Finite Element Validation on Adhesive Joint for Composite Fuselage Model

F. Mustapha

Faizal@eng.upm.edu.my
University Putra Malaysia
Department of Aerospace Engineering
43300 Serdang, Malaysia

A. Shahrjerdi

Alishahrjerdi2000 @yahoo.come
Malayer University
Department of Mechanical Engineering

N. W. Sim

Weisim1984 @yahoo.com
University Putra Malaysia

Finite Element Validation on Adhesive
Joint for Composite Fuselage Model

A novel fabrication miniature composite fuselage structure consisted of a woven composite
laminated with an adhesively bonded butt joint under axial compression loading is
numerically simulated in this research. A Finite Element Analysis (FEA) via
ABAQUS/Explicit was utilized to capture the complete compressive response that predicts
the crushing behaviour and its mechanical strength from initial compression loading until
its final failure mode. A woven C-glass fibre/epoxy 200 g/m? composite laminated (908)
with the orthotropic elastic material properties is modelled as a continuum composite
layup in the proposed numerical model. The adhesively bonded joint progression is
considered using cohesive element technology that allows the correct accounting for the
energy involved in the crushing process. The capability of the bonded joint to withstand
axial crushing impact from debonding failure was examined. This proposed model was
used to observe the crushing load and collapse modes under axial compression impact.
The results that were extracted and computed from the FE modelling have shown a good
agreement with the experimental test.
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Introduction

The disadvantages of the composite manufagtprocess of
filament winding can be formulated in terms of exgee
equipment, long production times and lack of fléiip regarding
the shape of the object to be wound (Koussios, $eag and
Beukers, 2004). Dahdi et al. (2009) successfullyetigped a novel
fabrication technique of a miniature composite fage. The
objective of this novel fabrication was to evalutite possibility of
using combining mould technique to replace the r@pre of
filament winding by integrating woven fibre compesiaminated
with adhesive butt joint to sustain axial compressimpact from
debonding failure. The success of the aforemendomevel
fabrication technique encouraged author on furtheestigation
potential of this novel fabrication technique topiement in real
aerospace world. For the past two decades, arallync numerical
methods have been carried out by many researchasalgse the
crushing behaviour on the composite tube and csitint shells,
considering their crushing response subjects tal aompression
(Chamis and Abumeri, 2005; Vaziri, 2007).

There is also reasonable amount of crushing simaumatork

fiber/epoxy 200 g/mminiature fuselage have been carried out by
Yidris and Mokhtar (2007).

In another research, Mamalis (2006) investigateel ¢hushing
response of square carbon FRP tubes subjectedatit sind
dynamic axial compression using finite element nigue Xiao
et al. (2009) and Zarei et al. (2008) investigated crushing
response of braided composite tubes and thermaplesiposite
crash boxes respectively. Crushing of conical casiips shells
was studied also by Morthorst et al. (2006). Thresearch works
were validated by experimental and numerical cruglsimulation
using LS-DYNA. Eigenvalue analysis to explore thimear
buckling behavior of uncracked and cracked compasitindrical
shells subject to axial compression was carriecbgWaziri using
ANSYS (Vaziri, 2007).

ABAQUS /Explicit as a FEA software is employed ihist
research. According to the literature (Goyal antinkon, 2008;
Yang, Su, Chen and Liu, 2009; Zhang, Chen and 8%
ABAQUS is reliable in performing the non-linear &yws on
crushing analysis. Furthermore, ABAQUS offers cosifmlayups
to facilitate the composite model set up and theestve elements
technology that allows the user to define the nialt@roperties in

done using ABAQUS. Bisagni (2005) studied the dyitam modelling the progressive damage of adhesive bojaletd

buckling due to impulsive loading of thin-walledrban fibre

reinforced plastics (CFRP) shell structures undexiala
compression. The approach adopted is based ongtegiens of
motion, which are numerically solved by using aiténelement
code (ABAQUS/Explicit) and using numerical modelaligated
by experimental static buckling tests. In recentliss by Tafreshi
(2004, 2006), modelling of delaminated compositéinclyical

shells under axial compression was considered aatrial was
assumed to be linear. An experimental investigatima crushing
behaviour of filament-wound laminated cone-coneeriggction
composite shell under uniform axial load and naogdin finite

element analysis using ABAQUS/Explicit on axiallyushed
cotton fibre composite corrugated tubes was presehy Mahdi
et al. (2006; 2001). Tarfaoui et al. (2008) invgated both
experimentally and numerically the dynamic respcarse damage
modelling of filament wound glass/epoxy tubes. Therish

simulation and experimental validation on filamemtund C-glass
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There are many publications available on the bogkénalysis
of filament wound cylindrical shells and tube subjeo axial
compression. To the author’'s knowledge, there isnwestigation
available relevant to the analysis of crushing dhesive bonded
joint in a composite cylindrical shell structure dem axial
compression. In this research, a woven compositegld€s
fibre/epoxy 200 g/fh [90];) is used to fabricate the fuselage
structure. A FEA model on composite cylindricalustures with
adhesively bonded butt joint under axial compressaso is
proposed to investigate the structures’ strengthcatlapse modes.

Experimental Set-up

The first stage in the specimen fabricatioocpss was to cut the
C-glass fabric of type 200 gfmat 90 degree fibre orientation (Fig. 2)
using tailor scissors according to the dimensioshasvn in Fig. 1
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Figure 1. Dimension of C-glass woven fabric of type 200 g/m2 (a=170 mm,
b =447 mm, ¢ =610 mm).

Figure 2. C-glass woven fabric of type 200 g/m?.

It is following by epoxy resin preparation. EP 21@#h curing
agent EP 215 B (weight ratio of resin/curing agert:1), a room
temperature curing epoxy resin, was used as theixmagaterial.
Based on the experimental work, in order to prodaceyood
mixture, the mixed epoxy solution was stirred useny electric
stirrer (Fig. 3).

The fuselage specimen was constructed of eightrdage C-
glass/epoxy fabric skins which were oriented at/{®90/-0] with
respect to the cylinder axis as shown in Fig. 4 Tae fabrication
process involved a novel composite fabrication nesphe which
uses 2 pieces of mould as shown in Fig. 4. Filsgrcthe inside
mould surfaces and applying release agent. Assit@svn in Fig. 4,
each layer of C-glass fabric skin and epoxy resas wequentially
wrapped into the each master moulds up to 8 laydrsuring was
performed under ambient pressure at room temperatur

Combine the moulds and clamp it together. Applyesilre at
the bonded joint and leave it to cure at room tawatpee for at least
one day. After the mould is cured, remove the frarh the master
mould. The finished fuselage specimen is shownign 5. Apply
paint onto fuselage model and cut the fuselage Mmtmeour
specimens with 160 mm length of each (see Fig. 6).
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Figure 3. (a) Resin, Hardener and release agent, (b) resin and hardener
(4:1) was stirred using an electric stirrer.

(d)

Figure 4. (a) orientation of C-glass/epoxy fabric skins at [90/-0/90/-0], (b)
master mould, (c, d) C-glass fabric skin and epoxy resin.

@)

(b) (©

Figure 5. (a) Fuselage layup, (b) Clamping the mould with fuselage model,
(c) The cured composite fuselage section of type 200 g/mz.
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Adhesive Bonded j oint
Figure 6. The finished part of composite fuselage section.

A flowchart of the fabrication steps for fuselagbrication involved
in a novel composite fabrication technique is showfig. 7.

C-glass fabric of type 200 .g:jrf'i:é and
EPOEY preparatl on

| Clean the inside mould surfaces
-and applying release agent

 pplnng hhes el
resin and harderner (4: 1) until

v

| Combine the moulds and
clamp it together

v

| Leaveitto cure a room

ey

temperature for ot least one day

|

| Specimen was cut into 4 pieces-'
with 160mm length

}

Extracting the honded strength
using crushing technigue

Figure 7. Sequences for fuselage fabrication.

FEA Modeling

A fuselage structure FE model of eight-layer conteswith
total thickness of 3.0 mm (0.375 mm for each péyronsidered as
shown in Fig. 8.

The proposed model consisted of two deformablesgfarttwo
fuselage sections, two adhesive layers, and twid sgrfaces as
tools (RS1 and RS2). Fuselage sections are bondédthe zero
thickness adhesive layers along the fuselage e€tige.fuselage
sections and adhesive are modelled as deformalte fheat can
deform under load. Tools are modelled as disciigtd part (RS1)
because they were considered much stiffer thafuselage section.

2 Orthotropic woven C-glass fiber/epoxy 200 g/m? [90g].
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RS1 is assumed to be rigid and is used in contedy/ses to model
bodies that cannot deform. Figure 9 shows the gement of the
components. RS1 is displaced 80 mm downward atrettidn to
crash toward the fuselage section bonded with adhgsint; RS2 is
fixed to hold in a position during axial loadingh& crushing
responses from initial compression loading to fifelure under
geometrically nonlinear deformations are observétie load-
displacement data is compared with the experimeesal
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Figure 8. Sketch of the deformable fuselage section.
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Figure 9. Component arrangement.

To simulate the progressive failure of the damangaiion and
evolution mechanisms, it can be required an ABAQuBlinear
solver to establish equilibrium. Geometric and makeshould be
considered nonlinear during analysis. The geomaeiritlinearity is
due to large strain and large rotation kinematitdleamthe nonlinear
material behavior is due to the degradation ofatikeesive material
properties and the stiffness (Zhang et al., 2088).incremental-
iterative approach is adopted for the nonlineatefielement analysis,
and the Newton-Raphson method is used to trackoéioéng path of
the structure with a displacement-control analy§&oyal and
Johnson, 2008). The explicit dynamic solver in ABA® is more
robust than the implicit standard solver, whicheoftleads to
divergence due to local instability when materiaftening is
experienced (Yang et al.,, 2009). ABAQUS/Explicit as special-
purpose analysis product that uses an explicit mjméinite element
formulation. It is suitable for short, transientndynic events, such as
impact and blast problems, and is also very efficitor highly
nonlinear problems involving changing contact ctods.
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All physical structures are nonlinear because ttiacture’s
stiffness changes as it deforms. The crushing chenstic's
fuselage can be explained by their load-displacemarves (Mahdi
et al., 2006). In finite element modelling, a fineesh typically
results in a more accurate solution. However, aseah is made
finer, the computation time increases. To determthe best
modelling approach to get satisfactorily balancasturacy and
computing resources, an attempt has been made aiesh
convergence study (Table 1). Mesh convergenceidiest for mesh
sizes 3, 5, and 8 mm. The agreement of the FEA exfferimental
results suggests that the mesh used is adequptediot the overall
response accurately. Mesh size of 3 mm will be usedhe
modelling because it is finer and more accurate @galistic to
capture the deformation modes of the structure uodmpression
loading. Figure 10 shows the mesh used for theldgsesections
and solid cohesive element.

Table 1. Convergence study by using different mesh sizes.

Mesh Size(mm) | Mesh Elements Peak Load (kN)
3 11138 78
5 8316 76
8 3444 81
=T,

Figure 10. Fuselage sections and solid cohesive meshing.

FEA Results

The numerical result obtained by using ABAQUS/Egiplwith
the cohesive elements for the deformation modes adi-
displacement is shown in Fig. 11 and Fig. 12.

Load-displacement Curve

Axdal Force (kN)

Displac ement (mim)

Figure 11. Load-displacement diagram from FEA model.
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Figure 12. Collapse modes from FEA model.

At the beginning of the loading process, the apgpliead
increases linearly up to the point 2, where the imar load is
reached, which is 78 kN at 2.4 mm displacementerAfbhat, the
experimental load-displacement curve and the nwalerioad-
displacement curve drop off sharply to point 4. padint 4,
debonding was observed between the fuselage sectianng
compression of 5.2 mm. The collapse modes (numtsrgach
stage are shown in Figs. 11 and 12.

Quasi-Static Crushing Test

The quasi-static crushing test was performed by MBS kN
machine. The testing machine heads comprised tatiargary and a
moveable head. The drive mechanism was capabfepafriing to the
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moveable head a controlled velocity of 10 mm/mithwespect to the reaches the maximum load. This failure is assatiaieh the matrix
stationary head. The load-sensing device was capélidhdicating the micro-cracking failure and fracture of fibre-mattirnd.

total load being carried by the test specimen. feidlB shows the

arrangement of the fuselage section on the teatie®y Specimen was FEA Validation

tested under axial compression loading until feildfhe purpose of
this test is to validate the proposed FEA model.

Figure 13. Quasi-static testing using MTS machine with deformation photos
of test case.

From the test results, the load and displacemetd deere
captured and tabulated. The load-deformation respatong with
its corresponding deformation photos for the coritpofuselage
section specimen under quasi-static lateral compresload is
shown in Fig. 14. The load increases linearly uittileaches the
maximum load of 77 kN at approximately 3.79 mm defation. As
the crushing load increases the fuselage beginsuttle and the
walls of the fuselage section start to bend. Fractines are
developed at the right and left of the fuselagdiseas the load
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The agreement between the experiment and numeesalts is
good throughout the loading process (Figs. 14 &)d The trend
during crushing loading for both experiment and etigal is very
similar. At the beginning of the loading procedse pplied load
increases linearly up to the point where the loaaximum is
reached. After that, the experimental load-dispteeet curve and
the numerical load-displacement curve drop off glyarat
approximately the same displacement.

For visual comparison of the peak load value atiby the
experiment and the numerical analysis, the peakl It the
experiment specimen is 77 kN and 78 kN for numeériesults. The
error in percentage of the peak load between tperexent and the
failure theories used to simulate the progressamape is found to
be 1%. The collapse modes and crushing behaviourbéth
experiment and numerical results are found coedléfable 2).

= Hpecinen 1

—FEA

[ 0 0 30 40 50 50 0 50

Lasd Dis plac ement fmm)

Figure 14. Load-displacement diagram experimental test vs. FEA results.

Table 2. Discrepancy (%) between FEA and experimental (test case 1)
peak load.

Test Peak load (kN)|  Displacement (mm)
FEA simulation 78 2.4
Experiment test 77 3.79
case
Discrepancy (%) 1 37

Conclusion

In this research, a novel fabrication of a miniat@omposite
fuselage structure (C-glass fiber/epoxy 200 2g/fi®0]s) is
considered. The numerical and experimental analgsesompared
to verify the acquired results. The crushing load eollapse modes
under axial compression impact are examined anc Vi@ind to
have good correlation with the experimental testcdnclusion, the
main findings and results of the previously desadimumerical
simulation and its correlation with experimentauis agreed well
with each other, and the following summary can éduted:
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¢ Finite element analysis using ABAQUS/Explicit idabo
reproduce satisfactorily the load-deflection reggothat
was observed in the series of the experimental svork

¢ Finite element simulation results pertaining to thain
crushing characteristics (i.e. peak load and crrstrgy
absorption) were very close to the experimentalltes

Mustapha et al.

Dahdi.l.Edi, Y., Mustapha, F., Zahari, R., 20090W&l Fabrication for
Tubular and Frusto Conical Composite Product foro8pace Application”
Conferences Proceeding of Aerotech lii Kuala lumpur

Goyal, V.K., Johnson, E.R., 2008, "Predictive SgterAFracture Model
for Composite Bonded JointsComposite Sructures, 82(3), pp. 434-446.

Haji Yidris, N., Mokhtar, A.M., 2007, "Crush Simtian and
Experimental Validation of a Composite Unmmaned i#lerVehicle

e A reliable FEA model to predict the adhesive jointFuselage Section”, Universiti Putra Malaysia, pfh61.

fabrication miniature composite fuselage structuneler
compression was successfully developed.

¢ Adhesive joint was successfully modelled by usingf:

Koussios, S., Bergsma, O., Beukers, A., 2004, iieiat Winding. Part
1: Determination of the Wound Body Related Parars&t€omposites Part
Applied Science and Manufacturing, 35(2), pp. 181-195.
Mahdi, E., Mokhtar, A., Asari, N., Elfaki, F., Abtkeh, E., 2006,

cohesive element to predict adhesive behaviour angioninear Finite Element Analysis of Axially Crusth Cotton Fibre

strength.

In view of the information obtained from the praobke
encountered throughout this research, it can betiomesd the
imperfections such as a geometric imperfection twhiway be
included in the finite element code in order touwel errors and get
better finite element results. It can be noted teé#fects of
interlaminar could be included to investigate thegpessive failure
on the composite structure in future work.

Figure 15. Collapse modes for experimental test vs. FEA results.
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