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ABSTRACT

Hybrid materials, such as sandwich structures consisting of an aluminum foam core and CFRP face sheets, offer
high lightweight design potential. However, conductive pairing of two materials with different electrochemical
potential bears the risk of galvanic corrosion inside an electrolytic environment. Due to the nature of the
manufacturing process, the sandwich structures investigated within this contribution are susceptible to corro-
sion. Multiple specimen variants with differing foam core layers were exposed to a salt spray environment for up
to 240 h. These corroded specimens were mechanically characterized using the flatwise tension test. Their
mechanical properties were compared to reference specimens without corrosion. It was found that both open and
closed cell sandwich specimens showed significant reductions in both strength and stiffness. Comparisons to
alternative sandwich specimens consisting of a Nomex honeycomb core and CFRP face sheets, which underwent
the same corrosion procedure, seem to prove that the mechanical degradation was indeed a result of corrosion,
as the Nomex specimens did only show a significantly smaller decrease in strength, which probably resulted from
material scatter superposed with water absorption. The erosion of the metallic core layer should be quantifiable
by the determination of mass reduction. Therefore, a chemical cleaning procedure in order to remove any
corrosion products from the specimen surface was applied. However, the procedure either led to a further mass
decrease by chemical removal of the aluminum structure, or to mass increase by a chemical reaction of the
detergent with the face sheets. Thus, complementary X-ray measurements by u-CT were carried out. Specimens
were scanned before and after corrosion, the respective volumetric densities were compared in order to verify

material erosion. However, no significant change in volumetric density could be observed.

1. Introduction

Modern lightweight applications benefit from innovative hybrid
materials which offer great mechanical properties such as high stiffness
or strength in combination with a low density [1,2]. Sandwich mate-
rials, consisting of a lightweight core layer as well as dense face sheets,
are prominently used in aircraft and aerospace [3-5], as well as wind
turbines [6] or marine applications [7,8]. They offer great specific
flexural stiffness, good impact properties as well as good thermal and
acoustic insulation [9-11]. There is a large variety of possible sandwich
architectures and material combinations. Among others, Nomex hon-
eycomb structures [4,12] as well as metallic foams [13] are often used
as core layers. For the sandwich faces, metallic sheets [13-15] or fiber
reinforced plastics (FRP) [16] can be applied. Commonly, the connec-
tion between the different sandwich layers is achieved via a thin ad-
hesive interlayer [17]. Alternatively, a metallic bond may be used, e.g.
when pairing a foamed aluminum core with aluminum face sheets [13].

In [18] a novel method for producing hybrid sandwich panels was
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applied by the authors of this contribution. A single step polyurethane
(PUR) spraying process was used to simultaneously create the face sheet
material as well as the interface between the CFRP face sheets and the
metallic aluminum foam core layer by foaming of the PUR. Varying
types of core materials can be used to create sandwich structures,
ranging from different metallic foam core types to non-metallic ones,
such as Nomex-honeycomb core material.

Due to the nature of this process, it is possible that some fibers
stayed in direct contact with the aluminum core, as the fibers were
placed directly on the core before the application of PUR resin. It could
also be possible that some carbon fibers were not completely wetted
with resin, creating a conductive carbon fiber surface. Therefore, a
conductive contact of carbon fibers to the aluminum foam is possible.
Carbon fibers own a relatively high, positive electrochemical potential
[19]. Aluminum on the other hand has a very low negative electro-
chemical potential. When these two materials are conductively bonded
inside an electrolytic environment, their difference in potential leads to
a large driving force for electrochemical corrosion processes, enabling
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galvanic corrosion. Whenever the risk of conductive coupling between
these two materials emerges, galvanic corrosion phenomena have to be
taken into account. Wang et al. investigated the corrosion properties of
CARALL, a hybrid laminate consisting of layers of CFRP and aluminum
sheets [20]. It was found that galvanic corrosion processes may lead to
delamination at the CFRP metal interface due to insufficient insulation.
Similar work was conducted in [21] by Mandel et al. for hybrid riveted
joints between CFRP and aluminum sheets. The interface area of these
hybrid specimens showed significant corrosion damage after salt spray
testing. Further investigations into this subject can be found in
[15,22,23].

Within the aforementioned investigations it is commonly stated
that, during the corrosion process, the anodic partial reaction usually
takes place on the metallic component, e.g. aluminum, while the
cathodic partial reaction takes place on the carbon fibers. These reac-
tions lead to an electrical current from the anode to the cathode flowing
through the conductive contact between the two materials.
Simultaneously, an ion current from the anode to the cathode flows
through the electrolyte. This process leads to the corrosive degradation
of the anodic material as well as the precipitation of corrosion product
on the cathode [21,24]. In [25] it was stated that, in the case of alu-
minum, the predominantly formed corrosion product typically is
bayerite (AI(OH)3)) or, at higher corrosion temperatures, boehmite
(AlO(OH)).

While the appearance of galvanic corrosion phenomena is thor-
oughly researched for a wide variety of hybrid materials, only little
investigation into the effects of galvanic corrosion on the mechanical
properties of said materials can be found in open literature, especially
for hybrid sandwich structures. In many areas of application however,
these materials are exposed to a corrosive environments for extended
periods of time. Possible mechanical degradation of hybrid structures
due to corrosive damage may therefore significantly reduce their life-
span. However, for hybrid sandwich materials in particular only little
preliminary research was conducted. In [15], Fischer et al. examined
the influence of corrosion on the mechanical properties of a sandwich
assembly made out of an aluminum honeycomb core which was ad-
hesively bonded to CFRP face sheets. These specimens underwent ac-
celerated corrosion followed by mechanical testing. For this purpose,
the flatwise tension test was used. It was found that the tensile strength
of corroded sandwich specimens was reduced by 41% after two weeks
of exposure to the corrosive environment. It was assumed that corrosive
damaging of the aluminum adhesive interface was responsible for this
loss of strength.

In [7], a closed cell aluminum foam was examined after 1000 h of
salt spray testing. Although no mechanical characterization of those
corroded sandwich specimens was carried out, the results of this study
showed a large amount of corrosion product inside the specimen foam
cells. These results show that the aluminum foam used in this work may
also be susceptible to corrosion.

The aim of this study was to characterize the influence of corrosion
on the mechanical properties of hybrid sandwich materials. Two dif-
ferent base types of sandwich specimens with aluminum foam core
layer were examined (open and closed cell) with one additional closed
cell core variant which was sand blasted, as well as a sandwich type
with a Nomex honeycomb core for reference. Before mechanical testing,
specimens had to undergo an accelerated corrosion process for three
different levels of time (48h, 96h and 240h). For this purpose, the
neutral salt spray test (NSS) was used.

Initially, it was intended to characterize the corroded sandwich
specimens using the DCB (Double Cantilever Beam) testing procedure
according to ASTM D5528-13 to determine the interlaminar fracture
toughness G;c. However, an uneven crack propagation as well as crack
kinking into the core layer lead to a large scatter of measured data for
both corroded and reference sandwich specimens, rendering the DCB
testing method unsuitable for aluminum foam core sandwiches. Instead,
the flatwise tension test according to DIN 53 292 was used for
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mechanical testing. A damaging of the foam core or the core-face sheet
interface due to corrosion should lead to a reduction of the tensile
properties of the sandwich specimens. Also, previous work by Fischer
et al. demonstrated that this testing procedure can be successfully used
to determine the influence of corrosion on the tensile strength of
sandwich specimens [15].

Tensile strength and Young’s Modulus of both corroded and re-
ference specimens have been determined. The mechanical properties of
specimens of different corrosion duration and varying core types have
been compared to determine the progression of the corrosion process
and to point out the influence of the core type. Sandwiches with a
Nomex honeycomb core layer were also corroded and mechanically
tested. As no galvanic coupling appears within this sandwich assembly,
no corrosion damage was to be expected. By comparing the results of
the Nomex honeycomb sandwich specimens with the results of the
aluminum foam core sandwich specimens, conclusions concerning the
source of a possible loss of mechanical properties could be drawn. In
addition to the mechanical testing procedures, a determination of mass
loss was conducted to verify corrosion damage of the sandwich speci-
mens. To this end, both a chemical cleaning procedure with multiple
cleaning cycles and measurements by X-ray computed micro-tomo-
graphy (uCT) were conducted. A relation between the loss of tensile
strength and Young’s Modulus as well as loss of mass has been pointed
out.

2. Materials

Two different hybrid sandwich panels with varying aluminum foam
core materials where provided for the present work (Fig. 1). The first
core material was an open cell aluminum foam (AlSi7Mg0.3, 10 ppi,
approx. 5% relative density) produced by the company m-pore in Lin-
denberg, Germany. The second aluminum foam core type used was a
closed cell aluminum foam named Alcoras (4 ppi, approx. 8% relative
density) which was supplied by AlCarbon, a company set in Bremen,
Germany.

The closed cell aluminum foam was additionally used in a sand-
blasted condition. By sand-blasting, horizontal cell walls were removed,
creating a lighter aluminum foam structure, somewhat resembling a
honeycomb structure. The mechanical properties were assumed to be
only slightly weaker, as the horizontal cell walls carry less transverse
and shear load as the vertical cell walls. However, some vertical cell
walls were also removed by the blasting process, especially close to the

Fig. 1. Sandwich specimens with Nomex honeycomb core (top), closed cell (middle) and
open cell aluminum foam core (bottom).



Fig. 2. direct PUR spraying process [18].

surface. The blasted foam cores thus bear a significantly lower contact
volume to the face sheets. As the potential of corrosion still exists, the
specimens with blasted aluminum foam cores were nonetheless in-
cluded in the tests.

In addition to the sandwich panels with metallic core material,
hybrid sandwiches with a Nomex honeycomb (ECA9.6-48) core layer
where investigated as a reference. This core material was manufactured
by Eurocomposites in Echternach, Luxembourg. As described in the
previous section, sandwich specimens with the latter core layer do not
contain materials of different electrochemical potential; therefore no
corrosion damage should occur.

The face sheets of the sandwich panels where manufactured using a
modified PUR spraying process as shown in Fig. 2. Woven or NCF
carbon fiber fabrics, provided by Lange + Ritter in Gerlingen, Ger-
many, were loosely placed upon the core material. A robot arm was
used to spray PUR, consisting of the isocyanate PUR 900 and the polyol
PURS569IT (both provided by Riihl Polymer GmbH, Friedrichshof,
Germany), into the mold cavity to avoid fiber misalignment due to the
handling of a wet sandwich assembly. The sandwich assembly was
placed into the mold directly following the described PUR application.
The upper PUR layer was then applied directly onto the upper panel
face area. The sandwich panel was cured inside the closed mold cavity
for 10 min at 60 °C. During this curing process, the PUR foamed and
infiltrated the core layer, creating an interface between face sheets and
core material while also serving as the matrix for the face sheets. This
manufacturing process of sandwich panels allows for an increased
connection surface between core and face sheets compared to com-
monly used adhesively bonded sandwich panels [18]. In case of an
incomplete wetting of the fiber layer through the PUR foam a
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conductive link between the metallic core layer and the carbon fibers
may be created, possibly leading to galvanic corrosion.

3. Experimental
3.1. Corrosion chamber

An accelerated corrosion process of sandwich specimens was
achieved by means of a neutral salt spray test (NSS) as described in DIN
EN ISO 9227. Sandwich specimens were placed inside a climate
chamber where a nozzle was used to continuously spray a 5% NaCl-
solution, creating a corrosive environment. Spraying pressure was set to
1.0 bar throughout the whole experimental procedure. A heating bath
was used to regulate climate chamber temperature which was set to
35 °C. Sandwich specimens were exposed to the corrosive environment
for three levels of time (48 h, 96 h, 240 h), after which they were re-
moved from the chamber, cleaned with clear water and prepared for the
following mechanical testing procedures.

3.2. Flatwise tension test

Mechanical testing of sandwich specimens was carried out using the
flatwise tension test according to DIN 53 292 at standard room tem-
perature. Sandwich specimens with a square base area (50 mm side
length, 20 mm thickness) were mounted in a ZwickRoell ZMART.Pro
universal testing machine with a maximum tensile force of 100 kN
using adhesively bonded loading blocks for force transmission (Fig. 3).

Testing speed was set to 0.5 mm/min. The Young’s modulus was
measured using an un- and reloading cycle which was initiated after
reaching a force of 1000N. For the aluminum foam core sandwich
variants, a minimum of four specimens per corrosion duration level
were investigated, while for the Nomex honeycomb core variants, only

Fig. 3. flatwise tension test assembly.



the maximum corrosion duration level was investigated as no corrosion
was to be expected.

3.3. Determination of mass loss of corroded sandwich specimens

In order to detect possible corrosion damage of sandwich specimens
after exposure to the salt spray environment, a determination of mass
loss was conducted following DIN EN ISO 8407:2014. Three additional
sandwich specimens (75mm length, 25 mm width, 20 mm thickness)
per core type were corroded for 96 h each. These corroded specimens
were submerged in nitric acid (HNO3, =1.42 g/ml) for two minutes
using an ultrasonic bath to assist the cleaning process. Afterwards, the
mass of the cleaned specimen was measured. This cleaning cycle was
repeated until a total number of four cycles per specimen was reached.
Using a linear extra-polation method, the specimen mass without cor-
rosion product could be calculated. By comparing this mass with the
specimen mass before salt spray testing, the mass loss of the sandwich
specimens could be determined.

3.4. Measurements by X-ray computed micro-tomography (uCT)

As an additional method for the determination of corrosion damage,
measurements by X-ray computed micro-tomography (uCT) were car-
ried out on specimens before and after the corrosion process. An Yxlon
Y.CT Precision uCT-System was used. The tube and reconstruction
parameters were the same for each measurement: The tube was oper-
ated at 180kV and a current of 0.4 mA, with a 0.5 mm copper filter.
2700 projections at 500 ms integration time were reconstructed.

The reconstructed image data was evaluated with Fiji [26]. The
scanned images of each specimen before and after the corrosion process
were cut to show the same section. The face sheets were excluded from
the images, as only the aluminum foam was investigated. For binar-
ization, two methods were used: The default setup used in Fiji, and a
manually fixed threshold. The manually fixed threshold was set by
comparing the relative mass density of the aluminum foams to the
volumetric density of the scanned specimens before the corrosion pro-
cess. If a fraction of the aluminum foam was eroded during the corro-
sion process, a difference in volumetric density should be observed
using the described method.

4. Results & discussion
4.1. Visual inspection of corroded sandwich specimens

Following the exposition of the sandwich specimens to the salt spray
environment, these specimens underwent a visual inspection before
further mechanical testing was performed. Fig. 4 shows that all sand-
wich types with aluminum foam core exhibited a significant amount of
corrosion products inside the respective core material, including the
specimens with a blasted core layer.

The corrosion products show a visual similarity to corrosion pro-
ducts detected by [7] in aluminum foam. Especially closed cell foams
showed a large amount of corrosion products inside cells close to the
foam surface. The amount of corrosion products grew with increasing
corrosion duration for both core types. The large quantity of corrosion
product suggests that corrosion processes occurred during salt spray
testing, however, no corrosion damage of any kind, e.g. pitting corro-
sion, in either core type could be found. Sandwich specimens with
Nomex honeycomb core on the other hand showed no signs of corrosion
damage or corrosion products at all, even after 240 h of corrosion time.

4.2. Mass loss
Table 1 shows the results of the mass loss determination using

chemical cleaning procedures for all sandwich types. mg describes the
mass of the specimen before it was corroded. m, describes the mass

Fig. 4. Sandwich specimens with open (top) and closed cell aluminum core layer
(bottom) directly after 240 h of exposure to the corrosive environment.

Table 1
Chemical determination of mass loss of corroded specimens.

Core type No. mg (g) mo (g) m; (g)
1 8.288 8.324 8.319
Open cell 2 9.660 9.678 9.696
3 8.663 8.692 8.697
1 11.952 12.002 12.054
Closed cell 2 11.539 11.606 11.990
3 12.034 12.111 12.336
(48h) 12.49 - 12.57
Blasted (96h) 12.54 - 12.64
(240h) 12.23 - 12.49

after corrosion and before the first cleaning cycle, whereas m; describes
the mass after the first cleaning cycle took place. All but one of the
specimens showed an increase in mass after the first cleaning cycle.

For the blasted cell core specimens, the mass was determined for all
tested specimens, before corrosion and after the ultrasound cleaning
procedure. Table 1 shows the average mass for each increment of cor-
rosion exposure time. The results are in agreement with the observa-
tions for the open- and closed cell foams: All specimens show a slightly
increased mass after the corrosion process.

Fig. 5 shows that the cleaning procedure lead to a successful

Fig. 5. Corroded sandwich specimen with aluminum foam core after the first cycle of the
chemical cleaning procedure, face sheet (top) and core layer (bottom).



removal of corrosion products inside the sandwich sample, however,
the detergent also damaged parts of the aluminum foam structure. In
addition, a yellowish discoloration of the sandwich face sheets resulted
from the cleaning procedure. This discoloration indicates a possible
chemical reaction between the face sheet material and the detergent
leading to the formation of reaction product as well as an increase of
specimen mass.

4.3. Density measurements by X-ray computed microtomography (uCT)

The relative mass density of the aluminum foams inspected by uCT
was 8.3 %. The manually fixed threshold was set to a grey value of 200
(16 bit greyscale image), resulting in an average volumetric density of
8.47 %, approximately resembling the mass density. The volumetric
density determined by the default threshold was 7.34 %.

Throughout all tested specimens, regardless of the time of exposure
inside the corrosion chamber, and valid for both thresholding methods,
the change in volumetric density was less than 1 %.

This agrees with the observations for the determination of mass loss,
where no relevant mass loss could be observed. It can thus be concluded
that the applied thresholding method and the evaluation of volumetric
density is suitable, but the corrosion damage is not visible as an erosion
of the core.

4.4. Flatwise tension test

The stress—strain-curves of the open cell sandwich specimens re-
sulting from flatwise tension tests are shown in Fig. 6(a). One stress
curve for each given corrosion duration is plotted, as is the stress curve
of a non-corroded specimen for reference. After only 48 h of exposure to
the corrosive environment, specimens already showed a distinct de-
crease of tensile strength. With each following step of increasing cor-
rosion duration, a further reduction in tensile strength was noticed.

All tested open cell sandwich specimens exhibited failure inside the
aluminum foam core layer independent of corrosion duration. The
crack was usually initiated at the center core area, followed by uneven
crack propagation through the core layer. The mean tensile strengths of
the open cell sandwich specimens as a function of the corrosion dura-
tion are given in Fig. 7(a). As this graph shows, the reference specimens
reached the highest average tensile strength of 0.94 MPa. Sandwich
specimens, which were corroded for 48 h, exhibited a decrease in mean
tensile strength to 75% (0.70 MPa) of the original tensile strength. After
96 h and 240 h of corrosion duration the average tensile strength was
determined to be 41 % (0.39 MPa) respectively 24% (0.23 MPa) of the
tensile strength previous to the corrosion process. Similar results can be
found for the average stiffness of the open cell sandwich specimens,
which was normalized to the mean stiffness of the reference specimens,

as can be seen in Fig. 7(b). After 48 h of corrosive exposure, no sig-
nificant decrease in mean stiffness could be seen in comparison to the
reference specimens. Further increases in corrosion duration however
lead to a decline in mean stiffness to 77% after 96 h respectively to 54%
after 240 h.

Fig. 6(b) shows the stress-strain-curves of the sandwich specimens
with a closed cell aluminum foam core structure for the respective
corrosion durations. As already observed for the sandwich specimens
with open cell core structure, the highest tensile strength was once
again obtained with the reference specimens. Reduced tensile strengths
were achieved with increasing corrosion duration. Also, a change in
failure mode was detected with increasing corrosion duration (Fig. 8).
While all but one of the five reference specimens failed at the interface
between core and face sheet, a shift towards core failure was noticed
with increasing corrosion duration. Specimens, which were exposed to
the corrosive environment for 48h respectively 96h, exhibited core
failure in two out of five cases, whereas 240 h of salt spray testing re-
sulted in all four of the specimens failing inside the core layer during
flatwise tension testing. Failure at the interface between core and face
sheet always resulted in a sudden drop in the respective stress curve
whereas core failure lead to a rather even decrease of measured stress
during further crack propagation (Fig. 9). In addition, it was noted that
specimens failing at the interface always reached higher maximum
stress levels than specimens of equal corrosion duration failing inside
the core layer.

A comparison of mean tensile strengths of corroded closed cell
sandwich specimens as function of the corrosion time is shown in
Fig. 7(c). Reference specimens reached the highest average tensile
strength (1.96 MPa), whereas corrosion durations of 48 h respectively
96 h resulted in a reduction of mean tensile strength to 64% (1.25 MPa)
respectively 57% (1.11 MPa) compared to the reference. After 240 h of
exposure to the corrosive environment, the average tensile strength was
determined to be 30% (0.58 MPa). Corroded specimens showed a mean
stiffness which was reduced to approx. 90% after 48h and 96h re-
spectively 79% after 240h compared to the reference specimens
(Fig. 7(d)).

As previously described, the sandwich specimens with a sandblasted
closed cell foam core also showed large amounts of corrosion product
inside their core layers after exposure to the corrosive environment.
Therefore, a similar degradation of the mechanical properties of the
sandwich specimens was to be expected with increasing corrosion
duration. However, as Fig. 7(e) shows for the mean tensile strength of
blasted core specimens, this reduction was neither as pronounced nor as
consistent as with the two previously discussed specimen variants. The
reference specimens reached the highest mean tensile strength
(0.77 MPa), while the corroded specimens reached 0.70 MPa and
0.44 MPa after 48 and 96 h, respectively. The last set of specimens,

Fig. 6. Stress-strain curves of open cell (a) and closed cell (b) hybrid sandwich specimens during the flatwise tension test.
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Fig. 7. Mean material properties of blasted, open and closed cell sandwich specimens in dependance of the corrosion duration.

which was corroded for a total of 240h, displayed a mean tensile
strength of 0.56 MPa, resulting in an overall higher value than the two
previous duration levels.

In comparison to the other closed cell core layer specimens, blasted
core specimens showed a significantly lower maximum tensile strength,
more on par with the open cell variants. Also, a relatively large scatter
of measured tensile strengths was observed during the entire test series

with this type of specimens. Due to this scatter of measurements no
significant decrease of tensile strength with increasing corrosion dura-
tion could be determined for blasted core specimen variants. In
Fig. 7(f), the normalized mean stiffness of blasted specimens is dis-
played. It can be seen that there was no significant decrease in stiffness
with increasing corrosive exposure. As with the strength measurements,
the large data scatter obscured any corresponding observations. Crack



Fig. 8. Comparison of failure mode in dependence of corrosion duration for closed cell
core sandwich specimens.

Fig. 9. Stress—strain curves of closed cell sandwich specimens with differing failure mode
after 48 h of exposure to the corrosive environment.

propagation during mechanical testing was predominantly located at
the core-face sheet interface, regardless of corrosion exposure.

The reduction of the mechanical characteristics of open and closed
cell specimen variants after exposure to the salt spray environment
indicates that corrosion processes took place, leading to erosion of the
core material. This assumption is supported by the fact that large
amounts of corrosion product were formed inside the foam core during
salt spraying. However, as already stated, no corrosion damage, e.g.
pitting corrosion of the aluminum foam, could be detected. According
to Ashby [9], a lower ligament thickness t of the aluminum foam ma-
terial would lead to a lower stiffness E, as can be seen in Eq. 1 for both
open and closed cell foams (with E; = Young’s Modulus of the solid
core material, [ = ligament height).

E x Eg )

“

Furthermore, a reduction in ligament width would also result in
higher stress levels inside the core material due to a smaller load
bearing ligament cross-section. Therefore, it seems plausible that the
reduction of tensile strength as well as stiffness was caused by the
corrosive degradation of the aluminum foam. The increasing shift of the
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failure mode of closed cell sandwich specimens towards core failure
(Fig. 8) also indicates erosion of the aluminum foam core. No similar
shift in failure mode could be determined for the open cell or blasted
core sandwich specimens. It seems like the core layer was the weakest
part of the open cell sandwich specimens even in its reference state,
with the corrosive process only further weakening it.

As for blasted core specimens, the observations stated above in-
dicate that the core-face sheet interface was damaged during sand
blasting. This lead to a drastically reduced interfacial strength, resulting
in a weak connection between the individual layers. The large scatter
observed during measurements may also stem from sand blasting, as it
resulted in large foam cells which then lead to inhomogenous specimen
characteristics. Although large amounts of corrosion products were
noted in blasted core type specimens, no significant decrease in me-
chanical characteristics was observed, indicating that the interface
strength was lower than the core strength, even after 240 h of exposure
to the corrosive environment. The consistent crack propagation at the
interface area regardless of corrosive exposure supports the assumption
that salt spraying lead to corrosive degradation of the core layer,
whereas the interface seemed to be widely unaffected by corrosive
processes.

The stress—strain-curves of the tested sandwich specimens with
Nomex-honeycomb core layer are shown in Fig. 10. Both the corroded
and the reference specimens exhibited linear-elastic material behavior
at the beginning of the testing procedure with a sudden drop in mea-
sured stress after reaching the respective tensile strength, accompanied
by material failure inside the honeycomb core layer. The reference
specimen reached the highest tensile strength (1.75 MPa) whereas the
corroded specimens reached 1.63 MPa and 1.47 MPa, respectively. The
absence of corrosion products within this type of specimens indicates
that the decrease of tensile strength likely results from material scatter
rather than salt spray testing. It is possible, that a different amount of
structural elements was present within each Nomex specimen after
cutting the specimens from the sandwich plate. Also, water absorption
inside the face sheet material may have had a negative influence on the
mechanical properties as well, as observed by [12]. The absence of any
significant deviation of measured tensile strength of corroded honey-
comb specimens in comparison to their reference counterparts therefore
indicates that it was indeed galvanic corrosion that affected the me-
chanical properties of the aluminum foam core sandwich specimens.

5. Conclusion

The aim of this study was to characterize the influence of corrosion

Fig. 10. Stress-strain curves of sandwich specimens with Nomex honeycomb core layer
after 240 h of corrosion in comparison to a reference specimen.



on the mechanical properties of hybrid sandwich specimens made out
of an aluminum foam core layer as well as CFRP face sheets. Sandwich
specimens with different types of core material were corroded using the
salt spray test for different levels of time, measured by X-ray computed
tomography, and subsequently tested using the flatwise tension test for
mechanical characterization. To confirm mass loss due to corrosion
damage, a chemical cleaning procedure was used. Flatwise tension
testing of corroded aluminum core sandwich specimens revealed a
significant decrease in both tensile strength and stiffness for two out of
three metallic core types. In comparison to the reference specimens, a
decrease in mean tensile strength to up to 24% (open cell) respectively
30% (closed cell) of the initial value was measured. Measurements of
specimen stiffness showed similar results. The remaining mean stiffness
was found to be 55% (open cell) and 79% (closed cell), respectively. It
is likely that the ligament thickness was reduced due to corrosion da-
mage, which would explain both the reduction of tensile strength and
stiffness. The following assessments support this assumption:

o All of the sandwich specimens with aluminum foam core (open and
closed cell) showed a large amount of corrosion products inside the
core layer, with cells close to the specimen surface being completely
filled with corrosion product. With increasing corrosion duration, a
higher amount of corrosion product was formed. This indicates that
corrosion processes took place, with the precipitation of aforemen-
tioned corrosion products resulting from these. The absence of any
kind of corrosion products within the Nomex honeycomb sandwich
specimens seems to confirm that the corrosion products indeed re-
sulted from the galvanic corrosion of the aluminum core layer, with
no corrosion taking place in its absence. However, no distinct cor-
rosion damage of the aluminum foam structure could be detected
after removing the corrosion product layer. Therefore, a determi-
nation of mass loss was necessary to confirm the corrosive damaging
of the aluminum core layer.

For closed cell sandwich specimens, a shift in failure mode, from
interface failure between core and face sheet layer to core failure,
was detected, indicating a weakening of the core layer due to cor-
rosion. No similar shift could be found for the open cell specimens,
though. Every single open cell specimen failed within the core layer.
The strength of the core layer of the open cell specimens seems to be
lower than the interfacial strength of the core face-sheet interface,
even in its reference, non-corroded state. It can be assumed though
that the exposure to the salt spray environment further weakened
the core layer, while the interface strength did not seem to suffer
any significant strength loss. For the blasted core specimens, this
leads to the assumption that the interface between core and face
sheets was the weakest part of the sandwich due to damaging during
sand blasting. Even after 240 h of salt spraying, the core strength
was still higher than the interfacial strength, leading to crack pro-
pagation at the interface area. While this renders measuring the
extent of corrosive degradation of the core area difficult, it still
supports the above stated assumption that the interfacial strength is
not significantly influenced by corrosion.

In addition to sandwiches with metallic core layers, specimens with
a Nomex honeycomb core layers were also tested for reference. This
specimen type showed only a minor reduction in tensile strength
following the exposure to the corrosive environment. Material
scatter as well as water absorption within the face sheets was
probably responsible for this. These results as well as the absence of
any kind of corrosion product within the Nomex specimens seem to
prove that the reduction of mechanical characteristics of aluminum
foam sandwich specimens indeed results from corrosion.

It was not possible to determine mass loss of corroded specimens
using the cleaning procedure described in DIN EN ISO 8407:2014
due to a chemical reaction between the face sheet material and the
nitric acid. Therefore, additional investigations using the X-ray
computed micro-tomography were performed.
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e The X-ray uCT measurements coincided with the determination of
mass loss, supporting the observation of an absence of erosion
within the aluminum core structure.

In summary, both the strength and stiffness degradation caused by
the corrosion damage could be measured and designated to the core
structure. With increasing corrosion exposure time, the failure mode
shifted from interface failure to core failure, and the stiffness de-
creased. The derived assumption of volumetric core degradation
could, however, not be confirmed. Instead, it could be shown con-
sistently both by mass measurements and by volumetric investiga-
tions, that no core erosion occured on a macroscopic level.
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