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A B S T R A C T

High residual stresses are likely to develop in honeycomb sandwich
parts after autoclave co-curing and can lead to manufacturing defects.
By using finite element unit cell models, these stresses have been cal-
culated for standard panels and for panels where different core blocks
are joined with adhesive. Failure criteria are given for three types of
aluminum honeycombs under combined thermal and shear loads, al-
lowing to calculate the residual strength of the cores. Residual stress
values are also calculated for adhesive joints between different core
blocks, they being about the same order of magnitude as the strength
of the adhesive regardless of geometry or core combination. Last, it is
shown that the effect of the sandwich plate chamfered edges in pre-
venting the core expansion during the heating cycle may cause core
crushing when high and low density honeycombs are combined.
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Chapter 1

B A C K G R O U N D

1.1 introduction

In some cases, the residual stresses that appear after the curing of
composite parts can lead to manufacturing problems. They can cause
shape distortions and reduce the apparent strength of the parts. At
worst, the pieces might already be cracked or broken when taken out
of the autoclave.

Residual stresses appear mainly due to constrained thermal expan-
sion of the different constituents of the composite, constituents which
tend to have very different coefficients of thermal expansion (CTEs).
Other mechanisms, such as chemical shrinkage and tool-part interac-
tion are also present, and can be of importance.

Of all composites, an interesting case is the curing of sandwich
components because the great difference in CTE for the carbon, alu-
minum and adhesives normally used can lead to important residual
stresses. On top of that, there is industrial interest among aeronau-
tical companies to increase the number of sandwich parts in future
projects. It is important, then, to understand which variables affect
the onset and magnitude of these stresses, and develop predictive
tools that can help the engineers foresee manufacturing problems.

1.2 sandwich design and materials

A sandwich structure is made of a rigid skin that carries tension and
compression loads, a lightweight core carrying the shear loads and an
adhesive layer between core and skin that transfers the loads between
the two. In the aeronautical industry, the material choice for the skin
is either carbon fiber or aluminum. For the cores, honeycombs are
preferred over foams due to their lower weight. Honeycombs are usu-
ally made either of aramid paper (Nomex) or aluminum. Aluminum
cores have better properties and are used in the more highly loaded
parts.

Apart from the substrate material, the other characteristic that de-
termines the properties of a honeycomb is its density. The higher the
density, the better the mechanical properties (stiffness and strength).
It is necessary from a design point of view to have sandwich panels
where core blocks of different densities are combined. This enables
weight reduction by placing high density cores in the most loaded
areas while the rest of the panel is made with the lower density ones.
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1.3 manufacturing . related problems . 2

The joining of different core blocks is done with adhesives. For
parts carrying low loads, the adhesive is usually an expansive foam
that grows to fill all the gaps between cells of adjacent core blocks.
For the most loaded parts, the adhesive is a toughened epoxy that is
applied as a paste.

1.3 manufacturing . related problems .

This thesis will focus on typical aeronautic sandwich parts, in which
the skins are made from carbon prepreg and the whole sandwich is
co-cured in the autoclave. The process consists of several steps:

1. If it is necessary to join different core blocks, epoxy paste is
applied at the edges, and then the blocks are kept under slight
in-plane compression by an external frame. To cure the epoxy,
the assembly is cured at 70oC for two hours.

2. The core is milled to its final shape. Usually the panels are flat
or with small curvatures due to the anticlastic deformation of
honeycombs when bent.

3. The carbon prepreg, the adhesive, and the milled core are laid
up on the mold according to design. The borders of the sand-
wich plate are usually chamfered, and the top and bottom skins
gradually move to each other. In other cases, another compos-
ite part like a c-shaped beam can form the plate edge. Auxiliar
elements like release film, bleeder and vacuum bag are put in
place. Vacuum is applied.

4. The assembly is put in the autoclave, where pressure and tem-
perature necessary to compact the composite and cure the resin
are applied according to a curing cycle.

5. The part is demolded.

Some test panels were manufactured at Saab following that pro-
cedure, with carbon fiber skins and a combination of low and high
density aluminum honeycomb cores. After they were scanned with x-
rays, some internal defects were detected as showed in figure 1. These
defects were:

• Cracks in the adhesive joints between different core blocks.

• Air entrapments also at the joints between core blocks.

• Crushed core areas near the areas were cores with different den-
sities are combined. This damage seems to be restricted to the
lightest core used, with a density of 61 kg/m3.
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(a) Air entrapment in adhesive. (b) Adhesive crack and deformed core.

Figure 1: Example of defects found in sandwich test parts after curing.

1.4 problem statement

Broadly, the objective of this master thesis is to know why and when
these manufacturing defects appear and understand how they affect
the strength of the components. For some of these problems, there is
scientific literature available, while for some other there is very little
data.

Information about the mechanical behavior of sandwich plates, in-
cluding failure theories, can be found in books by Zenkert [19] and
Carlsson and Kardomateas[4].

A common way to determine residual stresses for composite parts
is to assume the part is stress-free at curing temperature. All residual
stresses come from cooling the part to room temperature due to the
differences in thermal contraction between the different materials. In
our case, by using solid 3D elements with homogenized honeycomb
properties, the average residual stress fields after curing can be cal-
culated for the sandwich, but there is still a lack of adequate failure
criteria for the core.

Honeycomb core propeties have been widely studied, though fewer
articles deal with the influence of thermal stresses. Failure criteria
have been developed for in-plane loading —both uniaxial and biaxial—
as well as shear by Gibson and Ashby [9, 20]. The interaction between
the normal out-of-plane stress and shear has been studied, among
others, by Doyoyo and Mohr[5] and Hou et al.[12, 13]. However, there
is no description in the literature of the interaction between an in-
plane load such as a thermal residual stress with a shear load.

To calculate the shear strength when residual stresses are active, it
was decided to use a numerical finite element (FE) model of a hon-
eycomb cell and apply periodic boundary conditions as described by
Li and Wongtso[14]. Unit cell modeling has been used successfully in
material mechanics to calculate the macroscopic properties of mate-
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Figure 2: Effect of the chamfered edges in restraining the core expansion.

rials by modeling their internal microstructure. Particular examples
include particle-reinforced composites by Llorca and Segurado [17]
and complex textile composites by Stig [18].

Core junctions and local stress concentrations have been studied
by Bozhevolnaya et al. [3], but not for thermal loads. An analytical
model for calculating stresses in core joints exists by Alfredsson et
al. and Gawandi et al. [8, 2], but it was developed for ceramic cores
and assumes that cores are stiffer than the adhesive, which is not the
case with honeycombs. Also, it is a 2D model and not a full 3D model
that allows the calculation of all the stress components. Experimental
results for thermal loads are not available. More conventional butt-
joints between metals have been studied by Reedy [15].

It is also reasonable to suppose that the chamfering of the sand-
wich borders will constrain the expansion of the core (see figure 2)
during the heating part of the curing cycle. This will create compres-
sive stresses in the core that might make it fail. No scientific literature
was found on the issue.



Chapter 2

S C O P E

Knowing that manufacturing defects are present in the test parts, this
master thesis aims to:

• Quantify the residual stresses in the core after curing at differ-
ent temperatures and study how they affect the shear strength
of the honeycomb (Is the strength reduced?).

• Investigate sandwich plates where more than one core block is
used. Estimate the magnitude of the residual stresses in the ad-
hesive joint splicing the two core blocks after curing at 180

cC.
See if the observed manufacturing defects can be explained.
Also, understand how different parameters like core and ad-
hesive thickness as well as core stiffness affect these residual
stresses.

• Study if the constrained expansion of the core while curing at
high temperature builds up stresses in the core(s), and if that
can explain the core crushing observed in the test plates.

For simplicity, the study is limited to flat sandwich panels made of
carbon skins and aluminum honeycomb cores since they are the most
common materials used in aerospace applications.
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Chapter 3

A P P R O A C H

The method chosen to study the thermal stresses is numerical simula-
tions, combined with or compared to analytical calculations in some
cases.

When calculating the residual stress in the core and how it affects
its shear strength, two independent approaches are followed. On one
hand, a numerical FE model of a representative unit cell of the mate-
rial is created. Failure of the material is calculated numerically also.
On the other, residual stresses and honeycomb failure are also cal-
culated analytically with models based on thin plate theory adapted
from the literature. Results from both approaches are later compared.

The stresses in the adhesive joint between core blocks and the
stresses in the core due to the plate edges constraining its expan-
sion have been calculated with FE models. These later core models
have homogenized properties and the core cellular structure is not
represented

6



Chapter 4

G E O M E T RY A N D M O D E L I N G

4.1 standard sandwich plates

4.1.1 Geometry and materials

The first case studied is that of sandwich plates where the core is
made in one piece and therefore, without adhesive joints between
core blocks. One case has been studied that represents a typical aero-
nautical component, only varying the core type. Skin and core geom-
etry are defined in table 1.

Skin material 2-D carbon prepreg, table 6

Stacking sequence [(0/45)4]s

Skin thickness (mm) 4

Core material Aluminum honeycomb (tables 2 and 7)

Core thickness (mm) 20

Core density (kg/m3) 61, 354, 609

Thermal load ∆T (oC) 0, −20, −40, ..., −220

Table 1: Dimensions, materials and loads for the studied case. All three core
densities have been tried.

Three different density honeycomb aluminum cores with a thick-
ness of 20 mm are analyzed: 61, 354 and 609 kg/m3 (From now on
cores 1, 2 and 3 respectively). Of these, cores 1 and 2 have standard
regular hexagonal cells, while core 3 has also sheets of aluminum in
the ribbon direction (L-direction) as reinforcement. Figure 3 shows
the geometry of the cells for both kinds of cores. For standard hon-
eycombs the cell walls along the ribbon direction have double thick-
ness due to the gluing of the aluminum stripes and later expansion
during the manufacturing process (or, alternatively for high density
cores, due to the corrugation of the aluminum stripes and later glu-
ing). For the reinforced cores, some cell walls along the L-direction
have triple thickness due to the alternate gluing of corrugated and
straight aluminum stripes [11].

The manufacturer provides data about cell diameter d, density ρ,
cell wall thickness t and material used for each core. However, accord-
ing to the manufacturer itself, the values of t given are not accurate.

7



4.1 standard sandwich plates 8

(a) Standard core (b) Reinforced core

Figure 3: Idealized geometry of standard and reinforced honeycomb cores.
The wall length l is related to d by l = d/

√
3 if the hexagons are

regular.

Core ρ (kg/m3) d (mm) l (mm) t (mm) Material

1 61 4 2.3094 0.0347 Al 5056-H38

2 354 3.2 1.8475 0.1585 Al 5052-H39

3 609 3.2 1.8475 0.1558 Al 5052-H39

Table 2: Core properties. Values of density, cell diameter and material ob-
tained from the manufacturer [11]. The rest are calculated.

Therefore, the value of the wall thickness needs to be recalculated
from d, ρ and the density of aluminum ρs using simple geometric
relations. All the geometric core properties can be seen in table 2.
Aluminum material properties can be found in table 8.

4.1.2 Numerical unit cell models

The first method used in order to calculate the shear strength of the
core when residual stresses are present is a numerical finite element
model of the honeycomb internal structure, loaded first with a ther-
mal load and with a shear load in a second step.

unit cell selection : Instead of analyzing a huge portion of
honeycomb, only a small portion of the core has been modeled. With
the appropriate periodic boundary conditions (PBCs), the behavior
of this cell is representative of the behavior of the continuous mate-
rial. The advantages of this method over the former is the reduced
computational cost and that it gives the bulk strength of the material,
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(a) For standard core (b) For reinforced core

Figure 4: Unit cell selection and naming convention for the different cell
walls.

without taking edge effects into account. However, it might not be
adequate in cases where the failure of the structure is due to some
local phenomenon. Also, it is only applicable when the structure of
the material follows a regular pattern.

The process followed here is the same as described by Li and Wongsto[14].
The unit cell was picked so that the whole core can be obtained by
infinite successive translations of this unit cell along the L and W di-
rections, as shown in figure 4. The choice of unit cell is not unique,
and other unit cells can also be valid. The only precaution is to select
it such that no honeycomb walls run along the unit cell borders. This
is done in order to avoid inconsistent modifications of those walls
properties when running static and buckling analysis. For instance,
in a static stress analysis, this could be handled by giving those walls
half their thickness. However, this would not give the correct critical
buckling loads since they depend quadratically on the wall thickness
instead of linearly in a static stress analysis. Therefore, the only option
to consider in the same analysis static thermal stresses and buckling
shear loads is to avoid placing walls along unit cell borders.

Unit cell models were created for cores 1, 2 and 3. Both honeycomb
walls and sandwich skins were represented by shell elements. The ele-
ments of the walls are assigned a homogeneous section with different
thicknesses in different regions and a linear elastic-perfectly plastic
isotropic material model representing the aluminum. The properties
for the aluminum alloys appear in table 8; the constant plastic stress
of the model is equal to the yield strength of the material. The el-
ements in the skin have a composite section, with the stacking se-
quence described in section 1 and the material properties in table 6.
Figure 5 shows an image of the mesh of the unit cell for core 1.
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Figure 5: Unit cell mesh for core 1.

boundary conditions : Since the material internal structure is
obtained by translational repetition of the unit cell as described above,
periodic boundary conditions (PBCs) were applied in faces perpen-
dicular to the L and W directions as in[14]. Because the honeycomb
cell is modeled with shell elements, in addition to the conditions on
displacements in [14], the relative rotations of opposing nodes on op-
posing faces are set to zero. Having a value other than zero would
make cells next to each other incompatible after deformation. The
definition of all face sets and the equations that apply can be found
in appendix A.

PBCs were implemented in the FE model as a set of equations
tying the degrees of freedom of the border nodes using the option
*EQUATION in Abaqus [6]. To do so a Matlab script was generated that
reads the input file for the node coordinates and then finds pairs
of opposing nodes in order to write the equation in a separate file.
Proper node sets have to be defined so that the script can identify
which nodes correspond to which faces.

To calculate the shear strength of the core, a temperature increment
is applied to all nodes in a first step. Constraining all three displace-
ments of one point of the structure eliminates rigid body translations.
Rigid body rotations are already eliminated if PBCs are applied as
described in appendix A (equations 14 and 15). The model is let free
to deform otherwise.

The resulting stresses are carried to the next step. In this second
step, a distributed shear load is applied to the top surface (either
along the L or the W direction), while the displacement of the bottom
surface in the load direction is restricted. Boundary conditions from
the previous step that prevent rigid body motions are kept.
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failure criteria : The two main failure mechanisms of the core
in shear can be either buckling or plastic failure. Buckling is consid-
ered in the literature as the main failure for standard cores with low
to intermediate densities [9, 20]. However, intuitively, it seems reason-
able that the core will fail earlier due to plastic yielding than due to
buckling for higher density cores (because of the thicker cell walls)
and also when thermal stresses interact with the shear loads.

In the case of buckling, the strength of the core is calculated by
solving a linear buckling eigenvalue problem [6]. If a unit distributed
load is applied on the top skin, the first eigenvalue will be the shear
strength of the core due to buckling failure.

In the case of plastic failure, a shear stress is applied on the top skin
in small increments. The shear stress-strain curve of the honeycomb
can be calculated: the shear strain of the core is the horizontal dis-
placement of the top skin nodes divided by the core thickness while
the applied stress is known. Since the material model for the alu-
minum includes plastic deformation, at some point the plot of stress
against strain for the honeycomb ceases to be linear. The failure stress is
arbitrarily fixed to the stress that produces a permanent plastic shear
strain of 0.2% or γp = 0.002 in a similar way as done for experimental
stress-strain tests.

4.1.3 Models based on thin plate theory

Besides the previous numerical models, it is also interesting to have
other models in order to verify the results given by the unit cell cal-
culations. Therefore a second model based on thin-wall theory was
used. The first step to is to have an analytical relation between the
average stresses in the core and the stresses at each individual cell
wall. Then, by defining a failure criterion for the cell walls, a failure
criterion for the core as a whole can be defined just by transforming
those stresses back to the core level.

relation between average and foil stresses : A tempera-
ture decrease on an infinite flat plate gives constant average in-plane
stresses in the L and W directions σL and σW . In our case, σL and
σW have been calculated for each core with a FE model where the
core is represented by solid elements with average, “homogenized”
properties —see table 7.

These average stresses are in reality thermal stresses in each of the
cell walls σa, σb and σc as in figure 6 where a, b and c are the dif-
ferent cell walls as defined in figure 4. The relation between both sets
of stresses are given in appendix B both for standard and reinforced
cores. Note that standard cores do not have c walls, leading to some-
what different expressions.
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(a) In-plane thermal stresses (b) Out-of-plane shear stresses

Figure 6: Average and internal stresses in the honeycomb core.

Loading the core in out-of-plane shear (τL or τW) creates uniform
shear stresses in the cell walls τa, τb and τc. The relations between
average stresses and cell wall stresses are given in appendix B. The ex-
pressions are different for standard and reinforced cores, and depend
also on the load direction (L or W).

4.1.3.1 Failure criteria

Again, buckling and plasticity are considered the main failure mech-
anisms. In both cases, the core strength as a whole is a function of
the strength of the individual cells walls that make its cellular struc-
ture. Each cell wall is loaded with a combination of a thermal tension
stress and a shear stress due to the external loads as showed in figure
7.

The residual stress in each set of cell walls (a, b and c if the core is
of the reinforced type) is calculated with the formulas in appendix B.
Then the critical shear stress that will make that cell wall fail τcrit,k

is calculated for both buckling and plastic failure types.
For the buckling case, the plate is considered to have clamped

boundary conditions. The interaction between σk and τk was solved
numerically by creating a FE model of the plate, where σk is applied
as a pre-load, and the critical buckling τcrit,k is calculated with an
eigenvalue analysis.

For plastic failure, the critical shear stress for a cell wall is calcu-
lated with Von Mises criterion. Simplifying for the case where only
the normal residual stress and the shear stress are acting,

τcrit,k =

√
σ2y − σ2k
3

(1)

where σy is the yield strength of the aluminum, and σk is the residual
stress at face k.



4.2 sandwich plates with adhesive joints 13

Figure 7: Cell wall with residual and shear stresses.

Figure 8: A sandwich plate with an adhesive joint splicing two core blocks.

Once the critical stresses due to buckling and plasticity are calcu-
lated for the individual cell walls, the global strength of the core can
be obtained with any of equations 18, 20, 24 or 26; depending on if
the strength is in L or W direction and if the core is standard or rein-
forced. The strength of the core will be the smallest of the strengths
corresponding to the failure of each cell wall.

4.2 sandwich plates with adhesive joints

4.2.1 Geometry and materials

The second kind of sandwich plates studied is when two core blocks
are joined by adhesive, as in figure 8.

The actual geometry of the interface between adhesive and honey-
comb (see figure 9) varies from case to case since the adhesive fills the
cavities of any open cells. Depending on how the core block is cut, a
bigger or smaller portion of the cells will remain, and the thickness
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Figure 9: Simplified geometry of an adhesive joint between two core blocks.

of adhesive will vary. In order to simplify, the interface was consid-
ered as a flat surface, and the thickness of the adhesive a the smallest
possible.

The coordinate system and all the geometric parameters are de-
fined in figure 9. The values used correspond to a typical aeronauti-
cal component. Several combinations of core densities, core thickness
and adhesive thickness were studied and the values appear in table
3.

Skin material 2-D carbon prepreg, tab 6

Stacking sequence [(0/45)4]s

Skin thickness s (mm) 4

Core material Aluminum honeycomb (tab 7)

Core thickness t (mm) 20, 30

Core length b (mm) 120

Core density (kg/m3) 61, 354, 609

Adhesive material Epoxy (EA-9394, tab 6)

Adhesive thickness a (mm) 2, 5

Thermal load ∆T (oC) -160

Table 3: Dimensions, materials and loads for the adhesive joint FE models.
A full matrix of combinations of core density, core thickness and
adhesive thickness was evaluated.
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4.2.2 FE model

FE models are created to calculate the residual stresses for cases with
the dimensions defined previously. To eliminate the effect of the plate
boundaries and get the far-field solution, periodic boundary condi-
tions are used in the y-direction. The width of the model in the y-
direction is then 1 mm, allowing for lower computational time. Since
the structure is not periodic in the x-direction, the size of the core
blocks b is set to 120 mm in order to keep the length-to-thickness
ratio high enough for the boundaries not to affect the results.

The model is meshed with quadratic elements, a mixture of prisms
and hexaedra. The skin is represented by solid composite elements,
while both core and adhesive are represented with standard solid
elements. Since the honeycomb core is not represented in detail, the
core is modeled as an orthotropic homogeneous solid with the same
average properties as the honeycomb —see table 7. The adhesive is
an elastic isotropic material.

As will be discussed later, stress concentrations appear near the
corners where 3 materials come together. The mesh is made denser
near these areas as well as near the adhesive, and coarser at the left
and right edges. One element has been used in the width (y) direction.
Figure 10 shows a detail of the mesh near the adhesive joint.

Figure 10: Detail of the mesh of the adhesive joint FE model.

4.2.3 Boundary conditions

Periodic boundary conditions have been applied to the model in the
y-direction. The process is the same as described for the honeycomb
unit cell —see appendix A also— but only generating node sets and
equations for faces C and D, which are perpendicular to y-direction,
instead of doing so for both in-plane directions.
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As in the previous section, the assembly is assumed to be stress-
free at curing temperature and all residual stresses are supposed to
come from cooling down to room temperature. Considering a com-
mon curing temperature of 180oC and a room temperature of 20oC,
a temperature increment of ∆T = −160oC is applied.

The model is free to deform, and the only constraints are to prevent
rigid body motions.

4.3 effect of the sandwich plate edges

The chamfered plate borders may restrict the expansion of the core
during the heating part of the curing cycle. A finite element model
was created that represents a plate made from two core blocks joined
together. The dimensions of the blocks are 100 (L-direction) x 200

(W-direction) x 20 (thickness or T-direction) mm. The cores are repre-
sented by solid elements with an orthotropic homogeneous material
section as in previous sections. Different combinations of cores 1, 2

and 3 have been analyzed.

Figure 11: Core model with boundary conditions.

Assuming that at the curing temperature (just before the resin cures)
there is no friction between skin and core, the cores are free to deform
inside the sandwich except for the normal forces done by chamfered
plate edges. The effect of these edges has been modeled as a con-
straint in the displacement perpendicular to the edge as shown in
figure 11.

The applied load is a temperature increment ∆T = 160oC (positive)
representing the heating from room temperature to curing tempera-
ture.

The failure mode for ductile honeycombs loaded in in-plane com-
pression can be either plastic yielding or buckling —see Gibson [9].
When the core is loaded bi-axially in compression as in this the case,
buckling becomes dominant. The failure stress due to buckling varies
depending on the ratio between the load in L and W directions, being
maximum when loaded uniaxially in L or W. However, knowing that
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this variation is small, the uniaxial buckling critical stress is taken as
an approximation of the failure stress. Based on beam theory (valid
if t/l < 1/4), Gibson shows that the elastic failure strain in the L-
direction ε∗L is

ε∗L = 1/10 (2)

where the asterisk indicates that it is the failure strain. independent
of the density. The buckling failure stress σ∗L is related to the failure
strain by the elastic modulus EL, which can be calculated for each
core type by inverting its stiffness matrix.

σ∗L =
EL
10

(3)



Chapter 5

R E S U LT S A N D D I S C U S S I O N

5.1 core residual strength

The thermal load causes an in-plane stress in the honeycomb walls.
This stress is different for each set of cell walls to ensure that there is
force equilibrium in the edges where the cell walls are joined. It is also
nearly constant through the thickness, except in a small region near
the skin since the skin locally imposes a constant strain constraint on
the walls. The magnitude of the residual stress in the core depends on
core and skin coefficient of thermal expansion and stiffness, as well
as the relative thicknesses of of both. Shear stress is absorbed by the
core as a shear stress constant for all cell walls, except in the regions
near the skins.

Internal stresses caused by thermal and shear loads are pictured in
figures 12 and 13.

The shear strength of the three studied cores has been calculated
for different levels of residual stresses. A series of temperature incre-
ments are applied ranging from 0 (no thermal stresses) to −220oC,
the last one causing higher internal loads than the first.

The range of values aims to be representative of the common tem-
peratures used in curing cycles: for a component that is cured at
180oC, a cooling of −160oC would be needed to estimate the resid-
ual strength at room temperature. A cooling of −220oC would cor-
respond to the residual strength when the part is in an operating
temperature of −40oC (e. g.: when the aircraft is flying).

For each temperature increment, the shear strength in directions L
and W is calculated when the core fails due to buckling and due to
plastic yielding. Thermal loads and the shear strength are calculated
with both the unit cell models and the models based on thin plate
theory, which gives a total of 4 plots for each core in each direction.
Figure 14 shows the strength in L and W directions for core 1 (61

kg/m3). Figures 15 and 16 show the corresponding curves for cores
2 (354 kg/m3) and 3 (609 kg/m3).

The two methods are described in chapter 2.

18
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Figure 12: Stress distribution inside core 1 unit cell after a thermal load of
∆T = −160oC.

Figure 13: Stress distribution inside core 1 unit cell after a shear load of
τL = 2 MPa. No thermal residual stresses.
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Figure 14: Variation of the shear strength τ∗ of core 1 (61 kg/m3) for dif-
ferent temperature increments. The sandwich has 4 mm carbon
skins and 20 mm core thickness. L and W are the honeycomb
ribbon and transverse directions.
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Figure 15: Variation of the shear strength τ∗ of core 2 (354 kg/m3) for dif-
ferent temperature increments. Strength due to buckling is much
greater than due to plasticity and is not included in the graph.
The sandwich has 4 mm carbon skins and 20 mm core thickness.
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Figure 16: Variation of the shear strength τ∗ of core 3 (609 kg/m3) for dif-
ferent temperature increments. Strength due to buckling is much
greater than due to plasticity and is not included in the graph.
The sandwich has 4 mm carbon skins and 20 mm core thickness.
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The numerical unit cell model has been verified against thin-plate
theory results. As seen in figures 14, the overall agreement between
the two kinds of calculations for the buckling failure is good, but with
some differences. The difference is probably due to the difference in
boundary conditions for the cell walls between the two models. In
the unit-cell model, each cell wall is supported by its neighbors. This
has been simplified to clamped boundaries in the thin-walled model.
The other possible cause of mismatch is that for the thin-plate model
the residual stress is simplified as a uniform stress, while the calcu-
lated residual stress field in the unit cell model is different in a small
region near the skin. For the plastic failure curves —see figures 14, 15

and 16— the thin plate and numerical results match each other for
small temperature increments but differ greatly for higher tempera-
ture changes. This difference happens because the thin-plate failure
criterion indicates the onset of plasticity in the weakest of the cell walls,
while the numerical model can take into account the load carried by
the rest of the cell walls when the weakest wall has yielded. It can
be seen that, for high temperature increments, the weakest cell walls
have already yielded after thermal load and the predicted residual
strength for the thin-plate models is zero. Note also that for small
∆Ts there is a mismatch between the thin-plate and unit cell plastic
curves of core 1. This is so since the unit cell walls in the FE model
deform in a buckling-like shape when the applied load is over the crit-
ical buckling load, even though the calculations are done in a static
implicit FE analysis.

It can also be seen that the buckling strength increases with the
temperature increment. The reason for this is that the cooling intro-
duces a tension stress in the core that increases the critical buckling
load of the cell walls. The whole core behaves like a pre-tensioned
structure stronger against buckling, similar to a bicycle wheel rim.

For core 1, the failure mode is buckling for low thermal increments
and plasticity for higher coolings. As a consequence the strength of
the core increases for ∆Ts up to −60oC. After this point, the strength
decreases again due to plasticity. However, this decrease in strength
is not very steep —taking the unit cell results as more valid than
the thin-plate— and the core retains its “original” strength up to the
studied ∆T of −220oC.

For cores 2 and 3, the buckling strength is one order of magnitude
greater than the plastic strength. Failure happens due to plasticity
for all ∆Ts due to the higher thickness of the cell walls for cores 2

and 3 with respect to core 1. Since the buckling strength depends
quadratically on the wall thickness while the plastic strength varies
linearly, the buckling load increases “faster” than the plastic load for
the same increase in cell wall thickness t. It seems reasonable then
that for higher core densities (density is proportional to the t/l ratio)
plasticity is the dominant failure mode while buckling is so for lower
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density cores. For cores 2 and 3 (see figures 15 and 16) the loss of
calculated strength with respect to its maximum can be up to 26%.
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5.2 residual stresses in adhesive joints

The stress in the adhesive joint has been calculated for a cooling of
∆T = −160oC for different core combinations, core thicknesses t and
adhesive joint thicknesses a. In general, the residual stress takes the
form of tension stresses in all three directions. In the central part
of the adhesive layer, these three stresses are constant. In the regions
near the skin, these stresses, as well as shear stresses, increase to reach
a maximum at the interfaces adhesive-skin and adhesive-skin-core.
These maximum values are mesh-dependant, since the stress state
at the tri-material corners corresponds to a singularity according to
linear elasticity [3, 16]. Figure 17 shows the tensile stress variation
through the plate thickness in all three main directions. It can be seen
that the higher stresses occur in the plane of the adhesive layer (y and
z-directions), while it is smaller in the perpendicular (x) direction.
The stress state is caused by the contraction of the adhesive with
respect to the core and skin, and it is influenced by the different CTEs
and stiffness of the skin, core and adhesive.

Figure 17: Through-thickness residual stress σ distribution at the middle
section of the adhesive joint between two 61 kg/m3 blocks. Di-
rections x, y and z are defined in the subfigure.
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5.2.1 Effect of core density

The effect of combining cores with different densities was studied.
Since the value of the stress at the singularity is not representative,
the comparison between cases is made looking at the average stress in
each direction and at the Von Mises equivalent stress. Table 4 shows
the resulting average stresses in the adhesive for all possible core
combinations.

Core combination

1–1 1–2 1–3 2–2 2–3 3–3

σx (MPa) 3.4 5.8 5.8 14.9 20.6 34

σy (MPa) 51.6 53.6 54.0 61.7 65.4 75.0

σz (MPa) 32.4 37.3 36.7 51.3 54.4 65.5

σvm (MPa) 42.0 42.4 42.3 42.7 40.7 36.8

Table 4: Stresses σ in the middle part of the adhesive layer in the three princi-
pal directions and the Von Mises equivalent stress σvm for different
core combinations. For all cases, the calculated stress is above the
adhesive strength (41 MPa).

As an example on how the stress profile changes with different
cores, the variation of σy for combinations of light and heavier cores
(61 and 354 kg/m3) appears in figure 18. From this and the results
in table 4 it can be seen that the increase in the stress values comes
from using heavier cores (stiffer cores). Mixing different core densities
does not seem to have an effect, since the stresses do not increase
more when very different cores are joined than when two equal high
density cores are joined. Thus, the worst case would be the union
of two heavy cores. It can also be seen that even though for higher
densities, the magnitude of the stress components increases, the Von
Mises stress decreases. This is so because σx increases faster with
density than the other stress components, giving an increase in the
hydrostatic stress, and lowering the deviatoric component (and thus
the Von Mises equivalent stress).

Regarding the magnitude of the stresses, the calculations predict
adhesive failure for all core combinations. However, cracks in the ad-
hesive were not detected always in the manufacturing tests, only in
some cases. This seems to indicate that the stress in the real case
might be lower than calculated, which might be true due to non-
linearities in the adhesive stiffness or viscoelastic effects not taken
into account in the calculations.
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Figure 18: Effect of core density: variation along the plate thickness of the
residual stress σ at the middle section of the adhesive joint for dif-
ferent core combinations. σy is the stress tangent to the adhesive
layer.
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5.2.2 Effect of core and adhesive thickness

The effect of core thickness t (see figure 9) in the stress state was
studied by calculating stresses for all core combinations with two
different thicknesses, 20 and 30 mm. The results are slightly different
depending on which cores are joined; figure 19 shows the variation
of σy with thickness for cores 1 (subfigure a) and 2 (subfigure b).
For core 1, increasing the thickness has practically no effect in the
average stress, while for core 2, the average stress decreases from
approximately 62 to 60 MPa, approximately a 3% variation.
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Figure 19: Effect of core thickness: variation along the plate thickness of the
residual stress σ in the adhesive between cores in direction y for
two different core thicknesses t. a) Effect when two light cores are
joined. b) Effect when two heavy cores are joined.

The same was done increasing the thickness of the adhesive layer a
(see figure 9) from 2 to 5 mm, with similar results. In the case with a =

5 mm, the stress decreases 3 MPa for core 1 and increases by 2 MPa

for core 2 with respect to the case with a = 2 mm. No explanation
has been found about why in one case the stress increases while in
the other it decreases. However, an increase in adhesive thickness of
more than 100% produces a variation of stress around 6%.
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Figure 20: Effect of adhesive thickness: variation along the plate thickness of
the residual stress σ in the adhesive between cores in direction y
for two different adhesive thicknesses a. a) Effect when two light
cores are joined. b) Effect when two heavy cores are joined.

In both cases, varying core and adhesive thickness has a much less
important effect than varying core density.

5.2.3 Failure

Figures 21 and 22 show the stress fields and possible failure areas for
adhesive and core near the joint.

In lack of a better model, the adhesive is considered to fail if the
Von Mises stress is greater than the bulk strength of the resin. Von
Mises criterion is used instead of a maximum stress criterion since
it accounts for the tri-axial stress state and the behavior of resin is
isotropic. In figure 21, stress is over the failure limit in a large portion
of the central part for the two cases shown, indicating that failure is
likely to occur. Note that the stress value at this central area is not
mesh-dependant like the stress concentrations in the tri-material cor-
ners. Results are similar for all core combinations, and the adhesive
fails in all the other cases as well.

Looking at the shear in the core, there are stress concentrations near
the tri-material corners. In all cases, and for all cores, there is a small
failed area near them where the shear stress is above the strength
of the core. However, these areas are bigger for core 1 as shown in
figure 22, especially when core 1 is combined with core 3 (when the
difference in density is bigger).
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(a) Two 61 kg/m3 cores

(b) Left: 61 kg/m3. Right: 609 kg/m3)

Figure 21: Von Mises stress in the adhesive layer between two core blocks
loaded with a ∆T = −160oC. Red areas indicate stress above the
yield strength of the adhesive σy,adhesive = 41 MPa.
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(a) Two 61 kg/m3 cores

(b) Left: 61 kg/m3. Right: 609 kg/m3)

Figure 22: Shear stress τLT field near the adhesive layer between two core
blocks loaded with a ∆T = −160oC. Red and blue areas indicate
stress above the strength of the core τ∗L = 1.9 MPa.
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5.3 core crushing

As described earlier, we have studied also the possibility that honey-
comb crushing appears due to the normal in-plane forces that appear
in the core during the heating part of the curing cycle. Assuming that
there is no friction between core and skins, the in-plane stress has
been calculated after a ∆T = 160oC for two cases: a square 200x200

mm sandwich with core 1 (61 kg/m3), and an also square 200x200

mm sandwich with two core blocks of honeycombs 1 and 3 (61 and
609 kg/m3) of dimensions 100x200 mm. The stress values for core 1

(the weakest core) appear in table 5 for the two studied cases. The
stress is higher when the two cores are combined and slightly higher
than the unidirectional buckling strength, indicating that a possible
cause of core crushing might be the heavier core expanding “into”
the lighter one due to its higher stiffness.

σ
(1)
L (MPa) σ

(1)
W (MPa) σ

∗(1)
L (MPa)

Only core 1 -2.76 -2.71 -4.23

Core 1 and 3 combined -4.26 -4.09 -4.23

Table 5: In plane stress in core 1 for different core combinations after a heat-
ing of ∆T = 160oC, compared with the failure stress due to buck-
ling.

To check if the hypothesis holds, a displacement of the interface
between the two cores could be measured experimentally. The calcu-
lated displacement of this interface for the studied case is 0.4 mm.



Chapter 6

C O N C L U S I O N S

6.1 conclusions

• The residual stresses and the residual strength of sandwich
plates have been calculated for a combination of skin and three
different cores. It has been done so by assuming that the plate
is stress free at curing temperature and that all residual stresses
come from cooling to room temperature. It has been found
that, under this assumption, the shear strength of core 1 is at
least the same as if there were no residual stresses for temper-
ature decreases up to −220oC. This corresponds to a part that
is cooled down from curing temperature to a service temper-
ature of −40oC. The current design allowables, which include
safety factors, can probably be used safely for core 1. For cores
2 and 3, there is a strength decrease of approximately 25% with
respect to the values with no residual stress. In lack of experi-
mental results, it would be recommendable to lower the design
allowables.

• Adhesive joints have also been studied under the same assump-
tion of being stress-free at curing. Due to the difficulty of having
a failure criteria that takes into account the stress concentrations,
average stress values have been used to quantify failure. For all
studied core combinations the calculated stress in the adhesive
is above the material’s strength and, therefore, cracks would
appear always. Also according to the calculations, the residual
strength of sandwich panels with adhesive joints should be zero
(or at least much smaller than the original since the skin can al-
ways take part of the shear loads that the adhesive cannot take).
However, the observations say that the cracks in the adhesive do
not appear in every case and in every core combination. Unless
the problem is further understood, it would be recommendable
to try to avoid joining different cores or test experimentally the
components. Even when cracks are not detected, it would be a
safe practice to place these joints in the less loaded areas.

• According to the results of the last part, the effects of the plate
edges in constraining the core expansion during the heating
part of the curing cycle might affect the residual stress state
in the core. Combining a high density core with a low density
one can make the lower density (and also weaker) core fail in in-

33
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plane compression when heating. These results also challenge
the assumption of the part being stress-free at curing tempera-
ture. An in-plane compressive load from the heating part would
reduce the residual tension load in the core after cooling, lower-
ing the residual stresses.

6.2 future work

• A numerical unit cell method to predict failure of honeycomb
cores is available. With minor modifications (removing skins
and adding PBCs in the z direction) and with different load-
ing conditions, these models can be used to calculate the inter-
action curves between different combinations of in-plane and
out-of plane loads. The failure criteria calculated this way could
be combined with results from FE analysis where the core is
represented by homogenized solid elements. This would allow
to analyze quickly residual stresses and core failure for other
cases than the ones studied here like other skin-core combina-
tions, curved panels or panels with inserts.

• There is still a lack of understanding of the failure of the adhe-
sive joints between core blocks. If a more precise failure criterion
needs to be developed, the effect of the stress concentrations
needs to be considered and experiments are needed to validate
the models. However, it is not clear which kind of experiments
will be the most adequate.

• The work on the effect of the plate edges can be extended. Fur-
ther calculations can be done to understand how the relative
dimensions of the core blocks affect the compression stresses
and what happens if three different core blocks are combined.
However, the most interesting is to try to check the results exper-
imentally. One kind of experiment would be to put the joined
core blocks in a frame and heat the assembly to 180oC and check
the displacement of the interface and if the lightest core fails in
compression. The other experiments would consist in making
some sandwich test plates and measuring the core shape before
and after curing with the help of x-ray photographs. Any core
deformations during the heating part of the cycle would freeze-
in when the skin-core adhesive is cured.



Appendix A

P E R I O D I C B O U N D A RY C O N D I T I O N S

When the material internal structure is obtained by translational sym-
metry of a small portion of it (called unit cell), material behavior can
be analyzed by modeling only this unit cell. However, to represent
the effect of the rest of the material, periodic boundary conditions
(PBCs) need to be applied. This appendix is a description on PBCs as
defined by Li and Wongsto[14], with only minor modifications.

Intuitively, PBCs are based on the fact that contiguous unit cells
must still fit together after the material has deformed. This implies
that the relative displacement between opposing nodes in opposing
faces must be constant for each pair of opposite border faces of the
unit cell. The magnitude of this relative displacement between faces
can be thought of an average or macroscopic deformation of the unit
cell, equal to the average strain times the dimension of the unit cell.

Thus, PBCs take the form of equations relating the displacement
of points with the same coordinates but in opposite border faces of
the unit cell. In general, PBCs can be applied to all 3 spatial dimen-
sions, but since sandwich plates are periodic only in the two in-plane
directions, only 2-D periodicity will be considered.

Following Li’s convention, faces (node sets) are named A, B, C and
D; and edges I, II, III and IV as showed in picture 23. All the relation
between displacements and rotations for each pair of opposing nodes P
and Q can be written as:

UA − UB = UMasterX (4)

ΘA −ΘB = 0 (5)

for node pairs in faces A and B, where U is a vector with all displace-
ment components ux, uy, uz andΘ a vector with all rotations θx, θy,
θz. For node pairs in faces C and D the relations are similar:

UC − UD = UMasterY (6)

ΘC −ΘD = 0 (7)

Nodes in the edges shared by two faces must be treated separately to
avoid overconstraints of their degrees of freedom when implementing
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Figure 23: Periodic boundary conditions. Definition of the node sets that
will be constrained.

the equations in an FE model. The equations for edges I, II, III and IV
are:

UII − UI = UMasterY (8)

UIII − UI = UMasterX + UMasterY (9)

UIV − UI = UMasterX (10)

ΘII −ΘI = 0 (11)

ΘIII −ΘI = 0 (12)

ΘIV −ΘI = 0 (13)

Note that the “extra” degrees of freedom that in [14] represent the
global — or macroscopic— deformation of the cell have been intro-
duced by adding so called master nodes. The convention to define
the in-plane strains ε0x, ε0y and γ0xy can be related to the displacement
of the master nodes by:

UMasterX = (ε0xax, 0, 0) (14)

UMasterY = (γ0xyay, ε0yay, 0) (15)

where ai are the dimensions of the unit cell in direction i. Note that
equations 14 and 15 set uy and uz for the master node X and uz for
the master node Y to zero.

Macroscopic loads in the periodicity directions can be introduced
then by adding displacements or loads (P = σA) to these master
nodes in the FE model. This way stresses and strains can be applied
to the unit cell, allowing to calculate the mechanical properties of the
material, be it stiffness, strength or coefficients of thermal expansion.
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I N T E R N A L S T R E S S E S I N H O N E Y C O M B S

This appendix contains the relations between the average or macro-
scopic stresses applied to the honeycomb and the internal stresses in
each cell wall.

(a) In-plane thermal stresses (b) Out-of-plane shear stresses

Figure 24: Average and internal stresses in the honeycomb core. Note that
for standard cores there are no c walls.

b.1 standard cores

For the thermal in-plane stresses, the relations can be calculated by
force equivalence between internal (σa and σb) and average stresses
(σL and σW). It is assumed that the hexagons are regular and that the
cells’ deformation is negligible.

σa =

√
3

2

l

t
σL (16)

σb =
√
3
l

t
σW (17)

The relation between internal and average shear can be determined
similarly by using force equivalence between average and local stresses,
and by vertical equilibrium conditions at the lines where the cell walls
are joined to each other. This has already been done by Zhang and
Ashby [20] for standard cores, and their formulas can be adapted by
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making minor variable changes. An average shear along L-direction,
of magnitude τL, creates stresses

τa = τb =

√
3

2

l

t
τL (18)

On the other hand, if the core is loaded in the W-direction with a
stress τW , the stresses in the cell walls are

τa = 0 (19)

τb =
3

2

l

t
τW (20)

Note that the cell walls perpendicular to the loading direction carry
no shear.

b.2 reinforced cores

Reinforced cores have extra cell walls c with respect to standard cores.
The additional unknown stresses in cell wall c can be calculated by
adding extra equations.

For the case of the in-plane stresses, this extra equation (in addition
to external and internal force equivalence) is force equilibrium at the
nodes were cell walls a, b and c coincide. As before, regular hexagons
and negligible cell deformation is assumed. The results are:

σb =
√
3
l

t
σW (21)

σc =

√
3

2

l

t
σL −

√
3

2
σb (22)

σa =
σc +

√
3σb

3
(23)

For the case of the out-of-plane shear, the equations by Zhang and
Ashby are not valid and new relations have been derived in a sim-
ilar way for reinforced cores. To do so, it has been added also the
condition that, due to compatibility of deformations, shear strain is
the same in walls a and c. If sheared in the L-direction, the stress is
constant inside the core

τa = τb = τc =

√
3

4

l

t
τL (24)

while if sheared in W-direction, the faces perpendicular to the load
direction carry no stress

τa = τc = 0 (25)

τb =
3

2

l

t
τW (26)
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M AT E R I A L P R O P E RT I E S

2-D woven carbon prepreg

t (mm) 0.25

E1 (MPa) 70000

E2 (MPa) 70000

E3 (MPa) 10000
∗

G12 (MPa) 3000

G13 (MPa) 3000
∗

G23 (MPa) 3000
∗

ν12 0.05

ν13 0.4∗

ν23 0.4∗

α1 (1/oC) 2e-6

α2 (1/oC) 2e-6

α3 (1/oC) 3e-5

Table 6: Carbon prepreg properies. Values marked with ∗ were not available
and have been estimated based on values of similar prepregs.

Core 1 Core 2 Core 3

ρ (kg/m3) 61 354 609

τ∗L (MPa) 2.2 10.0 18.0

τ∗W (MPa) 1.2 7.0 7.3

GL (MPa) 400 3000 700

GW (MPa) 150 6000 1000

αii (1/oC) 20e-6 20e-6 20e-6

Table 7: Core material properties.

39



material properties 40

Alloy ρs (g/cm3) E (GPa) ν σy (MPa) α (µm/moC)

5056-H38 [1] 2.64 71.0 0.33 345 25.2

5052-H39 [7] 2.68 69.6 0.33 220.6 24.7

Table 8: Aluminum alloy properties. Since properties for alloy 5052-H39

could not be found, properties of alloy 5052-H38 were used instead.

E (MPa) ν σy (MPa) α (1/oC)

4206 0.37 41 60e-6

Table 9: Properties of the adhesive Hysol EA 9394, used to join core blocks.
[10]
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