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Abstract

Composite materials are a key element in weightuecBdn strategies, so assembly of
composite modules and connections between compsitenetallic structures is of great
importance. But few of the standard adhesive tests suitable to characterize bonded
composite assemblies. An adaptation of a modifi@drAfixture can be used to obtain the
response of hybrid bonded assemblies (metal-adhesmposite-adhesive-metal) provided
certain conditions are respected to limit the iefigce of edge effects. Experimental results
underline the influence of various parameters om dlt-of-plane strength of the composite.
Some test results, showing the potential of theaggh, are presented in the form of failure
envelope curves for proportional monotonic out-laiRe loadings. The proposed test also
allows the influence of cycling loadings to be guad.

1 Introduction

The use of composite materials is a key elemeahergy reduction strategies, particularly in
all areas of transportation. Therefore, the studihe behavior of assemblies of composites
and connections between composites and metallictates, including bonded assemblies, is
of great importance. Complex 3D loadings are neddeanalyze the response of both the
assemblies and the composites. Moreover, failulmmded assemblies involving composites
is often associated with crack initiation in thénasive or delamination of the composite plies
close to the adhesive joint caused by interlamioarthrough-thickness stresses [1-2].

Unfortunately, few experimental devices are prodosethe literature to characterize the

mechanical behavior of composites under out-of@léadings. Experimental studies are
often performed using simple lap shear type spetsn@-4] which are associated with large
stress concentration [5-6], even if some geomethage been proposed to reduce the
influence of peel stresses [3, 7]. Other experimlempproaches use thick composite
specimens which are not always representative cafsitnial applications and require special
geometries [8-10]. For such thick composite spensnéhe geometry of the specimen, the
fixing system, and damage generated by machinimgresult in stress concentrations and
large uncertainties (or scatter) in the experinenesults [11]. Ideally, to obtain experimental
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results representative of industrial applicatiadhsye is a need on one hand to use composite
plates with quite low thicknesses [12], which aasyeto manufacture, and on the other hand
to apply a large range of tensile-shear loadings1{4].

This paper describes an experimental device, usimgodified Arcan test, and optimized
hybrid bonded assemblies, which limit the influentedge effects [14]. This test allows the
mechanical behavior of both composites and hybethiftomposite bonded assemblies to be
analyzed under a large range of proportional tersdiear out-of-plane loadings. Moreover, it
is important to note that failure can occur in tmmposite, in the adhesive joint or at the
composite-adhesive interface according to the liexssiear loading ratio. An optimization of
the adhesive must be performed, especially undsardbadings, as the shear strength of the
composite can be higher than that of the adhe&ixperimental results show that the fiber
orientations, the characteristics of different gli@and the surface preparation all have an
influence on the out-of-plane strength of compasaad of hybrid bonded assemblies. Test
results, showing the potential of the approach,psesented in the form of failure envelope
curves for proportional out-of-plane loadings. Mmrer, some experimental results under
cyclic loadings with different positive load ratiase also presented in order to analyze the
behavior of industrial applications. This study reskt possible to optimize the strength of
hybrid bonded assemblies.

2. Analysis of hybrid bonded assemblies

The first tests performed using hybrid bonded as$ies (steel, aluminum and composites)
have shown a similar behavior to that of the adiegsising the proposed procedure [15].
Different studies have shown that large stressusamigies, associated with edge effects, can
exist for bi-material structures. For bonded asd@mlinvolving composites those effects can
limit the transmitted load considerably. The adbhesiomposite interface influences the
assembly strength, and makes it difficult to analirze behavior of composites under out-of-
plane loadings [14]. The fixture proposed here nialgze the behavior of hybrid bonded
assemblies with composites is presented in figuke domposite plate is bonded between the
two metallic substrates. The area of the bondedioseds 65 x 10 mrh and a special
alignment fixture is used in order to obtain ensyoed quality of the geometry of the bonded
specimen (Figure 1).

Substrate

Adhesive

Composite H
Adhesive ( D
Substrate
d
a) geometry of bonded metal/composite assemblies teng)le-shear loading

Figure 1. Experimental fixture with mixed bonded assembly

Numerical and experimental results indicate thattest fixture is suitable for obtaining the
response of hybrid bonded assemblies (metal-adhesimposite-adhesive-metal) provided
certain conditions are respected to limit the iafice of edge effects: i.e. thin composite plate,
substrates with beaks, thin adhesive with clearsslddges [14]. Figure 1 presents the fixture
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designed to analyze the behavior of composites ruskdear-tensile out-of-plane loadings.
Moreover a composite plate larger than the sulestrigtused [12].

The key advantages of this fixture are the testihthin composite plates and the use of an
adhesive to fix samples. Thin composite plates @ften representative of industrial
applications, and the design of the proposed fixallows the influence of edge effects to be
reduced, in order to obtain more reliable experit@esults. An optimization of the adhesive
choice must be performed in order to obtain failrhin the composite, not in the adhesive
nor at the composite surface; especially underrsloeaings, as the shear strength of the
composite can be higher than that of the adhedp |

3 Experimental resultsfor different composites

The different experimental results presented infdtlewing have been obtained using the
epoxy resin Huntsman Araldite® 420 A/B with a joint thickness of 0.1 mim order to
optimize the mechanical behavior of the joint [1&Juminum substrates are used for all the
mechanical tests. Composite plates with a thickoéadout 2 mm have been used in order to
limit the influence of edge effects.

Composite Ply sequence Thickness (mm)
A [G +/-45°, 3 (C1 +/-45°), G +/-45°] 1.64
B [G +/-45°, C2 0°, C2 90°]s 1.96
C [G +/-45°, 2 (C2 0%)]s 1.94
D [5 (C1 +/-45°)] 1.64
D* [5 (C1 +/-45°)] 1.64
E [6 (C20°)] 1.90
G: Glass satin prepreg 1454/49%/300g/m?
C1: Carbon 0/90° prepreg G0803/M10/42%/3K/285g/m?
C2: Carbon UD prepreg UD/M40J/R367-2/38%/300g/m?
Table 1. Properties of different composites tested.
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Figure 2. Influence of the composite type on the failuredainder out-of-plane tensile loags=(0°) and
tensile-shear loady/ € 45°)

Using a non-contact measurement system based ayeic@relation, the modified Arcan
device allows the relative displacement of the substrates to be analyzed (in the normal,
DN, and tangential, DT, directions) with respecthe prescribed tensile-shear loading (in the
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normal, FN, and tangential, FT, directions). lingortant to note that the direct analysis of
the adhesive deformation is quite complex. For lednthybrid assemblies, the relative

displacement measured corresponds to the deformatithe adhesive and of the composite
plate.

In order to analyze the influence of the manufacotuiprocess of the composite, different

composite plates, typical of those produced fom@gachts, have been analyzed (table 1).
Material A, B, D and E have been manufactured iraatoclave with metal plates on both

faces in order to obtain similar surfaces usin@aautical type curing (curing at 120° under a
pressure of 7 bars for 2 hours). Material D* hasrbenanufactured using a more usual
boatyard environment condition (i. e.: curing ad1Qnder a pressure of 1.9 bars for 6 hours).
The difference between materials D and D* is ohly¢uring process.
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Figure 3. Failure envelopes in the normal stress—tangesitiess diagram for the adhesive, for different
composites and for a bonded assembly under oulaokgdoadings

Figures 2 and 3 present a summary of experimeasalts for hybrid bonded assemblies. For
each material, 3 or 4 tests have been performet, failure always in the composite. Figure
2a show the results for the different compositeemalts presented in Table 1 under tensile
loads /= 0°). It can be seen that the scatter in theltess larger for material C, perhaps
associated with the plies at 90° (thus, in theofeihg, a failure envelope is not presented for
this material). Failures are observed at the fibatrix interfaces for material B, C and E and
by delamination for material A and D. For such logg materials A and D are more efficient;
use of woven reinforcement increases the out-afelatrength of the composite. Other
experimental results under out-of-plane tensiledl$ofoad-displacement curves and failure
modes) can be found in [14]. Figure 2b presentsdbalts for composites D and D* under
tensile-shear loady € 45°);F represents the transmitted load. For these cotepositerials,
lower scatter in the results are obtained undesileeshear loads than under tensile loads.
Figure 3a presents the fracture envelopes for dhesave used and for composites presented
in Table 1 (aeronautical and naval type qualitid$le envelopes are plotted in the normal-
shear average stresses in order to facilitate tla¢ysis. The average stresses are obtained
using the average normal and tangential comporients given load direction and the ai®ga

of the bonded sectior5(= 650 mm?);o and 7 represent respectively the normal and shear
stresses. It has been shown that such a defin@fotne failure stress is appropriate for
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experimental results with the modified Arcan fixdurfor metallic-adhesive-metallic
assemblies using a ductile adhesive [15]. A moeeipe definition of failure stress requires
the use of an inverse identification technique aden elastic behavior the stress state is not
homogeneous in the assembly. It is interestingote the difference between composites D
and D*, for which only the curing processes ardedént (pressure and temperature). These
results underline that the strength under monotanitof-plane loadings can be strongly
influenced by the load direction (influence of thermal and tangential load components).
Moreover, the failure envelope is completely detaed for composite D* and only partially
obtained for composite D. For material E (with UD the x direction) a complete
determination of the failure envelope is also aledi while for material A the failure
envelope is partial.
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Figure 4. Load-displacement curves for the different ouplafne loads for bonded assemblies
with composite D

Figure 3b presents the failure envelope for contpoB, which is obtained for loadings
characterized withy O [0°, 60°], as fory [0 [60°, 90°] failure does not occur within the
composite. The failure envelope of the assemb#jss presented, which occurs at the matrix-
adhesive interface. These results indicate thatpteeence of the composite increases the
strength of the adhesive, especially close to th#riradhesive interface. As the adhesive
thickness is low, a mixing of elements betweenrttarix and the adhesive can increase the
adhesion. Therefore, it is important to search dtrer adhesives with higher mechanical
properties and to analyze in more detail the imftge of different parameters (nature of
materials, curing process ...) on the behaviohefmatrix-adhesive interfaces. Nevertheless,
it is important to note that failure can occur ire tcomposite, for numerous out-of-plane
tensile-shear loads, or at the composite-adhesitexface, depending on the tensile-shear
loading ratio. Thus one can define the fracturestope for hybrid bonded assemblies, which
Is an important point for their design.

Figure 4 presents the load-displacement diagramhfdirid bonded assemblies with the
composite D, for different loadings € 45°, 60°, 75° and 90°) in the normal and tanigént
directions. The displacement represents the relatisplacement of the two aluminum
substrates; thus, it includes the deformation ef cbmposite and that of the two adhesive
layers. These results show the influence of thection of the tensile-shear loading on the
behavior of the assembly. A complete analysis es¢hexperimental results requires the
development of inverse identification techniquesagsdinite element models in order to
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identify the nonlinear behavir (plasticity, damage) of the composite and of dlabesiv-
matrix interface under out-gflane tensile-shear loads, assugnthe mechanical behar of
the adhesive to be known.

The analysis of the faite modes, for composite D (Figu5), shows the influence of tt
direction of the tensilehear load in the case of monotonic loads. Faikiecated in the
middle plane bthe composite for loadings characterized vy [0 [0°, 45°]. Beyond this
when the shear part of the load increases (ingrgaxiangleyup to 90°) the locezation of
the failure ¢ close to the adhes-matrix interface.

a) y=0°, 15° and 3(
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Figure5. Failure mode for composite D with respect todfrection of the tensi-shear load

4 Behavior under cyclic loadings

The aim of this first stage of an ongoing projextic analyze the mechanical beher of
hybrid bonded assemblies under more complex histagings, in order to take into accol
industrial type applications.
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Figure 6. Behaviorunder tensile o-of-plane loadings for the adhesive and for hybrid lsahaissemblies wit
composite D
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Some out-of-plane tensile cycling test results wlifferent positive load ratios are presented.
First, figure 6a presents the behavior of the agkamder tensile cyclic loadings (this test is
performed with an aluminum-adhesive-aluminum as$gmBuring the cyclic loading, an
anelastic deformation of the adhesive is observiediwdepends on the mechanical loading.
For such tests the scatter in the results is doite other results can be found in [15].
Secondly, figure 6b presents experimental resudtaguhybrid bonded assemblies (i.e. an
aluminum-adhesive-composite-adhesive-aluminum asisgnt-or these tests the material D
has been used with different positive load rattogure 7 presents the failure mode within the
composite for such tests. For such assembliesddter in the experimental results seems to
be larger, especially for the number of cycles teeftailure. Perhaps, these results are
associated with the influence of defects in the posite material. More tests have to be done
in order to complete the preliminary study and ctamentary analyses have also to be
developed to understand and model the mechanichavimr of such hybrid bonded
assemblies under complex out-of-plane loadings.

Figure7. Failure mode of the composite D under tensileadtfitane loadings

4 Conclusions

Numerical and experimental results indicate thatrttodified Arcan test fixture is suitable for

obtaining the response of hybrid bonded assemiffiestal-adhesive-composite-adhesive-
metal) provided certain conditions are respectdati the influence of edge effects: i.e. thin

composite plates, substrates with beaks, thin adhésyer with cleaned free edges. This test
allows the mechanical behavior of both composited hybrid metal/composite bonded

assemblies to be analyzed under a large range ogiogironal tensile-shear out-of-plane

loadings. The key advantage of this fixture, usmyrid bonded assemblies, is to strongly
limit the influence of edge effects. Moreover,stimportant to note that failure can occur in

the composite, in the adhesive joint or at the cmsitp-adhesive interface according to the
tensile-shear loading ratio. An optimization of theéhesive must be performed, especially
under shear loadings, as the shear strength ofdimposite can be higher than that of the
adhesive. Experimental results show that the fiventations, the characteristics of different
plies, and the surface preparation all have aruenite on the out-of-plane strength of
composites and of hybrid bonded assemblies. Thidysinakes it possible to optimize the

strength of hybrid bonded assembilies.

More work is underway to clarify the role of compesdamage mechanisms in hybrid

bonded assemblies with composites, especially uoydic loadings. In order to characterize

the damage evolution in the composite under oytlarfie loadings, appropriate measurement
techniques are being developed, in order to analyay small displacements. Inverse

procedures must also be developed in order toitd@eaccount the non-linear behavior of the
composite [16] and of the adhesive [17], as thesstrstate is not homogeneous for the
proposed Arcan type test.
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