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Failure mode maps

for four-point-bending

of hybrid sandwich
structures with carbon
fiber reinforced plastic
face sheets and aluminum
foam cores manufactured
by a polyurethane
spraying process

Peter Rupp', Peter Elsner'??

and Kay A Weidenmann'

Abstract

This work focuses on failure mode maps of sandwich panels exposed to bending load,
which were produced using a polyurethane spraying process. This process allows for an
automated production of sandwich panels omitting a separate bonding step of the face
sheets to the core. The investigated sandwich panels consisted of carbon fiber rein-
forced face sheets in various configurations, and four different core structures of alu-
minum foam or Nomex honeycomb. After production, measurements of the pores
inside the core foam structures, the fiber package thickness inside the face sheets,
and the density homogeneity of the core structure were made using X-ray computed
tomography. The failure mode maps were based on the individual mechanical properties
of the face sheets and the core, determined by mechanical testing. The critical forces
determining the failure modes were partially modified to fit the application on foam
core structures and face sheets with a porous matrix. The verification of the failure
modes was performed with four-point bending tests. Since all tested configurations of
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sandwich specimens were produced using the same process route, the applied models
for the creation of the failure mode maps could be verified for numerous parameter
combinations. Except for two parameters with inconstant properties, the failure modes
determined by the failure mode maps matched the observed failure modes determined
by the bending tests.

Keywords
Failure mode maps, beam flexure, four-point-bending, X-ray computed tomography,
metallic foam

Introduction

Sandwich structures are advantageous due to their high bending stiffness-
and strength-to-weight ratio [1,2]. For maximized specific stiffness and strength,
face sheets made from carbon fiber reinforced plastic (CFRP) are used [3-6].
As core structures, honeycomb structures from aluminum [7-9] or infiltrated
aramid fibers [5,6,10,11] are used for the same reasons. In crash events, honeycomb
structures which are specifically aligned in (or even designed for) the crash direction
can absorb energy, otherwise the failure is sudden [5]. Foam cores, especially made
from metallic foams [4,12-24], can absorb energy without the need of alignment
and induce “‘benign” failure [9]. As a downside, metal foams often possess a higher
density, resulting in a slightly lower stiffness-to-weight-ratio [25].

Manufacturing sandwich panels usually requires a separate joining step to create
the connection between face sheets and core using an adhesive film [8,20]. The
elimination of this bonding step can be performed in various ways. Crupi et al.
[9,26] investigate integral sandwiches with aluminum foam cores and aluminum
face sheets [9]. These sandwiches are produced by extruding aluminum profiles with
a foamable aluminum section at the profile center, and later foaming this middle
section using a heat treatment. Other strategies, such as injection [24] or resin
transfer molding [4], as well as pressureless casting of the face sheets onto the
core [27], require closed-cell core structures to prevent undesired infiltration of
the core. Open cells or honeycomb structures do not provide a barrier against
the penetration of resin and can therefore not be handled with these processes.
Integrally manufactured open-cell metallic foam cores are limited to higher densi-
ties (15% [28]) than conventionally cast open-cell metallic foams (5% in this work),
which implies a lower lightweight design potential.

This is also the case for most closed-cell aluminum foam structures, as included
in investigations by Crupi et al. [26] and Reyes [29]. Crupi et al. combine closed-cell
aluminum foam core structures with different face sheets of Fiber Metal Laminates
(FML) including glass fiber reinforced plastic (GFRP) [26]. The aluminum foams
used for these investigations show high relative densities of approximately 20%,
which, combined with the GFRP reinforced FML face sheets, result in high



2656

effective densities of the sandwich structures. Reyes used lighter foam structures
with a density of approximately 10%, but also combines the foam core with
GFRP-FML face sheets. Additionally, both sandwich constructions were produced
in a two-step process, including one step for the creation of the face sheets, and a
second step for the bonding of the face sheets to the core.

For this contribution, sandwich panels with CFRP face sheets and aluminum
foam cores were investigated. The joining of face sheets and core was achieved in a
single production step, combined with the infiltration of the face sheet fibers and
the curing of the face sheet matrix, as previously described in detail by the authors
[3]. Polyurethane resin (PUR) was used as the face sheet matrix, and at the same
time acted as an adhesive of face sheets and core. In the curing step, the PUR resin
foams, which results in a porous matrix, and in a lightweight adhesion with a large
connection surface to the core. As this process also enabled using open cell foams
as core structures, different material combinations could be compared based on the
identical production process.

For the mechanical characterization of sandwich panels, three-point
[5-10,12-19,30-33] and four-point [4,6,7,20-23,27,30] bending tests are
common testing procedures. The failure of sandwich panels under bending
load is induced by its weakest constituent, which is determined by the compo-
nent properties and the loading conditions. These failure modes are widely
investigated [6,10,12-18,22,30,31,33-36] and usually displayed as Failure Mode
Maps (FMM). In the FMMs, boundary- or transition lines of different failure
modes are shown, with component properties (for instance the core density or
face sheet thickness) and loading conditions (such as the distance of the loading
bars) on the coordinate axes. The boundary lines are calculated from the com-
parison of critical forces, with the smallest critical force being the prevailing
failure mode.

FMMs have been investigated for sandwiches with honeycomb [10] and metallic
foam core structures [13—17,22] including open-cell cores [37,38]. Though, to the
authors’ knowledge, FMMs with a comparison of open- and closed-cell metallic
foam cores have not been investigated before. Jing et al. [38] examined the dynamic
response of sandwich beams with open- and closed cell aluminum foam cores, using
three-point dynamic impact bending, and observed different failure modes. They
did not, however, derive FMMs, and did focus on the dynamic properties instead.
All of the cited investigations examine sandwiches with face sheets either made
from FRP or from aluminum. As known to the authors, the failure modes of
sandwiches with a foamed or porous matrix inside the face sheets have not yet
been investigated.

Within this work, four different failure modes have been observed: Core shear,
face yield, dimpling, and local indentation. The initial models for the critical forces
have each been taken from literature [2,13-16,18,19,22,34,35,39,40], and modified
to fit the occurring failure modes. The face yield model was extended by a factor to
enable the utilization of the tensile strength of the face sheets. The dimpling model,
previously used for honeycomb cores [34] was transferred to metallic foam cores.
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To the present point, no coherent work including each of the observed failure
modes is known to the authors.

For each tested sandwich parameter combination, a FMM was plotted.
The failure modes were compared to the observations made in the bending tests.
Few discrepancies existed, which could be explained either by inhomogeneities in
core density (detected by X-ray measurements) or attributed to face sheet irregula-
rities. Overall, it was found that the calculated failure modes fit the observations of
failure in the conducted bending tests well.

Materials and methods
Materials

Some of the material systems used for this contribution have been investigated
regarding stiffness properties in an earlier publication by the authors [25]. In the
interests of clarity, all necessary information regarding the materials investigated in
[25] are presented in the contribution at hand, including additional parameters and
methods, which had not been previously described.

Core structures. As core structures, three types of aluminum foam and one Nomex
honeycomb were utilized (see Figure 1). Among the aluminum foams were two
closed-cell foams and one open-cell foam. The first closed-cell foam (CC) is labeled
“Alcoras™ and was supplied by AlCarbon, Bremen, Germany. The second closed-
cell foam (BCC), also supplied by AlCarbon, was produced by removing the in-
plane cell walls from a regular closed-cell foam via sandblasting, and thus reducing
the relative density. The open-cell foam structure (OC) was produced and supplied
by m-pore, Lindenberg, Germany. The reference Nomex honeycomb structure
(NH) was an “ECA 9.6-48” structure by FEuro-Composites, Echternach,
Luxembourg. All core structures were processed as panels with 20 mm thickness.

Face sheets. The face sheets were made from CFRP with bidirectional fiber mats
and foamed PUR resin as the matrix. Woven fabric (plain weave, label-named
“Style 447 3K Aero”) as well as non-crimp-fabric (NCF, label-named
“Dynaotex HS 15/80 DLN2") were used, supplied by Lange + Ritter, Gerlingen,
Germany. Both were used in layers of 160 g/m” with 0/90° biaxial orientation. By
stacking of these fiber mats, sandwich panels with different face sheet fiber area
weight (160, 320, and 480 g/m?) were produced.

As face sheet matrix, PUR resin with isocyanate type “PUR 900” and
polyol type “PUR 569 IT” was used, supplied by Riihl Puromer, Friedrichsdorf,
Germany.

PUR-spraying manufacturing process. The manufacturing of the investigated sandwich
structures has been described in detail by the authors in earlier works [3,25].
For reasons of comprehensibility and completeness, a short description including
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Figure |. Examined core structures. (a) CC “Alcoras,” (b) BCC “Alcoras,” (c) OC foam by
m-pore, and (d) NH “ECA 9.6-48". (a), (c), and (d) are corresponding to [25]. CC: closed-cell
foam; BCC: blasted closed-cell foam; OC: open-cell foam; NH: Nomex honeycomb.

all necessary information to be provided is given here. The production process can
be outlined in three steps (see Figure 2). First, a dry sandwich assembly was created
by fixing the face sheet fiber mats loosely onto the core structure. In the second
step, PUR resin was applied by a robot on both sides of the dry assembly.
The robot arm was equipped with a high pressure mixing nozzle for the homoge-
neous distribution of the PUR resin. The amount of applied PUR was controlled
by the moving speed of the robot arm. Three increments were applied: 75.5 g/m,
113.3 g/m, and 266.6 g/m PUR. During the PUR discharge, the nozzle was moved
at 360 mm height in two parallel lines with 160 mm distance. Two runs of PUR
application were set: The first for the lower face sheet, and the second for the upper
face sheet. The first run of PUR was applied into the mold cavity, to avoid fiber
misalignment due to wet handling of the sandwich workpiece. The second cycle of
PUR, intended for the upper face sheet, was applied after placing the dry sandwich
assembly onto the lower resin layer into the mold. The third step of the process was
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Figure 2. PUR-spraying process for production of sandwich panels, resembling [25]. PUR:
polyurethane resin.

the curing of the PUR resin in a heated mold cavity. During the curing process, the
PUR resin infiltrated the fibers, foamed, and, due to the foaming, penctrated a certain
distance into the core structure. The PUR resin thus acted both as the face sheet
matrix and as a lightweight adhesive with a large connection surface to the core.

The produced sandwich panels were 350 x 250 x 20.7mm® in size. The speci-
mens for mechanical testing were extracted with a circular saw from those panels,
in the sizes specified by the corresponding test standards.

Measurement of density and geometry of specimens

Face sheet thickness. The production process of the tested sandwich panels created
an interface of face sheet and core with overlapping sections of aluminum liga-
ments and face sheet fibers, which were partially dented inwards by the foaming
PUR resin. The thickness of the face sheets was determined by the cross-section
area of the face sheet fibers, embedded in PUR resin. As described in an earlier
work by the authors [25], X-ray computed tomography (CT) was used as a suitable
method of measuring the face sheet thickness. The face sheets were scanned using
an Yxlon Y.CT Precision uCT-System, with the tube being operated with 110kV
acceleration voltage at a current of 0.1 mA, using a tungsten target. In the scanned
images, slices of the cross-section of the face sheets were investigated. The area of
the fiber package was reproduced by fitting polygon faces to them. The average
face sheet thickness was then obtained by dividing the surface area of the polygon
faces by the polygon width. For further details please refer to [25].
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Density and pore geometry of core structures. The effective density of the core structures
was determined by weighing the foam panels with a scale (0.1 g accuracy) and
measuring their outside size with a sliding caliper (£0.1 mm, values <150 mm) and
a ruler (£1 mm, values >150 mm). Additionally, all tested sandwich panels were
scanned via X-ray radiography in order to detect local inhomogeneities in their
core densities (following the procedure given in [3]). For this, false color tables were
applied to 2D X-ray images of the foam cores. The gray value (and thus the false
color) of each pixel results from the amount of aluminum contained in the corres-
ponding spot of the sandwich panel. Therefore, inhomogeneities form gray values
differing from the average and can be spotted easily as dots or larger areas with
different colors in the false color images.

For distinct failure modes, the average distance between cell walls needs to be
determined. In honeycomb structures, the cell diameter is an appropriate value [34],
as it is constant for each cell in the direction perpendicular to the sandwich surface.
For the Nomex honeycomb core used in this work, the cell size value was taken
from the data sheet. In the case of the two closed cell foam types, a line intersection
method was applied, using the software ImagelJ [41] with the GridOverlay plugin.
Foam panels of 150 x 100 mm? size were scanned using X-ray CT. 2D-slices of the
scanned foam panels were extracted and provided with straight lines across the
whole specimen, in two perpendicular directions. The average cell wall distance was
determined by dividing the length of the said lines by the number of cell walls
intersected. For the open cell core type, the pore size was determined using the
software MAVI [42] by Fraunhofer ITWM. X-ray CT scans of foam panels mea-
suring 150 x 100 mm? were segmented into binary images. The threshold for this
segmentation process was adjusted in iterations: the resulting relative volume dens-
ity of the foam core in the binary image was leveled with the relative mass density
of the foam core panels. This method of setting the threshold value ensures that the
real foam core is translated correctly into a 3D model, without virtually eroding the
ligaments (if threshold too high) or including fragments of PUR resin or fibers
(if threshold too low). The pore size was then determined with the “Open Foam
Feature”-tool using the Weaire-Phelan foam model [42]. The average cell wall
distance differs from the average pore size, considering spherical pores.
Assuming the foam consisted of completely spherical pores, they would be cut
by the 2D-slices at random positions. The pores would be depicted as regular
circles in the 2D-slices, but with a smaller diameter than the original pore, since
the pores were scarcely cut through their center. The average diameters of pores
and circles differ by the average chord length of a circle, §. As MAVI measured the
average pore size, the value had to be multiplied by 7.

Calculation of failure modes

Four different failure modes were considered: Face yield, dimpling of the face
sheet, core shear and local indentation of the loading bars. Table 1 shows an
overview of the applied variables. Each failure mode is expressed by an equation
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Table |. Overview of variables in failure mode calculations.

Symbol Dimension Description

D, Nmm? Sandwich bending stiffness
Rons N/mm? Face sheet tensile strength
E¢ GPa Face sheet modulus

Tc MPa Core shear strength

Rnc MPa Core compressive strength
E. GPa Core modulus

c mm Core thickness

t mm Face sheet thickness

d mm Face sheet distance, d=c+t
h mm Sandwich height, h=c+ 2t
b mm Specimen width

Ls mm Span length

relating the force of bending load F to the corresponding critical material proper-
ties. In each case, the value and direction of F represents the sum of the load
applied to both inner loading bars in the four-point bending test.

Face yield. The critical force for face yield Fy;, was taken from literature [2,15,19], see
equation (1).

4b-t-d-Ryy

i M

ny, literature ==

It was modified in two ways (see equation (2)). The sandwich bending stiffness
D, was inserted as a measured value, replacing the approximation D pprox = Efb’gz.
Second, the equation was extended by a factor k to fit the tensile strength of the
face sheet to the compressive strength relevant for the face yield failure mode
occurring in the bending test. The reason for this replacement was the structure
of the face sheet specimens. Since the face sheets were tested in their configuration
inside the sandwich specimens, they had to be extracted from sandwich panels
instead of being produced separately. This implied a process-induced ondulation
of the fibers, which facilitates kinking. Inside the sandwich compound, the face
sheets are stabilized through the connection to the core structure, which prevents
global kinking to some extent. In the extracted state, the face sheet would kink in a
compression test, obstructing the determination of their compressive strength.
Therefore, the tensile strength was determined and multiplied by a factor & to fit
the compressive strength obtained at face yield failure during bending load.

Fr = 8Dsw 'k'Rm,f
Pt E L

2
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For the determination of k, all specimens which failed by face yield were
selected. In equation (2), k was isolated. For each of the selected specimens, the
individual value for k; was calculated with the maximum bending load inserted as
Fy.. The value of k was set to the average of all resulting individual factors k;.

Face sheet dimpling. Dimpling was particularly investigated by Hussein et al. [34],
who found a critical stress as shown in equation (3).

Er /1\?
O Dimpling, literature = 2.25 1 _/Vj% (g) (3)

Other investigations [39,40] indicate 2 instead of 2.25 may be used as a factor in
equation (3), although being a too conservative assumption [34]. The Poisson’s
ratio v, is neglected, as done by Hussein et al. [34]. The critical stress for dimpling
was thus chosen according to equation (4).

M2
ODimpling = 2.25Ey (§> ?

Inserting o pjnpime as the face sheet tension o into equation (5), translating the
face sheet stress into the bending load (compare equation (2)), the critical force for
dimpling Fpjypiine results in equation (6).

SDW - of

Ffacesheet - m (5)
18Dy, (12
FDimpling - h—lig (E) (6)

Core shear. The failure mode of core shear can be divided into different shear modes
[2,15,18,19], depending on the form of the simultaneous bending of the face sheet.
As shown in the experimental section, core shear mode B [15] is the relevant core
shear mode for all specimens within this work. Equation (7) shows the correspond-
ing failure load used by McCormack et al. [15]. The left summand refers to the
kinking of the face sheet, the right summand to the core shear.

4bi?
Fcure shear B, literature = TRm,f + 2bcr(,‘ (7)
8

For this work, the simplification of the shear stress being v = %, (with F being
the load in four-point-bending) was replaced by equation (8), which considers the
Young’s modulus of the core E.. Including the measured bending stiffness D,,, the



2663

critical force for core shear is shown in equation (9).

F 2
¢ = Er-t-d E. . — 8
e 4Dm< f + 4) ®)
4bl2 4Dsw
Fcures hear — ~5 Ryr+ Tr———————— 9
) L,S m.,f Eftd_’_EC% ()

Local indentation. In literature, most models for local indentation apply to the
three-point bending test with prismatic/cuboid loading blocks [2,13,15,16,35].
The critical force consists of a term for the indentation itself (equation (10), left)
and an additional summand for the compression of the core beneath the loading
block (equation (10), right, a, b as the length and width of the loading block).

Endentation, literature — 2bt\/ Rm,f . Rm,c + ab - Rm,(? (10)

For this work with four-point bending tests, the indentation part from equation (10)
was doubled, as suggested by Chen et al. [22]. The gimballed loading bars in the four-
point bending test both apply the same load. Since the loading bars were of cylindrical
shape, the compression term of equation (10) can be neglected [13,16,22,35]. The result-
ing equation of the critical load for local indentation is shown in equation (11).

Endenratio;z = 4[7[\/ Rm,f" Rm,c (1 1)

FMMs

The FMMs were created equating the critical forces. This way, an equation is
formed for each pair of critical forces. The equations were formed to functions
of t over Ls. These functions are border lines, with each of the equated failure
modes prevailing on either side of the graph. Six functions of failure mode transi-
tion were formed, an overview is shown in Table 2. In literature, FMMs usually are
functions of £ or the relative density p* over  [10,13-17,33,40], but within this
work, neither L, nor ¢ was varied, and the variance of p* was small for each core
type. Instead, numerous combinations of the described core structures and face
sheets were tested, motivating the need of predicting the composite properties from
their components. In the case of the equations I, III, and V, ¢ could simply be
isolated. For the equations II, IV, and VI, the functions were plotted by numeric-
ally solving the corresponding equation for each data point. Each of the functions,
with the experimentally determined mechanical values applied, was plotted into
one graph, example see Figure 3. The lines have then been sectioned, as each
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Table 2. Core structures used in sandwich panels.

Equation # Failure mode | Failure mode 2
| Face yield Dimpling

Il Face yield Core shear

]l Face yield Indentation

v Dimpling Core shear

\ Dimpling Indentation

Vi Core Shear Indentation

f——— Face yicld vs. Dimpling (I)
Face yield vs. core shear (IT)
Face yield vs. Indentation (III)
{=Dimpling vs. Core shear (IV)

= (=
o )
J

Face sheet thickness t [mm]

0,4 AR Dimpling vs. Indentation (V)
\ Core shear vs. Indentation (VI)
| — /
0,2
0,0 1
0 100 200 300 400 500 600

Span Length [mm]

Figure 3. Example for functions of t over Ls (compare Table 2), derived from equations (2),
(6), (9), and (I1).

function was only valid as a transition of two failure modes. Thus, areas of pre-
vailing failure modes emerged inside each graph, creating an applicable FMM
(example see Figure 4).

Experimental

The testing procedures regarding the tensile test of the face sheets, as well as the
flatwise compression tests and the bending tests of the composites, are based on
methods described by the authors in [37]. However, as additional parameters have
been considered in this contribution, and the results have been analyzed regarding
the failure properties, the experimental procedure is described in detail in the fol-
lowing, including all necessary information.

Tensile test of the face sheets

The sandwich face sheets were tested at tensile load following DIN EN ISO 527-5,
using the specimen geometry type B. A load cell with a maximum load capacity of
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Figure 4. Generic failure mode map derived from sectioning the functions in Figure 3.

20 kN was used, installed in a ZwickRoell ZMART.PRO universal testing machine
with 200 kN maximum tensile force. The elongation was measured by a ZwickRoell
multiXtens using 100 mm gauge length. The specimens were equipped with alumi-
num cap strips, for uniform stress distribution in the hydraulic fixation clamps.
Five valid specimens of each set of parameters were required by the test standard.
The Young’s modulus was determined by fitting a straight line to the linear section
of the stress-strain data.

Flatwise compression of sandwich composites

The mechanical properties of the core structures were determined by flatwise com-
pression tests of the sandwich panels following DIN 53293. Five valid specimens of
each set of parameters were required by the test standard. The specimen size required
in the standard was considered, and the absence of pore size influences was demon-
strated by testing specimens with differing sizes. A load cell with a maximum load
capacity of 20 kN was used, installed in a ZwickRoell ZMART.PRO universal test-
ing machine with 100 kN maximum load. The specimen was placed between two stiff
steel plates. The deformation was measured using an inductive extensometer. The
Young’s modulus was determined using an unloading cycle at 2.5% by fitting a
straight line to the force-elongation data of the reloading section.

Shear test of sandwich composites

Shear tests of the sandwich panels were conducted following DIN 53291. Three
valid specimens of each set of parameters were required by the test standard.
Differing from the standard, the steel loading plates, onto which the sandwich
specimens were glued, did not have a blade edge. Instead, a pivotable loading tip
was used to prevent inaccuracies due to alignment at the start of the test.
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The specimen size was reduced to 150 x 100 mm? due to fixation requirements. The
minimum amount of nine core cells within each dimension was still ensured.
The elongation was measured using an inductive extensometer. The shear modulus
was determined using an unloading cycle by fitting a straight line to the force-
elongation data of this section. The unloading cycle was set from 0 to 3000 N,
although the upper limit of the straight section was in some cases modified,
demanding a coefficient of determination of R?>>0.99. The smallest examined
unloading cycle span was >1300 N.

Bending test of sandwich composites

The properties of the sandwich composites were determined by a four-point bend-
ing test following DIN 53293. Three valid specimens of each set of parameters were
required by the test standard. A load cell with 20 kN capacity was used, installed in
a ZwickRoell ZMART.PRO universal testing machine with 100 kN maximum lad.
An unloading cycle at 500 N was used to determine the bending stiffness. The
deflection was measured optically using a camera mounted horizontally to the
specimen. It was cross-checked with the machine crosshead position. As specified
in the standard, the deflection of the inner loading bars and of the specimen center
was evaluated. The loading bars were set to a span length of 300 mm (lower) and
150 mm (upper), respectively, as the specimen length had to be reduced to 350 mm
due to production constraints. A series of specimens was tested at 250 mm/125 mm
loading bar distance, yielding similar results. The lower loading bars were mounted
with three rotational degrees of freedom to prevent reaction forces from the load-
ing condition.

Results and discussion
Mechanical properties of the sandwich components

Core. The use of sandwich specimens in the flatwise compression tests instead of
pure aluminum foams was necessary. As the core ligaments at the specimen surface
are fixed inside the sandwich, the use of pure (and therefore unfixated) core speci-
mens would lead to falsified results. Sandwich panels were therefore used as spe-
cimens, as they provide the most realistic environment for the core structure.

The influence of the PUR foam inside the sandwich core structure on the com-
pressive stiffness is negligible. The variation of stiffness between specimens with
different amounts of PUR is smaller than the standard deviation. Therefore, the
values of Young’s modulus, taken from the flatwise compression and shear tests,
were assigned to the core structures (see Table 3). Only three valid samples of the
CC core could be evaluated, differing from the requirement of five. Since the rela-
tive deviation of the Young’s modulus is the smallest for the CC core, the value was
still used for further calculations. In the case of strength, different amounts of
applied PUR lead to different properties in compression and shear of the cores
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Young’s modulus Valid
Type E. (MPa) samples
CC 355.09 +50.97 3
BCC 229.11 £80.57 9
oC 161.46 +37.24 I
NH 113.29 £20.92 6

CC: closed-cell foam; BCC: sandblasted closed-cell foam; OC: open-cell foam;
NH: Nomex honeycomb.

Table 4. Measured strength of the sandwich core, dependent on
core type and amount of applied PUR resin.

Compressive Shear Valid

Type strength strength samples
PUR (g/m) Rimc (MP2) 7. (MPa) (RmTo)
CC

1133 2.724+0.87 221 +0.21 12/3
BCC

75.5 1.80+0.12 0.79+0.14 4/3

1133 1.36 £0.40 0.88+0.23 13/4

266.6 241 +0.44 1.34+£0.09 713
oC

75.5 0.48+0.12 0.304+0.02 713

113.3 0.77 +£0.08 0.36 :0.01 14/4

266.6 0.90+0.25 0.75+0.19 4/3
NH

113.3 1.98+£0.22 0.88+0.02 20/4

PUR: polyurethane resin; CC: closed-cell foam; BCC: sandblasted closed-cell
foam; OC: open-cell foam; NH: Nomex honeycomb.

(see Table 4). The CC and NH type cores were tested only with the medium
amount of applied PUR (133.3 g/m) within the bending test, thus only the corres-
ponding core values were analyzed. The average cell wall distances are shown in
Table 5. The CC and BCC foam types were examined with the line intersection
method, as this a suitable and sufficiently accurate method for closed cell foam
structures. Figure 5 shows an exemplary slice of a CC foam structure with the grid
for the line intersection method visible in yellow. The OC foam was examined with
the MAVI software [42], as the line intersection method is incompatible with open



2668

Table 5. Core structures used in sandwich panels.

Cell wall Density Valid samples
Type distance (mm) (g/em®) (distance/density)
CcC 6.83+0.94 0.224 +0.027 17120
BCC 9.86 +2.34 0.164+0.016 15/24
oC 4.98+0.33 0.117+0.013 16/57
NH 10 0.051 +£0.001 —/15

Density values of CC, OC, and NH equivalent to [25].
CC: closed-cell foam; BCC: sandblasted closed-cell foam; OC: open-cell foam;
NH: Nomex honeycomb.

Figure 5. CT-slice of CC aluminum foam with grid for line intersection method. CT: com-
puted tomography; CC: closed-cell foam.

cell foams. For the CC and OC foam types, the standard deviation of about 10%
matches the deviation in density. For the BCC cores, the deviation in cell wall
distance is significantly higher than in the density. As the size of the investigated
BCC specimens sufficiently exceeded the pore sizes, this was not an issue of under-
sized specimen volume. The deviation must therefore have resulted from the pore
shape and the variation of pore size inside the specimens. As the deviation was not
assumed to emerge from measuring errors, the average value of cell wall distance
was still applied in the failure mode calculations. The OC cores were examined with
the “OpenFoam Feature” analysis tool from the software MAVI [42]. The binar-
ization thresholds were set to fit the resulting volume density with the measured
density of the core (see Table 5). The volume density was 4.33% (£0.87%). The OC
density from Table 5 divided by a solid density of 2.7 g/cm® results in a relative
mass density of 4.32% (£0.48%). The densities are approximately of the same



2669

Table 6. Properties of the sandwich face sheets, dependent of architecture, fiber weight, and

core type.

Architecture/fiber Young’s Tensile Valid
area weight modulus strength Thickness samples
(g/m?)/core type Ef (GPa) Rnfs (MPa) t (mm) EdR,, At
woven/|60/0OC 4545 £ 16.71 390.05+ 175.09 0.20+0.07 8/8/78
woven/160/NH 42.02+9.32 474.12 £ 167.62 0.23+0.05 4/4/16
woven/320/0C 43.62+£14.13 388.11 +140.73 0.40 +0.07 12/12/96
woven/320/NH 37.55+14.38 369.29+ 164.76 0.42+0.07 10/10/78
woven/480/0C 42.79 £8.67 388.75+91.43 0.58+0.08 8/8/78
NCF/160/0C 24.11 +6.39 184.89 £ 111.35 0.321+0.06 7/8/34
NCF/320/0C 31.57 +7.44 34946 +101.83 0.51+0.10 10/10/87

Thickness values of OC specimens equivalent to [25].
*Valid samples for t: number of evaluated CT-scan slices.
OC: open-cell foam; NH: Nomex honeycomb.

value, meaning that the virtual foams from the CT scans (and therefore the mea-
sured pore geometries) appropriately represent the real foam specimens. The higher
standard deviation of the volume density could be caused by small optical artifacts
in the CT scans at the surface of the aluminum ligaments, which would not affect
the measured pore size significantly. As the open cell foam core does not have any
cell walls, the obtained cell wall distance is a virtual value. Nevertheless, its appli-
cation is suitable, as the ligaments indeed form pores of approximately spherical
form. The average pore size was 6.34 mm. The average virtual cell wall distance was
calculated by multiplying the average pore size by %, resulting in a value of
4.98 mm, see Table 5.

Face sheets. The face sheets were varied in their fiber architecture (NCF and woven)
as well as their fiber area weight (160, 320, and 480 g/m?). The foam core types were
expected to affect the fiber process-induced ondulation differently than the periodic
structure of the honeycomb core (NH). Therefore, face sheets of sandwich speci-
mens with both core types were tested. The thickness of the face sheets was calcu-
lated for each said parameter, as described above. The amount of applied PUR was
not distinguished, as it was already considered in the core properties and was not
expected to have additional influences on the face sheet. Due to bad infiltration
during the manufacturing process, specimens with high fiber area weight and NCF
face sheets were not investigated. An overview of the investigated face sheets with
their corresponding properties is given in Table 6. It should be noted that the
considerable size of the standard deviations of the Young’s modulus and the tensile
strength resulted from the propagation of uncertainty of the face sheet thickness,
thus multiplying the standard deviations in the force values and those of the thick-
ness measurements. The deviation of face sheet thickness originates from the
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Figure 6. w320oc-specimen failed in bending test by core shear.
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Figure 7. Example of force-deflection-graphs with w320oc and wl60cc specimens at two
different span lengths.

manufacturing process, where PUR resin first penectrates the fibers and then
foams during the curing process. The thickness of the face sheet fiber package is
thereby increased to a statistically varying value. The deviation in thickness is thus
not a result of an insufficient quantity of samples, but depicts a locally varying face
sheet thickness.

Bending properties of the sandwich composite

Four failure modes were observed in the four-point bending test of the sandwich
composites: Core shear, face yield, face sheet dimpling, and local indentation.
As an example, Figure 6 shows a w320oc-specimen in the bending test, after it
failed by core shear on both sides. The failure is clearly visible as collapse mode B
(compare McCormack et al. [15]). The span length of 300 mm (outer loading bars)
was not systematically varied throughout the tests. However, some specimens of
the parameter sets wl60cc and w320oc were tested at a reduced span length of
250 mm. Figure 7 shows examples of the force-deflection-graphs of both parameter
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Table 7. Bending properties of the tested sandwich composites.

Fiber area Core Bending stiffness Valid
Label Architecture weight (g/m?) type Dsw (107 Nmm?) samples
w160cc woven 160 CC 16.53 £3.25 5
wl60oc woven 160 ocC 10.67+1.14 5
w160nh woven 160 NH 9.27+1.30 4
w320cc woven 320 CC 24.01 +£2.05 5
w3200c woven 320 oC 1848 £1.14 5
w320nh woven 320 NH 16.05£3.94 5
w480bc woven 480 BCC 32.56 +5.04 4
w4800c woven 480 oC 27.12+6.64 5
nl60cc NCF 160 CC 11.07£3.32 5
nl60oc NCF 160 oC 8.88+1.38 5
n320cc NCF 320 CC 20.35+3.40 5
n320bc NCF 320 BCC 1526 +1.19 4
n3200c NCF 320 oC 14.25£0.75 5
n320nh NCF 320 NH 7324 1.12 5

CC: closed-cell foam; OC: open-cell foam; NH: Nomex honeycomb; BCC: sandblasted closed-cell foam;
NCF: non-crimp-fabric.

combinations and both span lengths. The graphs show a higher slope of the elastic
deformation for the shorter span length, which results in the same bending stiffness
Dy, as with the longer span length. The bending stiffness Dy, was calculated
according to DIN 53293, with consideration of the altered span length. As the
sandwich bending properties depend on the component properties, each tested
combination of sandwich composites is listed in Table 7. The X-ray scans of the
sandwich panels revealed that most of the specimens with BCC cores showed large
inhomogeneities, as is exemplarily visible in Figure 8. Darker blue colors indicate
high densities, light blue and purple colors indicate low densities. In the left side of
the panel, a large area with lower density is visible (upper and lower arrow in
Figure 8), with agglomerations of aluminum visible as dark blue spots (middle
arrow). Only two parameter combinations with relatively small density gradients
were estimated suitable to be tested nevertheless. Three parameter combinations,
one of them with a BCC core, two with a CC core and NCF face sheets, showed
delamination. This failure mode was induced by production issues, as there was
only little contact surface between core and PUR foam. It was therefore not con-
sidered in the calculations. Equation (2) was used for the determination of the
factor k (the deviation of the face sheet tensile strength R, ; from the maximum
compressive stress in the failed face sheets), as described above. The average k of all
specimens failed by face yield is K =0.3040.08.
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Figure 8. X-ray false-color image of BCC aluminum foam panel showing density inhomogene-
ities. BCC: blasted closed-cell foam.
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Figure 9. Failure mode map for specimen with woven 480 g/m” face sheets and OC core.
OC: open-cell foam.

FMMs

For the validation of the FMMs, the tested specimens were marked inside the
corresponding FMM. As the FMMs were the result of combinations of sandwich
components with different properties, a different FMM was to be drawn for each
tested parameter. An example is given in Figure 9, for a sandwich configuration
with woven, 480 g/m? face sheets and OC core. The tested specimens had an aver-
age face sheet thickness of 0.58 mm, the span length was 150 mm. The indicated



2673

Predicted Experimental Com-
Failure Mode Failure Mode  pliance
w160cc Dimpling
w1600c Core shear
w160nc Face yield °
w320cc Face yield °
w3200c Core shear )
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nl60oc Face yield °
n320cc Debonding °
n320bc Core shear °
n3200c¢ Indentation °
n320nh Face yield °
0,0 0,2 0,4 0,6 0,8 1,0

Face sheet thickness t [mm]
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°

Specimen average

Figure 10. Failure mode bar chart for all tested specimens, with constant span length.

failure mode from the FMM (derived from the sandwich components) is thus core
shear. As this was also the predominant failure mode in the bending test, the
FMM is consistent with the experimental results. Since the span length was held
constant for each tested parameter combination, it is convenient to plot the failure
modes vs. the face sheet thickness in a bar chart for better overview. Figure 10
shows the failure modes predicted for each tested parameter combination, with the
applied span length held constant. The average face sheet thickness for each par-
ameter combination is shown with the corresponding standard deviation. It should
be noted that for the woven 480 g/m” and the NCF 160 and 320 g/m* specimen
types, the face sheet thickness is the average value taken from Table 6. In the right
column of Figure 10, the predominant failure mode in the bending test is shown for
each parameter combination. In some cases, more than one failure mode is pre-
dominant, as well as the prediction of failure modes is not specific. The face sheet
thicknesses show a standard deviation, which can sometimes reach into a second or
even a third field of failure mode. Some of the discrepancies are thus likely to be a
result of the specimen average point located close to a transition line in the FMM.
Since the properties used for calculating the transition lines also bear deviations,
the precision of the FMM could be limited. This is presumably the reason for the
discrepancy of wl60cc. In the case of the parameter sets wl60oc and w320nh, some
specimens did not fail by the calculated failure mode. However, the average max-
imum load lies within less than 5% of the calculated critical load, compare Table 8.
For the wl60oc specimens, the transition lines of failure modes are located closely
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Table 8. Comparison of calculated critical load and maximum load
at failure in four-point bending.

Calculated Maximum load Difference

Label critical load (N) in bending tests (N) (%)

w60cc 1430.0 1855.5 +26.0 -229
wl600c 725.0 724.0+27.2 0.1
w60nh 827.5 764.1 +£46.9 83
w320cc 1683.3 1559.3+101.8 8.0
w3200c 824.1 680.0+ 13.6 21.2
w320nh 1236.7 1298.1 +66.7 —4.7
w480bc 2299.6 1809.3 +97.6 27.1
w4800c 1722.7 963.9+109.2 78.7
nl60cc 668.4 885.2+91.5 —24.5
nlé60oc 536.3 476.7 £20.5 12.5
n320cc 1757.0 1226.5 +332.7 43.3
n320bc 1317.8 771.5+ 1522 70.8
n320o0c 716.6 645.6 +35.7 1.0
n320nh 827.5 957.2+ 1343 —13.6

to the specimen average, similar to the wl60cc specimens. In the case of the w320nh
specimens, the deviation in failure mode can be interpreted as an indicator for
material imperfections. The unexpected indentation failure took place at a max-
imum bending load of equal value as the calculated critical face yield, although the
critical indentation load calculated from the component properties was higher than
the critical load for face yield, and thus not relevant for failure.

Some parameter sets show failure modes compliant to the calculations,
although the maximum bending load differs from the calculated critical load.
In most cases, the difference is small and assumed to originate from the propaga-
tion of uncertainty in the experimentally determined component properties. In the
case of the wd80oc parameter set, the calculated critical load overestimates the
observed maximum load by 78.7%, although the calculated failure mode matches
the experimental observations. This is likely the result of an overestimation of the
bending stiffness Dy,,. All specimens with woven face sheets and OC core show
failure by core shear, meaning that the OC core clearly is the weakest component.
The measured bending stiffness Dy, of the w4800c¢ specimens is suitably higher than
that of the wl60oc and w320oc specimens (see Table 7), although the Young’s
modulus and strength of the face sheets is approximately the same for these spe-
cimens (see Table 6). As the higher value of Dy, increases the critical load for core
shear F,,osneqr (S€€ equation (9)), giving the impression of a higher overall critical
load. As the core still is the weakest component, the critical load is overestimated,
while the predicted failure mode is still correct.
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Other discrepancies appear to result from the BCC core. The predicted failure
mode is face yield for both BCC parameter combinations w480bc and n320bc,
and the predominant failure mode in the bending test was core shear and delam-
ination. The pore size measurements showed large pores with also large standard
deviation. This implies irregular (thus not spherical) pore shapes. The X-ray
images of the sandwich panels show density gradients in the direction of the
bending specimens, as shown in Figure 8. All of the core failures of the BCC
specimens occurred in the area of the density gradient. In the observed cases of
delamination, the contact surface of the core to the face sheets in the delaminated
area was small due to the large pores of the core. Together, the density gradient
and the large, irregularly shaped pores result in a difficulty to predict the BCC
behavior.

The remaining discrepancies (n160cc, n320cc, and n3200c) all affected speci-
mens containing NCF face sheets. Almost all NCF specimens were predicted to
fail by face yield, thus the strength of the face sheets seems to be underestimated.
The calculation of the factor k from equation (2) however included the values
from the n160oc and the n230nh specimens, which indeed failed by face yield.
The difference of the & values between woven and NCF specimens was negligible.
The unreliable prediction is thus unlikely to be a result of a general underesti-
mation of the face sheet strength. Many NCF specimens, especially with thicker
fiber stacks, showed irregular infiltration quality. This did not seem to affect the
face sheet properties, since the slightly lower strength and stiffness result from a
larger thickness average, while the absolute fiber content and the absolute force
levels were approximately the same for woven and NCF. Instead, the infiltration
seemed to have an effect on the interface of face sheet and core, since many NCF
specimens failed by debonding of face sheet and core. Debonding was not
included in the calculation of the failure modes for this work. Crack propagation
properties, determined in earlier investigations with climbing drum peel tests, did
not match the occurring failure modes: The critical force for debonding was
higher than the remaining critical forces, thus debonding was never predicted
for any of the tested specimens. The observed debonding failures therefore
have to be assigned to material irregularities of the NCF face sheets—such as
the infiltration.

Conclusion

This article shows that the prediction of the failure mode in bending test, based on
the sandwich component properties, is generally possible for CFRP—aluminum
foam sandwiches produced by the PUR-spraying process. This includes a consid-
erable quantity of different combinations of components, such as different face
sheet fiber architectures, fiber area weights, and core structures of open cell and
closed cell foams, as well as a honeycomb structure. All these sandwich specimens
were produced by the same manufacturing process, enabling the comparability of
the components and reducing the production influences.
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The following conclusions can be made:

e There are discrepancies of the experimental observations from the predicted
failure modes, for large and irregularly shaped pores of the core structure,
and for face sheets with poorly assessable properties. In the first case, the dis-
crepancies of the specimens with the BCC core were caused by inhomogeneities
in the core density and by a weak and scattered connection of core and face
sheet due to the pore size. In the second case, the infiltration of some specimens
with NCF face sheets was irregular, resulting in a debonding of face sheet and
core that could not be predicted by crack propagation models.

e The models of the critical forces for each failure mode fit the experimental
observations well, confirmed by matching predictions of the created FMMs.

e This included the modification of the face yield criterion, which was based on
tensile strength instead of compressive strength of the face sheets. Using this
modification, the strength of face sheets which fail on the compressed sandwich
surface could be used in the calculation, even though the determination of the
compressive strength could not be achieved directly by a compression test of the
extracted face sheets.

e Furthermore, a dimpling failure model, previously used for honeycomb struc-
tures, was successfully transferred to foam core structures. It was found that
the average cell wall distance was a suitable value replacing the honeycomb cell
size. The values of the average cell wall distance could be determined by two
methods, both of them based on X-ray CT scans: the line intersection method
for the closed cell structures, and the MAVI software package for the open
cell structure.

e Together with a core shear model considering the face sheet behavior, and
an indentation model relevant for cylindrical loading bars, the modified crit-
ical force models for dimpling and face yield were successfully combined to
create FMMs.

Except for the above discrepancies caused by the BCC core and some NCF face
sheets, the predicted failure modes resulting from the FMMs matched the observed
failure modes in the bending tests. It can thus be concluded that the applied models
of critical force, combined with the mechanical properties of the sandwich compo-
nents, are suitable for the prediction of the failure behavior of the corresponding
sandwich composites.
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