DCB (a) and WF51 DCB (b) specimens.

The WF51 DCB specimens showed a stable crack growth during 25-35 mm at a load level of
33-35% of the static fracture load. Nevertheless, the H100 DCB specimens exhibited a stable
and rather slow crack propagation during 20-25 mm up to 65% load level. For all WF51 DCB
specimens a visible fatigue crack was detected after 70-75% of the total fatigue life, and in the
H100 DCB specimens after 30-40%.
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10.7  FATIGUE THRESHOLD TESTS

The experimental determination of stress intensity factor threshold values ∆Kth and near-
threshold crack growth rates was conducted by using a so called manual load-shedding
technique [16, 17]. Fatigue threshold tests were performed on both CSB and DCB specimens
for both material configurations at a frequency of 2-4 Hz and at R=0.1. All specimens and
tests set-up were identical to the previous experiments.

According to ASTM recommendations [16], the load was manually shed with adjacent load
steps of 10% of the previous load level while the stress ratio R remained constant during the
entire test to avoid any stress history effects. A fatigue crack was allowed to propagate at least
2-3 mm between each load adjustment. The initial load levels of the CSB and DCB specimens
were 75% and 60% of their static fracture loads, respectively. The final load levels where no
pronounced crack growth could be observed were found at 15% and 20% of the static fracture
load of the CSB and DCB specimens, respectively. The crack propagation rates were
calculated to be in the range of 10-6-10-7 mm/cycle which hypothetically could be assigned as
near-threshold values of crack growth rate. Data for all specimens were analysed in terms of
crack growth rate versus crack length.

10.8  FINITE ELEMENT ANALYSIS

Finite Element (FE) analyses were performed on all configurations experimentally tested to
determine the stress intensity factors for different crack lengths. The FE software used was
ANSYS and eight-node quadratic membrane elements was used in the two-dimensional linear
numerical models. The face and the core materials were treated as isotropic and linear elastic
fracture mechanics (LEFM) was applied. The crack path was modelled as the real crack, along
the interface and two cells down in the core material. Contact elements were used on the two
crack flanges which were assumed to be without any friction. Stress intensity factors in the
vicinity of the crack tip were determined by using the displacement extrapolation method.

When the crack tip in all analyses is situated in an assumed homogeneous, isotropic single
medium it is possible to use classical fracture mechanics theory and evaluation techniques.
This assumption may, of course, be discussed when the interface of a sandwich is very
complex with a composite face layer, its resin-rich outer surface bonded to the core, a core
which has its surface cells filled with resin, and finally the core itself which is by no means
homogeneous. Nevertheless, it is clear that the crack propagates in the core material, rather
than in the interface. The exact position of the crack front seems to be below the resin-rich
cells of the core and the assumption made here can, at least in some sense, be justified, if
nothing else by the fact that all other ways can be excluded as being no better.

The results of the FE-calculations for the three configurations are given in Figs. 10.6-8. The
stress intensity factors are given for a unit load per unit width and the length of the crack is
measured from the tip of the simulated interfacial disbond. The only configuration where the
difference between the stress intensity factors in H100 and WF51 is larger than 10 % is for the
DCB specimen and Mode I. In all other configurations are the difference insignificant.
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Figure 10.6  Stress intensity factors in the CSB beam as a function of crack length from
the FE-calculations
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Figure 10.7  Stress intensity factors in the CSB-h beam as a function of crack length from
the FE-calculations
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10.9  ANALYSIS OF THE CRACK GROWTH DATA

The crack propagation rate data are usually plotted in a da/dN versus ∆K diagram where the
crack propagation is divided into three stages: initiation, stable crack growth and unstable
crack growth. The first part indicates the threshold value for the material; below this level no
crack propagation will occur. The middle part is also called the Paris’ regime which
corresponds to a stable crack growth and exhibits a linear relation between the crack
propagation rate and the stress intensity factor. The Paris’ law in its simplest form is written as

da

dN
C Km= ∆ (10.1)

where m is the slope of the curve and C is the point where an extension of the curve will
intersect with ∆K=1 MPa m , and ∆K is the range of stress intensity experienced by the crack
tip in each load cycle. The last region is characterised by an increasingly rapid crack
propagation and is controlled by the fracture toughness, Kc. The range of stress intensity ∆K
can be expressed as

∆K=Kmax(1-R) (10.2)

In order to analyse the experimental data from the constant load-amplitude tests in terms of
the Paris’ equation, the series of data for similar test specimens were plotted as crack growth
rate da/dN versus crack length a. This data were then plotted in the conventional way to
produce a graphs of log (da/dN) against log (∆K) for series of specimens with the same
configuration and testing parameters. The stress intensity data were extracted from the FE
calculations. The experimental data from the load-shedding tests were extracted likewise and
combined with data from constant load-amplitude tests in one plot for similar test specimens.
The combined plots of log (da/dN) versus log (∆K) for CSB, CSB-h and DCB specimen
configurations are presented in Figs. 10.9 and 10.10. Comparative plots for different core
material configurations tested at the same loading Mode are given in Fig. 10.9. Fig. 10.10
illustrates the influence of the loading Mode (I vs II) on the crack growth rates for each
particular core material configuration. The values of C and m were derived from the slope and
intersect of the power function curve fit line through the data points.
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As seen in the graphs, the scatter of the experimental results for all test specimens is greater
than usual for crack growth in metallic materials. Of course, in a material which is inherently
as variable and inhomogeneous in the structure as a closed cell foam, it is unreasonable to
expect a high degree of reproducibility in mechanical properties and the scatter in the results
for specimens tested under nominally identical conditions testifies to this aspect of material.
However, in spite of the scatter there are still two major systematic trends to be mentioned.

First, crack growth for both Mode I and Mode II is systematically faster for the WF51 core
material in comparison to H100. The comparative plots given in Fig. 10.9 show the crack
growth rates of the materials to differ by a factor of more than 10. Additionally, values for m,
characterising the crack propagation rate, were found to be 20% lower for H100 than for
WF51. This was believed to be due to the higher ductility and density of H100.

Secondly, crack growth rate under Mode I is several orders of magnitude higher than under
Mode II, as seen in Fig. 10.10. It is quite obvious that the resistance of the material to Mode I
is lower and the values of m were 25% higher for the DCB specimens (Mode I) than for the
CSB specimens (Mode II) within one material configuration. This difference could be
explained by another Mode of crack propagation and friction-free conditions on the crack
flanges in the Mode I case. Thus, the Mode I appears to be particularly detrimental for this
class of materials.

An initial attempt was made to find out if there is an R-value dependence on the crack growth
rates. A few CSB-h specimens (Mode II) were tested at the same load level, 60% of static
fracture load with R=0.1 and R=0.3. The crack propagation rate values were differed by a
factor of 2. The obtained data would suggest a beneficial influence of a higher R-ratios, which
is, at least, quite different to that found in metals. However, further tests are a necessary to
determine the full R-value influence on the crack growth.

The fatigue crack growth threshold for engineering materials is generally defined as a crack
increment less than 10-6 mm/cycle. Using this definition the stress intensity thresholds were
experimentally determined and are given in Table 10.1. But the crack growth was still found
to be stable in this regime, 10-6-10-7 mm/cycle, and the classical ”knee” in the (da/dN) vs.
(∆K) diagrams could not be seen as shown in Figs. 10.9 and 10. This implies that the
threshold is somewhat lower, if it ever exists for this class of material, but this was not
investigated in this paper.

Table 10.1  Fracture toughness and threshold values of stress intensity factors for CSB,

CSB-h and DCB specimens.

Test configurations Values of KIc, KIIc

(MPa m )

Values of ∆Kth

(MPa m )

CSB/CSB-h H100 0.50 0.140

(Mode II) WF51 0.31 0.090

DCB H100 0.21 0.048

(Mode I) WF51 0.11 0.029
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For ∆K close to the fracture toughness, Kc, the crack propagation is unstable and rapid. The
crack growth rate measurements in this regime and the corresponding stress intensity
calculations were not thoroughly investigated in the present paper. However, the fracture
toughness values for the crack growth under Mode I and Mode II, KIc and KIIc, were calculated
using FE analysis and are presented in Table 10.1. They appear to correspond well to the
fracture toughness values reported in [9].

10.10  DISCUSSION

The Mode I crack propagation rate for pure H100 core material was experimentally
investigated in Chapter 9 using a compact tension (CT) test method. The CT specimen is
solely made of the foam material investigated and hence the crack propagation is not
influenced by other materials. In Fig. 10.11 results from these tests are shown together with
the results from the H100 DCB tests. In the DCB specimen, the crack propagated in the virgin
core material at a finite distance beneath the interface rather than in the resin toughened
interface. The agreement between the crack propagation rates found for the DCB specimens
and the CT specimens is hence anticipated.
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Figure 10.11  Mode I crack propagation rate from tests using H100 DCB specimens and
H100 CT specimens (Chapter 9).
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10.11  CONCLUSIONS

From the analysis of the presented results the following conclusions can be drawn:

The Cracked Sandwich Beam (CSB) and Double Cantilever Beam (DCB) specimen
configurations were successfully used to investigate interfacial fatigue crack behaviour
subjected to Mode I (opening mode) and Mode II (in-plane shear) propagation. The
experimental data in terms of crack propagation rate versus crack length were achieved and
may well be used for further analysis.

A modified CSB specimen (CSB-h) was used where a metal hinge is placed between the faces
keeping them at a constant distance and thus minimising the friction between the crack
flanges. Fatigue tests with the CSB-h specimen (Mode II) gave a more stable crack growth for
both test configurations used in this investigation.

The crack propagation process was simulated in Finite Element models for all tested specimen
configurations. The stress intensities in the vicinity of the crack tip were calculated for
different crack lengths using the linear elastic fracture mechanics (LEFM) approach. A close
to linear relationship was determined between stress intensity factors and crack length.

Graphs of crack growth rate versus the stress intensity factor were plotted for each specimen
configuration and an appropriate power-function curve was used in order to determine the
Paris’ law constants. The experimental data did not reveal a decrease in crack growth rate
behaviour in the region of low stress intensity factors for this class of material. If plotted on a
double logarithmic scale, all data appear to lie on a straight line. In spite of the scatter of
experimental data greater than usual for crack growth in metals, the conformity to the crack
growth behaviour in terms of the simple Paris’ law equation, encourages its application to
describe and predict failure for this type of material.

Crack growth rates for both Mode I and Mode II were systematically higher for the WF51 core
material in comparison to H100 differing by a factor of more than 10. Moreover, crack growth
rates under Mode I were several orders of magnitude higher than under Mode II for both core
material configurations.

Near-threshold crack growth rates in the range of 10-6-10-7 mm/cycle and ”threshold stress
intensity factors” were determined only for R=0.1 by using the load-shedding technique. The
threshold values could vary with different R-ratios and were not investigated in this paper.
The results from both constant load-amplitude and shedding load-amplitude tests were in
good agreement.

The crack propagation rate for the virgin core material was investigated in Chapter 9 using the
compact tension (CT) specimens. In the CT specimen the influence of other materials on the
crack propagation rate and direction are absent in contrast to the specimens used herein. The
observed crack propagation in the DCB specimens was in the virgin core rather than in the
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resin toughened interface layer. This is supported by the agreement between the Mode I crack
growth rate from the DCB specimen and the Mode I growth rate obtained using the CT
specimens.
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11
ACOUSTIC EMISSION MONITORING OF FOAM CORE

SANDWICH COMPOSITES

An acoustic emission based investigation was conducted of damage initiation and progression
in cellular foam core sandwich composites. Signal propagation velocity and attenuation were
determined for PVC foam and glass fibre skin sandwich beams. Acoustic characteristics of
Mode I and Mode II fracture of PVC foam were determined in Single Edge Notch Bend and
End Notch Flexure tests. Core shear fracture initiation and growth were successfully detected
in four point bending fatigue tests. Analysis of the acoustic emission signals confirmed that
the majority of the damage growth occurs at the peak load levels and demonstrated significant
effect of the loading ratio on the damage progression.

11.1  BACKGROUND

A disadvantage of sandwich composites is the difficulty of assessing the structural integrity of
a structure throughout its lifetime. Significant impact damages or skin fracture are usually
externally visible and may be kept under inspection until repaired. Minor impacts not apparent
on the surface may however degrade the core or the bonding between the face and the core.
Similarly static overload or fatigue damage may cause significant degradation of the core not
easily detectable by visual inspection or conventional non destructive evaluation (NDE)
techniques. NDE approaches that have successfully been applied to sandwich structures
include radiography, ultrasonics, mechanical impedance, holography, and thermography
[11.1].

The combination of materials in a sandwich structure means that multiple failure modes exist.
Depending on the application, properties of the sandwich can be designed to choose the
primary failure mode, either to ensure that it is easily detectable (e.g. skin fracture) or to
ensure that the structure continues to perform adequately until repairs can be made. In
applications such as marine vessel hulls, sandwich structures are normally designed so that
core shear failure will occur before face skin fracture, to ensure that a damaged structure will
still prevent water ingress. A disadvantage of this approach is that it can be very difficult to
detect core shear failure or interface damage by conventional NDE techniques. Damage in a
sandwich structure is not only caused by in-service loads; the manufacturing processes used
can also result in defects within the sandwich such as skin/core interface disbonds and stress
concentrations at joints between core materials [11.2-3].

Significant effort has been applied to experimental characterisation and analytical modelling
of the stiffness properties of cellular foam and honeycomb core materials. Stiffness properties
are generally well documented, and established theories exist to predict the effect of micro
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structural imperfections on overall stiffness [11.4-7]. However the strength of core materials
is much less well understood, both for static and fatigue loading conditions.

Recent research by the author has focused on static and fatigue characterisation of undamaged
and damaged sandwich structures. Methodologies have been developed for constant amplitude
testing of sandwich beams in four-point bending which has enabled the influence of testing
frequency, load ratio (R-value) and mean stress to be determined as described in Chapter 5.
Mechanical testing and analytical modelling have been used to develop understanding of the
effect that core damages have on the static strength sandwich beams [11.2-3].

Simplified, the faces of a sandwich beam loaded in a four-point bending rig will carry in plane
stresses due to the bending moment while the core will carry the transverse forces as shear
stresses. The high shear stresses along the mid point of the core cause the initiation of small
individual micro cracks which eventually grow in number and interact with each other
forming a horizontal crack. Once these micro cracks form and start growing together the stress
intensification increases rapidly which drives them even faster, forming a visible horizontal
crack. This macro crack is subjected to an almost pure mode II field, leading to the crack
kinking away diagonally out towards the faces, resulting in a final crack as shown in Fig. 11.1.
This final phase occurs very quickly and it is thoroughly described in chapter5.. Fig. 11.2
shows typical micro damages from static and fatigue loading of PVC foam.

Figure 11.1  Fatigue crack in sandwich beam.
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Figure 11.2  Cell structure of H100, average cell size 0.35-0.45 mm. Also shown in a) is
cell wall fracture due to Mode II loading, b) shows a single cell broken due to Mode II

fatigue loading.

A difficulty encountered during the previous investigations in this thesis is that the fatigue
damage initiation is very difficult to study since during the major part of the life of a sandwich
specimen loaded in fatigue there are no visible or measurable signs of damage. Knowledge of
the exact initiation point and the processes leading to the growth of micro-damages into larger
cracks should lead to a better understanding and characterisation of the fatigue behaviour of
the core material and ultimately leads to ways of enhancing the fatigue properties of the
material itself.

The ability to monitor dynamically in real time, providing a response to a discontinuity under
an imposed structural stress provides Acoustic Emission monitoring (AE) with a significant
advantage over other non destructive testing methods. With appropriate sensor location and
signal processing AE can be used to locate the origins of emissions. Analysis of the AE
signals in time and frequency domains can enable AE monitoring to be used to identify failure
modes. The main disadvantage of AE is that it requires a knowledge of signal propagation
characteristics and a history of typical failures for the material and structure being studied.
Attempts to correlate results with those from other researchers are also complicated by the
effect that acquisition parameters such as filtering, threshold settings and sensor response have
on the processed results.

While AE monitoring has been widely used for NDE and failure characterisation of composite
materials [11.8-11] there are virtually no sandwich related applications documented in the
literature. Since the propagation of a crack through a cellular foam material involves
successive fracture of individual cell walls, an AE system should be able to detect such
damage. In the case of an existing crack, emissions are likely to be generated due to friction
between sliding fractured cell walls. There are two main potential drawbacks to applying AE
to foam sandwich composites; their inherent high damping which will limit the range at which
damages can be detected, and the fact that in practical applications the foam core is usually
fully encapsulated, meaning that sensors will have to be attached to the skins.

If AE can be successfully applied to sandwich composites it offers significant potential as
both a NDE tool and for providing valuable insight into the failure mechanisms associated
with static and fatigue damage in sandwich composites.
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11.2  OBJECTIVE

This study was formulated as a preliminary investigation of the applicability of AE monitoring
for the detection of core damage in sandwich composites. The primary aim was to determine
if AE monitoring is capable of detecting the initiation and growth of core damage within
statically and fatigue loaded sandwich structures.

Initially, simple tests of unloaded foam core materials and sandwich composites were
performed to enable appropriate sensor coupling and attachment methods to be determined,
and to quantify acoustic characteristics of the materials such as signal propagation velocity
and attenuation. Acoustic signals were then characterised from quasi-static failure and friction
phenomena for core materials by measuring the acoustic characteristics of Mode I and Mode II
fracture toughness tests.

The third, and main stage of the investigation concentrated on AE monitoring of fatigue shear
crack initiation and growth in sandwich beams. Tests were performed at a range of load levels
and loading ratios. The AE signals from these tests were correlated with the observed stages
of the fatigue life, and with the signal characteristics of the previous quasi-static tests. The key
to the success of this stage was developing appropriate analysis techniques to enable
significant characteristics of the resulting AE signals to be isolated.

11.3  MATERIALS , SPECIMENS AND TEST METHOD

The material configuration investigated as a sandwich with glass fibre reinforced vinylester
faces on a 50 mm thick Divinycell H100 [11.12]. This material configuration is described in
Chapter 2 of this thesis and is hereafter referred to as the H100 configuration. Tests were also
made solely on the foam core material.

Sandwich beams were cut from the manufactured sandwich panels (see Chapter 2 for details)
using a diamond tooling to the dimension 550 mm length and 50 mm width. The positions of
the supports were chosen the same as in the previous investigations, i.e. having L1 = 440 mm
and L2 = 82 mm. See Fig. 4.7 for details.

11.4  ACOUSTIC EMISSION MONITORING

The acoustic emission system used was a Vallens AMS-3, 4 channel acquisition unit with
Vallens SE-45 type transducers [11.13]. These sensors have a sensitivity in the range of 25
kHz to 120 kHz and a secondary range of sensitivity from 130 kHz to approximately 230 kHz.
The acoustic emission signal was bandpass filtered with a 30 kHz to 1 MHz preamplifier and
the total system amplification maintained at 34 dB allowing processing of the preamplifier
input signal up to 99.9 dB above 1 mV (±99 mV peak). Previous utilisation of this system by
Battley and Dromgoole [11.14] included monitoring fracture and buckling of carbon
fibre/epoxy laminates
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The key to successful interpretation of AE results is determining the appropriate
parameterisation strategy to highlight significant trends in the typically large amount of
collected data. Approaches range from simple quantification of the damage through to
sophisticated pattern recognition based statistical approaches [11.15-16]. Of interest is the
amount of activity (e.g. hits, events or counts), when it occurs (relative to load and/or time),
where it originates (multiple sensor arrays allow location detection), and the characteristics of
the signals in both time and frequency domains. Signal amplitude is widely used as the first
stage of damage characterisation, however the measured amplitude of an acoustic event is
very dependent on the distance to the sensor (relative to the attenuation of the particular
material), coupling between the sensor and the specimen, the transfer function of the sensor
and the amplification and filtering settings of the AE system. Hence amplitude results need to
be interpreted with care, particularly when comparing results from different specimen types
and AE systems. Other basic signal parameters include energy (integration of the signal during
the time from the first threshold crossing to the end of the signal), rise time (interval between
a signal’s first threshold crossing and the first peak amplitude), duration (between first and
last threshold crossings) and average frequency (number of threshold crossings/duration).
While these parameters provide some characterisation of the AE signals they are all very
dependent on the relationship between the signal wave form shape and the threshold setting
used during acquisition and/or post processing of results.

More detailed analysis of signal characteristics can be achieved by acquiring the full time
domain history of acoustic events in the form of transient data. These can be further processed
into the frequency domain by Fast Fourier Transformation (FFT), typically yielding the
frequency/amplitude content of individual events. This approach can provide valuable insight
into the signal form and its relationship to the actual failure mechanisms. However data
storage and processing constraints often mean that it is only practical to acquire transients
from selected parts of a test, and it is necessary to correlate significant numbers of transients
to verify the statistical significance of the data. This can be done simplistically by visually
comparing multiple sets of data, or by developing an appropriate numerical algorithm.

The approach taken in this work is to primarily focus on the basic hits, amplitude and load
parameters. The quantity of activity is measured as cumulative hits where a hit is an acoustic
event heard by individual sensors. Since the location of the damage and hence the
approximate distance to the sensors is known for the static and fatigue tests, amplitude is
considered to be a valid parameter. The cyclical nature of the fatigue tests means that the load
at which the activity occurs is very important to the interpretation of the results. Attempts are
also made to perform some simple signal characterisation through use of energy, rise time,
duration and average frequency, and by FFT analysis of representative signals.

11.5  ATTENUATION

In order to determine the location of an acoustic event it is necessary to know the velocity of
sound in the material. For homogenous and isotropic materials this information can be
calculated from stiffness and density properties, however for materials such as cellular foams,
and structures such as sandwich composites, it is difficult to analytically determine the
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velocity. In practice it is common to experimentally determine the velocity by measuring the
time taken by a known signal to travel a defined distance. The simple pencil lead fracture
(PLF) is an established technique [11.17] for generating a signal that is of similar amplitude
and waveform to actual acoustic events and hence was the PLF used for the attenuation tests.
Sensors were mounted on the foam at fixed locations and one was positioned close to the lead
fracture used as a reference. Comparisons of arrival time and signal amplitude allowed both
the transmission velocity and the attenuation to be determined. The velocity of sound in the
core was found to be approximately 1m/ms while the velocity in the face was at
approximately one decade higher. Over the 100 mm distance investigated and for signal peak
amplitudes between 65-90 dB, the normalised attenuation (attenuation in dB/mm divided by
peak amplitude) of the foam was linear and 0.2 mm-1, i.e. a signal with a 90 dB peak
amplitude will reduce by 1.8 dB/mm.

To verify that the velocity of sound derived was applicable for the fracture location
calculations in the sandwich beams an additional test was executed; four sensors were
mounted on the glass fibre faces in a planar net and lead breaks performed on the core at
defined locations. These tests clearly indicated that the signal velocity is different in the
through thickness direction of the faces to the in plane velocity. In practice this means that the
apparent velocity in the through thickness direction is less than that along the beam.

The AMS-3 software is limited to isotropic transmission velocity, which restricted the
accuracy of location determination. Using the apparent through thickness velocity resulted in
accurate through thickness location but less accurate location along the beams. The converse
was true when using the longitudinal velocity. In the actual fatigue tests the velocity was set to
an intermediate value that gave the best match to the actual location of the static lead break
tests.

11.6  MODE I  FRACTURE

A micro mechanical damage mode that has been suggested for closed cell foams is cell wall
fracture. This should be the dominating mode in a Mode I fracture toughness test. The Single
Edge Notch Bend (SENB) specimen, Fig. 11.3 [11.18], has several advantages; the specimen
is easy to manufacture and the test can be performed in any quasi static testing machine with a
simple bending rig. Tests were performed in a three point bending rig in a screw driven
Instron machine under a 2 mm/min constant displacement control. The AE sensors were
mounted directly on the core material with petroleum jelly used as a acoustic couplant.
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Figure 11.3  The SENB specimen for measuring the mode I fracture toughness.

The crack initiation occurs when the stress intensity reaches a critical level at which point the
failure becomes unstable due to the increase in the stress intensity with crack growth. The
number of accumulated hits and corresponding amplitudes are plotted on a time scale in
Fig. 11.4. Ignoring the first 30 hits, which are attributed to settling in of the load pads and test
fixtures, the test can be divided in three stages. The first (t<180s) which constitutes the
majority of the test duration has low acoustic activity as the specimen is loaded, the second
phase (180<t<225) has increased AE activity without a visible crack, and in the third and final
phase (t>225) the activity increases dramatically as the final fracture occurs. The amplitude
follows a similar three phase trend; at first the signal amplitudes are low, A<55dB, in the
second phase medium to high, A<70dB and in the final stage there are signals above 90 dB.
Five specimens were run for this type of test and they all showed almost identical AE
recordings.

Cascaded Hits Amplitude [dB]

Figure 11.4  Cascaded hits (line) and hit amplitude (squares) versus time for a typical 3
Point Bending test. The test was performed under a constant displacement, 2 mm/min and

the load increased linearly until failure. (Gain=34 dB, threshold 45 dB, no post filtering)

Approximately 300 transients were recorded in each of the SENB tests, and although there
were statistical variations in the signals and their resulting FFTs, virtually all transients were
of the general form shown in Fig. 11.5. This supports the hypothesis that there should only be
a single damage mode present (cell wall fracture) for this type of test. The absolute magnitude



Fatigue Crack Initiation and Propagation in Sandwich Structures

158

of the signal is related to the distance between the cell fracture and the AE sensor and is hence
of less importance than the relationship between peaks and the frequency at which they occur.
There is a major peak around 105 kHz, and very low activity in the 0-25 kHz and 180-240
kHz zones and above 330 kHz (not shown in the figure). Two distinct peaks were generally
found at 150 and 160 kHz while in the 25-100 kHz zone the amplitudes varied between
individual transients but typically peaks were found at 50 and 70 kHz.

Figure 11.5  Transient recording and the FFT analysis acoustic emission from a cell
fracture, 3PB test. (Gain=34 dB, Threshold 45 dB, no post filtering)

11.7  MODE II F RACTURE

The End-Notch Flexure specimen (ENF) [11.18-19] as shown in Fig. 11.6 was utilised to
attempt to characterise emissions from cell wall shear fracture. Thin face materials were
attached on each side of the core to prevent the specimen from compressive failure under the
load point or tensile failure at the bottom. A crack was cut-out in the centre of the sandwich
beam using a 1 mm jigsaw blade and a Teflon film inserted in the crack to minimise friction.
The AE sensors were mounted both on the free surface of the core and on the glass fibre faces
thus providing the possibility to compare the emissions recorded through the different
materials.
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Figure 11.6  The end-notch flexure (ENF) specimen for measuring the mode II fracture
toughness (dashed line indicates crack growth direction).

Fig. 11.7 shows the accumulated hits and corresponding amplitudes for a typical ENF test. As
with the SENB tests there is an initial phase of low acoustic activity. However the second
phase begins proportionally earlier in the ENF tests with a steady increase in both number of
hits and their amplitude from t>140s. There are an order of magnitude more hits in typical
Mode II ENF tests than in the Mode I SENB cases. The majority of the signals in the ENF
tests are of relatively low amplitude (<65 dB), suggesting that they originate from a different
mechanism than in the Mode I tests. It is possible that the large number of low amplitude
signals may be friction related since the configuration of the ENF test results in relative
movement of the crack surfaces against each other.

Cascaded Hits Amplitude [dB]

Figure 11.7  Cascaded hits (line) and hit amplitude (dots) versus time for a typical End
Notch Flexure test. The test was performed under a constant displacement, 2 mm/min and

the load increased linearly until failure. (Gain=34 dB, threshold 45 dB, no post filtering)

There were three characteristic transient types apparent in the ENF tests. The first, Fig. 11.8,
is similar to those found in the SENB tests. The second shown in Fig. 11.9, has the highest
peak at 95 kHz and a second at 140 kHz. Both peaks are pyramid shaped with the surrounding
amplitudes gradually decreasing rather than being narrow single frequency peaks. The third
type of signal shown in Fig. 11.10 again has the highest peak at approximately 90 kHz and
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low amplitudes below that frequency. In addition there are three pyramidial shaped peaks at
145, 180 and 270 kHz. These results suggest that more than one mechanism is responsible for
the emissions from the ENF tests, supporting the hypothesis that the acoustic activity
originates from both cell wall fractures and friction in already fractured cell walls.

Figure 11.8  FFT analysis of TRA recording of ENF test. (Gain=34 dB, Threshold 45 dB,
no post filtering)

Figure 11.9  FFT analysis of TRA recording of ENF test. (Gain=34 dB, Threshold 45 dB,
no post filtering)

Figure 11.10  FFT analysis of TRA recording of ENF test. (Gain=34 dB, Threshold 45 dB,
no post filtering)
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11.8  FATIGUE  TESTING

The fatigue tests procedure used was identical with the four point bending test method
described in Chapter 4 and also used in Chapters 5-7 in this thesis. The two configurations of
AE-sensor locations used are shown in Fig. 11.11.

    

Load cell

Actuator (ball bearings)
Hinges

AE sensors

440

82

50
4

4

(a) (b)

Figure 11.11  Four point bending test configuration where the AE sensors were placed
between the inner and outer supports. (a) was used e.g. when comparing the AE activity

between the two shear loaded zones. (b) was used e.g. when investigating the exact
location of the AE activity. (Dimensions in mm)

Tests were performed at load levels ranging from 30% to 70% of the static fracture load. The
test frequency was minimised (2-4 Hz depending on the configuration and load level) to avoid
increased temperature of the core, which adversely affects the fatigue life as discussed in
Chapter 5. Three load ratios were used, R=−1, R=0.1 and R=0.5 and a total of 14 specimens
were tested.

The fatigue tests were run under load control in an Instron type 1345 servo hydraulic testing
machine with a 25 kN load cell. The tests were continuously monitored using four AE sensors
with the load and displacement signals from the Instron controller being recorded by the AE
system. The fatigue tests were run until final failure which was defined as a visible crack
running through the core.

The AE sensors were mounted on the glass fibre faces of the beam in two different
configurations. Mounting two sensors on each end of the beam as shown in Fig. 11.11(a),
enabled the degree of damage at each end of the beam to be compared. With four sensors on
one side of the beam as shown in Fig. 11.11(b) a planar net could be used to determine the
location of the AE activity. The AE sensors were mounted directly on the glass fibre face
without any preparation of the contact surface using petroleum jelly as an acoustic couplant.
Contact pressure was maintained with elastic tape.

The acquisition threshold setting for the fatigue tests was defined by performing fatigue tests
at load levels above and below the fatigue threshold. The resulting level, 60.1 dB, is high
compared to other composite materials, however it appears that the cellular microstructure of
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the PVC foam emits low level sound at load levels well below the fatigue threshold and thus
could these emissions be omitted when their origin does not seem to be the basis for a
structural failure.

In some tests, significant activity was only found on one, and sometimes two channels. Such
activity occurred at medium load levels, and was characterised by amplitude levels in very
well defined bands. There was no pattern to the channel(s) that the activity was detected on,
and no correlation between the signals when they were detected on more than one channel.
The time and frequency domain characteristics of the signals were very different to those
which were expected from an actual fatigue damage. It was believed that the signals might
have been related to movement of sensors on the relatively rough outer surfaces of the hand
laid skins. These types of signals did not occur when the surface of the skins were sanded
smooth at the points of sensor contact. For consistency the fatigue test data was post-filtered at
65 dB to remove the described activity.

11.9  RESULTS

CASCADED HITS

The fatigue fracture of the sandwich beams occurs by the formation of micro cracks
coalescing together and eventually forming a visible mode II loaded crack, which propagates
at a skew angle causing final fracture. The progression of damage is slow and neither visible
cracks nor change of stiffness of the beam can been observed until the last 10% of the fatigue
life as described in Chapter 5. It was hoped that the rate of increase in hits could be a more
useful tool than stiffness change for predicting the remnant life of the foam.

Fig. 11.12 shows a typical cumulative hit vs. time plot for a R=0.1 fatigue test. The activity
follows a three phase trend. At the start of the test (inset shows first 800 cycles) there is
significant activity (approximately 400 hits) as the static preload is applied and then a further
300 hits from the first 100 load cycles. The activity increase is then weakened, and there is a
gradual linear growth in the hits for the majority of the test. This second stage was very
consistent between tests at the same R value and load level, with less than 10% variation in
number of hits/cycle between specimens. The final stage of the failure is characterised by a
dramatic increase in activity at approximately 90% of the fatigue life of the beam. The three
phase trend was independent of the load level and loading ratios, although the total number of
hits and rate of increase over the second stage varied significantly. The exception to this trend
was when running tests at a load level below the fatigue limit, in which case the initial AE
activity was similar to that shown in Fig. 11.12, but thereafter the activity was strongly
reduced and, for the case tested, there were no emissions above 106 cycles.
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Figure 11.12  Cascaded hits vs. time for R=0.1 fatigue test. The accumulated hits are
shown for the full life cycle of the specimen. (Gain = 34 dB, Threshold = 60.1 dB, Post

filtering A ≥ 65dB)

LOAD

The load at which the activity occurs provides valuable insight into the fatigue behaviour of
the foam. Each point in Fig. 11.13 represents the load level at which a hit was detected. The
three phase trend apparent in the cumulative hits is also clear in these graphs. At the start of
the test (inset in Fig. 11.13(a)) there is activity throughout the application of the tensile mean
stress. Once the fatigue cycling begins the majority of the activity occurs at peak load for
positive load ratios (Fig. 11.13(a)), and is evenly distributed between maximum and minimum
load levels for negative load ratios (Fig. 11.13(b)). At the 65 dB threshold used there is no
activity detected at intermediate load levels. During the final stage of the test the activity
occurs throughout the load cycle. The reduction in load during this final stage is due to
limitations in the dynamic response of the testing machine as the stiffness of the beam
suddenly reduces.
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Figure 11.13  Load versus time for two different load ratios (a) R=0.1 and (b) R=-1. The
close up in (a) shows the AE activity during the offset loading and the first fatigue cycles.

(Gain = 34 dB, Threshold = 60.1 dB, Post filtering A ≥ 65dB)

AMPLITUDE

Because of the attenuation of the material the amplitude of a hit is highly dependent on the
distance between the origin of the emission and the sensor. This can make the interpretation of
amplitude data difficult in situations where the location of the emission source is unknown.
From previous work the fracture location and thus the anticipated origin of the emissions was
well known and the sensor locations were chosen accordingly.

Fig. 11.14 shows a representative amplitude time graph for a R=0.1 fatigue test where each
dot corresponds to the amplitude of an AE hit. It is clear that the amplitude of the AE signals
follows the same trends as the load and cascaded hit data. The first phase displays medium
amplitudes, (70-80 dB), the second is characterised by low amplitudes (<70 dB) and the third
and final phase exposes high amplitude signals (>80 dB).
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Figure 11.14  The amplitude versus time plot for two different load ratios, (a) R=0.1 and
(b) R=-1, shows that there are two zones with clearly higher amplitudes. At the start of the
test as well as when the specimen is nearly or already broken(Gain = 34 dB, Threshold =

60.1 dB, Post filtering A ≥ 65dB)

Fig. 11.15 shows the hits recorded from each AE channel for a beam with sensors at each end
as in Fig. 11.11(a). The AE activity was approximately the same for all channels until just
prior to failure, at which point the final failure was only detected by the sensors at the same
end as the failure occurred (Channel 3 and 4). The high amplitude signals emitted at failure
were only picked up by the two closest sensors because the attenuation in the foam was too
high for the signal to travel to sensors 1 and 2 at the other end of the beam. These results
confirm that damage accumulates at both ends of the beam, however one end reaches the end
of its fatigue life before the other.

Figure 11.15  The displacement recorded at AE hits for each channel respectively versus
time. (R=0.1, Gain = 34 dB, Threshold = 60.1 dB, Post filtering A ≥ 65dB)
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Using the intermediate velocity determined in the static attenuation tests the location of the
AE hits were monitored using the sensor location configuration shown in Fig. 11.11(b). In
Fig. 11.16 the resulting hits are plotted in an x-y diagram which has been overlaid on a
schematic drawing of the test configuration. Subject to the limitations caused by the use of an
averaged velocity, the majority of events are found in the central part of the beam where the
final crack is observed. This confirms that AE monitoring can be used to locate damages from
the outside skins, in both planar and through thickness dimensions.

symmetry

Load pads Load pads

Channel 1 Channel 2

Transducers

Transducers

Channel 4Channel 3

Figure 11.16. The x-y plot of the event location superimposed on a schematic drawing of
the sandwich beam (Gain = 34 dB, Threshold = 60.1 dB, Post filtering A ≥ 65dB)

11.10  SIGNAL CHARACTERISATION

Acoustic emission signals can be characterised on the basis of basic signal parameters
recorded as hits are detected, or by post processing of transient data signal waveforms into
forms such as frequency domain plots. The energy, rise time, duration and frequency of a
representative R=0.1 fatigue test are shown in Fig. 11.17. These parameters provide some
characterisation of the signals, but are all affected by the threshold level relative to the form of
the signals. All four parameters demonstrate the same three phase trend identified in the hits,
load and amplitude results.

The energy, rise time and duration of the signals during the damage accumulation phase is
low, with significant increases during the final fracture phase. The form of these results is very
similar to those in the plots of amplitude previously shown in Fig. 11.14, confirming that the
signals at final fracture are much more energetic than those during the damage accumulation
phase. However none of these parameters is able to detect significant changes prior to the final
failure. Frequency is defined as the number of threshold crossings per ms duration (kHz),
providing an approximate measure of the average frequency content of the signal. There did
not appear to be significant correlation between this parameter and the frequency distributions
observed in the corresponding FFT analyses of the transient recordings. There is a reduction in
the frequency parameter during the final fracture phase, however this is not apparent in the
transient data. It is not considered that this is a particularly useful parameter for this type of
failure.
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Figure 11.17  The energy, rise time, duration and frequency of all AE hits (R=0.1 Gain =
34 dB, Threshold = 60.1 dB, Post filtering A ≥ 65dB)

11.11  FATIGUE TEST TRANSIENTS

Attempts were made to correlate transient data from the fatigue tests with the static test results
and with the three phases of the fatigue life previously discussed. However visual inspection
of the transient recordings (such as Fig. 11.18) and their corresponding FFT graphs did not
detect significant differences between the fatigue life phases. The load levels of the fatigue
tests did neither significantly change the time or frequency domain form of the transients.

Figure 11.18  Typical transient data from fatigue tests, R=0.5, f=2Hz, Peak load of 5kN,
n=1100 (Gain = 34 dB, Threshold = 60.1 dB, Post filtering A ≥ 65dB)
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Approximately 90% of the FFT plots from the fatigue transients were of the general form
shown in Fig. 11.19(a), suggesting that one fracture mode dominates the fatigue failures. This
is most closely related to the second type of FFT from the ENF tests previously shown in
Fig. 11.8, which is reasonable since the crack development in the fatigue tests is
predominantly Mode II. A minor number of fatigue test FFTs were of the form shown in
Fig. 11.19(b), with significant activity at approximately 280 kHz in addition to similar low
frequency content. To further interpret the transient data it would be necessary to perform
more sophisticated numerical analysis to statistically quantify any differences in the fatigue
life phases.

Figure 11.19  Typical FFT analyses of TRA recordings from fatigue tests. (a) the far most
common TRA recording pattern (90%), and (b) the less common one with a peak at 280

kHz. Peak load during first cycles of fatigue test, R=0.5, f=2Hz, Peak load of 5kN, n=1100
(Gain = 34 dB, Threshold = 60.1 dB, Post filtering A ≥ 65dB)

11.12  SUMMARY AND CONCLUSIONS

An acoustic emission based investigation was conducted of damage initiation and progression
in cellular foam core sandwich composites. The primary aim was to determine if AE
monitoring is capable of detecting the initiation and growth of core damage within statically
and fatigue loaded sandwich structures.
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A commercial AE monitoring system (Vallens AMS-4) with general purpose wide-band
sensors (Vallens SE-45) was able to detect damage in Divinycell H100 PVC foam with
sensors mounted directly on the core or on the outside glass fibre skins. Petroleum jelly was
an effective acoustic couplant for both the foam and the glass fibre.

Attenuation within the foam material was approximately ten times higher than that in the
skins. The alternative signal paths in a sandwich composite result in higher apparent signal
velocity in the plane of the sandwich than through the thickness. Despite these complications
a four channel planar net configuration with two sensors on each face of a sandwich beam was
able to detect the approximate location of damage.

Evolution of damage, resulting time and frequency domain characteristics of foam damage in
Mode I and Mode II fracture toughness tests were determined. The Mode II (ENF) tests
resulted in more progressive damage development than the Mode I (SENB) tests which were
characterised by low acoustic activity prior to final failure. The frequency content of the
transient data from the Mode I tests was predominantly of one form, with virtually no activity
above 180 kHz. The Mode II tests resulted in three distinct types of transients, two similar to
the Mode I, and one with higher frequency content.

Fatigue crack initiation and growth was monitored in shear loaded sandwich beams. Tests
were performed at a range of load levels and loading ratios. The AE signals from these tests
were correlated with the observed stages of the fatigue life, and with the signal characteristics
of the previous quasi-static tests. The key to the success of this was developing appropriate
analysis techniques to enable significant characteristics of the resulting AE signals to be
isolated.

For all load ratios and load levels tested, the acoustic fatigue life history of the sandwich
beams was characterised by three distinct phases. During the initial application of the static
offset and the first few cycles there was significant acoustic activity at moderate amplitudes.
Throughout the majority of the fatigue life there was a slow but linear accumulation of low
amplitude acoustic signals, until the final fracture of the beams which was characterised by a
large number of high amplitude events. The most valuable acoustic parameters proved to be
the time domain behaviour of cascaded hits, load level at hit, and amplitude. The three-phase
trend was also apparent in plots of energy, rise time, duration and frequency. However,
because of the great influence of the acquisition threshold level these parameters were not as
useful.

The load levels at which the acoustic activity occurred confirmed that during the accumulation
phase of the fatigue life, virtually all damage occurs at peak load for positive load ratios, and
at minimum and maximum load levels for negative load ratios. In the final phase of the
damage there is activity throughout the loading cycle.

The transient signal time and frequency domain characteristics for the fatigue damage are
similar to those from the static tests. However, it was not possible to directly relate the fatigue
transients to particular failure mechanisms. The transient signals are similar for all three
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phases of the fatigue damage, suggesting that there is a primary damage mechanism
throughout the tests.
The results of this study clearly demonstrate that acoustic emission monitoring offers
significant potential as both a NDE tool and for providing valuable insight into the failure
mechanisms associated with static and fatigue damage in sandwich composites.
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