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Abstract

In this thesis, failure of bi-material interfaces is studied with the aim to quantify the
influence of the induced stress concentrations on the strength of the interfaces.

Following a short introduction, supplying background information about inserts and
load introduction in foam core sandwich panels, a tool for the assesment of bi-material
interface strength is suggested. In paper A the suggested approach is applied to a specimen
configuration where two different materials are butt-joined to form a two-material beam.
Strength predictions for different interface bias are made and verified in experiments where
a polymer foam material is joined with members of either Aluminium or Plexiglas. The
predictions are made using a simple point-stress criterion in combination with highly
accurate finite element calculations. Both the strength and the crossover from local, joint-
induced failure to global failure are predicted with reasonable accuracy.

In paper B the suggested criterion is used to investigate the influence of local stress
concentrations on the initiation of fracture at open and closed wedge bi-material interfaces.
For that purpose, solid aluminium inserts of different geometries are bonded in blocks
of polymeric cellular foam material, giving 3D bi-material interface configurations with
various edge combinations. The joint combinations are analysed numerically and the
strength predictions obtained from the point-stress criterion are verified in experiments.
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Dissertation

This licentiate thesis consists of a brief introduction to the area of research and the fol-
lowing appended papers:

Paper A

Steven Ribeiro-Ayeh and Stefan Hallström: Strength Prediction of Beams with Bi-Material
Butt-Joints, 2002.
accepted for publication in Engineering Fracture Mechanics

Paper B

Steven Ribeiro-Ayeh and Stefan Hallström: Strength Prediction of Bi-Material Interface
Corners on Inserts in Polymer Foam, 2002.
to be submitted for publication

Division of work between authors

Paper A

Ribeiro-Ayeh performed the experiments, the finite element analyses and wrote the pa-
per. Hallström initiated and guided the work and contributed to the paper with valuable
comments and revisions.

Paper B

Ribeiro-Ayeh performed the experiments, the finite element analyses and wrote the paper.
Hallström initiated and guided the work and supplied valuable comments and revisions to
the paper.
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1. Introduction

1.1. Overview

The sandwich concept is a widespread technique for achieving stiff and strong structures
while maintaining a low structure weight. It is utilised in numerous applications for
example in the vehicle, transportation and building sectors.

In civil commercial aircraft, sandwich design is well established mainly in cabin interi-
ors, hatches, doors (Fig. 1) and various control surfaces, but even large structures such as
cabin floor panels are produced in sandwich design.

Carbon fibre sandwich panels offer high structural stiffness and superior thermal prop-
erties and are commonly used in aerospace launch vehicles and satellite structures, both
in interior and exterior structures (Fig. 2).

Figure 1: Airbus A340 main landing-gear door Figure 2: Ariane 5 heavy-lift launcher

For railway vehicles interior modules such as partition walls, ceiling, luggage racks,
floor panels or the whole of the car body may be built in sandwich design (Fig. 3).

The construction industry makes use of sandwich panels for lightweight cladding and
support for stone veneers. Figure 4 shows a composite sandwich foam core space frame
radome which shields and protects a radio astronomy antenna.

Figure 3: Gardermoen high-speed train Figure 4: Sandwich telescope radome

Ongoing active development continues on the field of sandwich structures and the
question of load introduction is a remaining and recurring challenge for designers and
engineers. As of today, the difficulties encountered with load introductions are frequently
approached as isolated problems and not integrated in the overall design process at an as
early stage as one could wish. The premiere reason for this is the lack of reference cases
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and documented knowledge in terms of systematic, analytical methods for the design of
these load introductions. In consequence, considerable weight may be added to structures
as a result of inferior design; both through extra material (such as denser cores, thicker
faces, larger inserts and more adhesives) but also due to low allowable design loads and
cautiously high safety factors to compensate for poor efficiency and reliability. Thus,
the design of inserts is oftentimes less than optimal and stands in sharp contrast to the
substantial weight savings that can be achieved by means of advanced sandwich design
and improved manufacturing methods.

Design for structural integrity and manufacturing techniques for quality assurance are
crucial in sandwich design and in the past years, non-destructive testing methods used
for that purpose have received a fair portion of attention. Non-destructive testing and
verification techniques can allow the design and life-time monitoring of enclosed features.

1.2. Insert types

“An insert is a local change in stiffness and strength of the sandwich panel,
the purpose of which is to distribute a localised load in an appropriate manner
to the panel.” [1]

The presented overview is restricted to load introductions which rely on the integration
of inserts and which do not involve an alternation of the outer sandwich geometry. This
unaltered geometry is demanded by some design regulations, which require at least one
face of a sandwich to remain undamaged, for example the outer face on a sandwich ship
hull [2, 3].

Inserts can be designed in a virtually endless variety of types, shapes and sizes. A
rough classification for the nomenclature of insert types can be done by differentiating the
design solutions by the place of integration of the insert into a sandwich panel.

Face fixed inserts and attachments

Inserts which are primarily attached to a face sheet and which consequently introduce
loads into a face sheet only can be referred to as face fixed inserts (Fig. 5). These simple
attachments offer very flexible mounting methods since their location in the structure does
not need to be known beforehand and they can be added to a completed structure. But
since the load is introduced into one face sheet only, the face fixed inserts have the lowest
strength properties of all insert types.

Self-tapping screws (Fig. 5(a)) and blind

(a) Self-tapping
screw

(b) Blind rivet

Figure 5: Examples of face fixed inserts

rivets are mounted into the face sheet, a
process during which the core is inevitably
damaged. This damage should be limited
as far as possible to anticipate the devel-
opment of cracks in the core.
If the faces are thick enough to hold a screw,
self-tapping screws are suitable for lower
loads, such as boat equipment up to 1 kg [4].
A disadvantage with self-tapping screws is
that they do not allow repeated mounting
since that destroys any threads in the face

laminate [5].
Blind rivets (Fig. 5(b)) are about as easy to mount as screws, but they require a careful

choice of rivet dimension to ensure proper mechanical interlocking. Internally threaded



On The Strength of Bi-Material Interfaces 5

rivets can serve as mount points for machine screws, thus allowing repeated mounting and
demounting of equipment.

Partially core fixed inserts

The load carrying capacity of an insert can be increased substantially if the load is dis-
tributed and introduced into the core as well as a face sheet (Fig. 6).

Like the face fixed inserts, the partially

(a) Optimised metal
doubler [6]

(b) Simple Plate

Figure 6: Examples of partially core fixed inserts

core fixed inserts have the advantage of
leaving one face sheet undamaged. Yet
they offer much better strength properties
than face fixed inserts. The better per-
formance comes at the cost of less flexible
placement since the position of an insert
must be known in advance if the insert is
to be integrated during sandwich manu-
facture. Another important draw-back of
partially core fixed inserts is the possible
build-up of high local stresses in the core,
for which these inserts should be avoided in panel sections subjected to much shear.

Figure 6(a) shows an example of a so called shape optimised metal doubler [6], an
insert which locally strengthens a face to facilitate the accommodation of a fastener. All
but optimised are the large steel plate inserts (Fig. 6(b)) which are sometimes used in
marine applications when mounting very heavy equipment, such as engine foundations [4].

Fully core fixed inserts

Fully core fixed inserts (Fig. 7) are overall superior compared to other types of inserts
with respect to their load carrying capability. They effectively join the two sandwich face
sheets, allowing them to deflect together, which is not the case for face fixed and partially
core fixed inserts. Furthermore, the complete connection with the sandwich core facilitates
the direct introduction of moderate shear forces into the core.
Due to their good overall strength properties, fully core fixed inserts are recommended in
any application where fatigue strength is critical [7].

(a) Solid block insert (b) Profile insert (c) Diaphragm (d) Shape optimised
insert [8]

Figure 7: Examples of fully core fixed inserts

One can image an endless variety of fully core fixed inserts. From the simple incorpor-
ation of solid blocks (Fig. 7(a)) or profiles (Fig. 7(b)) to more advanced shapes like the
diaphragm (Fig. 7(c)) and the shape optimised full insert (Fig. 7(d)).
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1.3. Insert design

The ideal load transfer mechanism in a sandwich panel is characterised by a smooth stress
distribution, i.e. the absence of stress concentrations and discontinuities. This situation
can be disturbed significantly by the presence of an insert. Locally increasing the stiffness
can lead to the development of severe stress concentrations in the face sheets as well
as in the core, which might lead to premature failure. Especially sandwich panels with
transversely flexible cores have been found to be susceptible to failure due to local stress
concentrations [9]. Compared to metal honeycomb cores, cellular foam is a rather low
performance core material and as such far less suited to sustain loads from an insert. Thus,
insert designs seldom rely on load transfer from the insert into the foam core material,
but exceptions occur [10].

As of today, few applicable rules and standards for the design of inserts are commonly
available, especially for inserts in foam core sandwich panels. Existing handbooks often
focus on honeycomb cores and are mainly project related standards [11, 12] or company
internal guidelines [4].

1.3.1. Load cases

Normal tensile/compressive load

Loading an insert in transverse tension is commonlyP

Figure 8: Transverse tensile or
compressive load

considered the most critical load case and therefore of-
ten the dimensioning case for an insert. For some ap-
plications and insert geometries, extensive dimensioning
charts can be available in the form of engineering hand-
books and even computerised dimensioning tools [11, 12,
13].

For thin faced sandwiches, the load carrying capacity
of an insert loaded with a tensile or compressive load is
mainly determined by the bond strength between faces
and insert (fully core fixed insert) or by the ability of
the core to sustain normal tensile loads (partially core

fixed insert). For thin faces, the strength of the face sheet usually has no influence on the
tensile or compressive load-carrying capability of the insert [12]. Thick and stiff faces on
the other hand allow for a load transfer from the core to the face sheets, thus reducing
the stress on the core and increasing the insert load carrying capacity.

Shear load

For an in-plane shear load (Fig. 9), the main load

T

Figure 9: In-plane shear load

transfer mechanism is the bond between insert and face(s)
and - if present - a clamping force between the attached
part and the insert. Therefore, the core carries only
a small portion of the load. That load increases with
increasing core stiffness.

When designing the insert it is important to avoid
secondary bending effects by making the foot diameter
of the attached part at least as wide as the contact flange

of the insert. Failure should be expected to occur in compressive buckling of the upper
face sheet. Thus, the load bearing capability of such a shear-loaded insert is limited by
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the strength of the face material.
Non-metallic faces may show different failure modes, comparable to the failure modes of
bolted composites [12].

Extra shear loads in the core can be encountered due to the mere presence of a com-
paratively large, passive insert in the sandwich. Large, stiff inserts and inserts which are
not placed in the neutral zone of the sandwich, such as partially core fixed inserts, cause
disturbances of the stress field in the core, since the increased local stiffness resticts the
deflection of some parts of the sandwich, while the plate or beam deforms as a whole.
Figure 10 shows a plot from a finite element analysis of a sandwich beam in four-point
bending, illustrating the effect of a passive insert. The left half of the beam hosts a solid,
stiff insert which prevents the unimpeded deformation of the beam [14]. In the region
near the insert this causes an effect of “prevented shear deformation”, when the total
shear stiffness is increased by the insert, so that the relative movement of the face sheets
is prevented [1, 15]. The stress concentrations appearing near partial inserts can be de-

Figure 10: Example of prevented shear deformation [14] (deformations are exaggerated)

creased somewhat if the insert corners are chamfered or rounded, but in general partial
inserts should be avoided in areas of large shear deformation.

Bending and torsional moments

BM

MT

Figure 11: Moment load

F

F

PF

T

α

Figure 12: Combined load

Due to the low bending strength and stiffness of the insert system, subjecting a single
insert to any kind of moment load should generally be avoided. Especially partially core
fixed inserts give rise to severe disturbances of the stress field in the core when loaded by
a moment load [1]. Torsional loads should be restricted to screwing and locking torques
only.

Avoiding moments can be achieved by the use of coupled inserts, that is by distributing
the load onto more than one insert. A bending moment can be converted into a pair of
normal tensile/compressive loads and a torque can be translated into a pair of in-plane
shear loads.
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Load combinations

The load capability of an insert subjected to combined loads, such as the inclined load
in figure 12 can be approximated by dividing the load into its directional components
and then dimensioning the insert for the permissible loads in each of these load cases
independently. More complex load combinations bear the risk of secondary effects, such
as a moment load, which have to be met by adequate insert design.

1.3.2. Dimensioning

Dimensioning an insert can be an intricate task. Material properties, mechanical sand-
wich properties and insert geometry are the foremost factors determining the load bearing
capabilities of an insert. Combining all stages and factors of influence into comprehensive
engineering formulae has yet to be achieved. Roughly, one can characterise the neigh-
bourhood of an insert by three different regions for which different mechanical models and
analytical methods may be applied (Fig. 13).

vicinity
neighbourhood distance

Figure 13: Regions of influence of an insert

Immediate vicinity: The existence of multi-material corners of dissimilar material and
challenging local geometries determine the stress field the region closest to the insert.
Due to geometric and/or material mismatch, high local stress fields can be observed
at these locations [16]. The local stress fields can in part be described by use of
fracture mechanics terms, yet they are set aside in most analyses and few attempts
have been made to actually characterise the stress fields in the immediate vicinity
of inserts [17].

The local stress fields are believed to contribute substantially to the initiation of
fracture and material failure and should therefore be given special consideration
when estimating the load bearing capabilities of a structure [18, 19].

Neighbourhood: The near region around an insert is characterised by the immediate
influence of the insert as a whole. Here, the load introduction into the sandwich
causes the presence of high - yet not singular - stress fields, to which classical sand-
wich theory [20] with it’s assumption of infinite transverse core stiffness may not
always be applicable [21]. More advanced methods, such as the use of a higher order
sandwich theory, which includes refinements in the treatment of the deformation of
the core may be better suited [15, 22, 23, 24].

The higher order analysis techniques are believed to be necessary particularly for
the analysis of structures with low stiffness core materials, such as foamed polymers,
where high stress and strain concentrations that are not predicted in first-order shear
deformation sandwich beam theory may be encountered [25, 26].
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Distance: The local effects caused by the insert reduce gradually with increasing distance
from the load introduction, thus allowing the use of classical sandwich plate and
beam theory farther away from the insert.

There are no distinct border lines in the application of the calculation methods men-
tioned above [27] and therefore any distinction between different calculation domains is
by no means meant to be sharp or exact.

In an initial design sketch, the overall region of influence of an insert may be assumed
to be small. When approximating the insert with a concentrated load acting upon a thin
circular plate, equilibrium conditions lead to the following relationships between applied
load F , bending moment M and shear stress τ at a distance r from the insert [28]: The
shear stress τ due to a concentrated force F shows a dependency of τ ∼ F/r, and τ ∼M/r2

for a moment load M . These dependencies of the shear stress decrease with increasing
distance from the insert indicating that the zone in which the insert has a strong influence
is rather small and an initial design calculation model does not need to cover the whole
sandwich. Still, these formulae are no good for anything but rough estimates, because
sandwich panels generally are not simply approximated as thin plates and because the
actual stress state in the panel will heavily depend on the choice of materials, insert
geometry and insert loading.

For specific design cases, such as some space vehicles, handbooks presenting design
charts and formulae for inserts exist. Here the capabilities of inserts are determined by
utilisation of measured material properties in combination with experimentally verified
analytical models. These may be used for preliminary design and but need then to be
substantiated by testing of the actual configuration [12].

1.4. Failure near inserts

It can be difficult to sharply distinguish between different failure modes of sandwich con-
structions with inserts. Oftentimes, one may find more than one form of failure or fracture
and it may not always be possible to clearly distinguish between the initial cause of failure
and subsequent fracture.

The integration of inserts in a sand-

(a) (b)

Figure 14: Examples of bond failure

wich structure always implies some form
of bond between the insert and the sur-
rounding structure. A failure observed at
a bond line between adjacent components,
such as the interface between insert and
the surrounding casting compound may be
referred to as bond failure (Fig. 14). This
type of failure is not observed frequently,
as it only occurs in combination with either
a too low strength adhesive or a faulty
bond between insert and adhesive.

Where machined and bonded, the cells of a foam core will be cut open and filled with
adhesive. Then the location of fracture will shift slightly, with cracks running in the core
material near that bond line [29].

Bond failure between insert and face can occur both in tension and compression if
the the bond between face and insert is weak. Failure of this kind is mostly observed in
conjunction with core shear failure, where it is not always clear whichever occurs first. For
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laminate face sheets, improving the out-of plane properties of the laminate face can help
to avoid or delay both bond and delamination failure [30].

More frequent than the failure of a bond

(a) (b)

Figure 15: Examples of material failure

line is the failure of material at or near the
insert. An often observed type of mater-
ial failure at and around inserts is conical
core shear failure (Fig. 15). Still this is
not necessarily the initial form of failure.
Core shear failure is often seen in conjunc-
tion with bond failure at the bottom of a
partially or fully core fixed insert and may
therefore be a secondary effect.

One can assume that core shear failure
which occurs in the vicinity of the insert may be caused by the local stress field around the
insert (Fig. 15(a)), whereas a shear failure occurring at some distance from the insert might
not be directly related to the presence of the insert (Fig. 15(b)). In this case the choice
and integration of the insert for the particular load case must be considered successful.

Examples of failure

Some examples of failures occurring in sandwich constructions with inserts are presented
in figures 16–18.

(a) Interface bond or core shear failure [6] (b) Distant core shear failure [14]

Figure 16: Examples of different failures

Figure 16(a) shows an example of a bond line or core shear failure. Upon subjection
to a normal tensile load, the specimen failed along the interface between core and insert.

A case of shear failure due to a tensile load occurring at some distance from the insert
was encountered in the experiment shown in figure 16(b). In this case it can be assumed
that the failure occurred outside the local stress field caused by the insert.

The problem of determining the initial cause of failure is well illustrated in figure 17(a).
In this case the insert has an optimised shape like the one shown in figure 7(d) [8]. In the
photograph the insert is hidden behind the layer of epoxy casting compound used to bond
the insert to the core. It can be seen that the construction failed in two ways. The bond
failure in the lower face-insert interface is accompanied by a distinct core shear failure
cone originating from the bottom face. At the same time, one can observe another core
shear crack pattern between the bottom flange of the insert and the upper face sheet. It
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(a) Core shear and bond failure between
insert and face [8]

(b) Insert pull-out/pull-through [7]

Figure 17: Examples of different failures, contd.

can not bee said with certainty whether the primary failure was core shear failure causing
the bond to fail, or vice-versa.

A case of an insert pull-out failure is shown in figure 17(b). The face sheet failed when a
blind rivet, which was not bonded to the core, was loaded in normal tension. Concerning
quality assurance and damage assessment it is important to note that the amount of
damage is larger than an initial visual inspection might reveal. Close examination of the
specimen reveals a fine crack in the face-core interface and a substantial delamination in
between the inner lamellas of the face sheet.

(a) Face delamination in bending [14]

(b) Face failure in local bending [14]

Figure 18: Examples of different failures, contd.

Two examples of sandwich failure due to a bending and an out-of-plane torsional load
are shown in figures 18(a) and 18(b). Clearly one can see that the face sheet failed in
delamination at the insert in figure 18(a), while another beam of the same configuration
shows no apparent signs of fracture, (Fig. 18(b)). In this case, the test rig did not allow
any further displacement, but one can assume that - when loaded any further - this beam
could fail due to extensive local bending of the faces.
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