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Abstract

To achieve weight reduction of structures, comjgos#trbone fabric materials are used extensively in
various industrial applications such as aerospadeaatomotive. Their high mechanical performances
and good fatigue durability offer advantages comgéan more traditional metallic materials. To be
able to design composite structures, it is necgdsacharacterize their behavioliroften leads up to
hybrid solutions combining composite materials andtal components. The assemblies can be
mechanical junctions based on rivets, screws dsbiglost studies in this field are focused aroure t
hole drilled composite mechanical behavior. Thaeefahere are currently no design rules for
predicting fracture of bolted bonds on thermoptabtised composite substrates. The bolted assemblie
principle is to introduce and maintain axial loadai fastener, so we are investigating the out-affigl
behavior of thermoplastic composites. An experirakestudy of the compliance of thermoplastic
laminates using inductive displacement transdutemesented. Meanwhile, numerical simulations
based on a 3D finite elements analysis have besized to understand the assembly out-of-plane
behaviour and have then been compared with expetaheesults. Results are promising but not
enough to draw a general conclusion therefore éurstudies need to be done to find the ideal design
rules answering conception specifications.

1. Introduction

Bolted joints are widely used in many industriattses like the automotive industry or aeronautical
structures. These mechanical junctions have afl@dwantages, they are easy to disassemble for
maintenance or inspection purposes, and benefih faolong return on experience with metallic
assemblies and are fast to clamp. Another advamifdgalted joints is the robustness to environmenta
conditions.

Composite materials appear to be a promising @t to metallic materials and have taken more
and more importance in many industrial sectors oEg®ace, energy and automotive industry).
Consequently, new design challenges appear witintlieasing use of composite materials. We need
to define new design rules for composite materialssafeguard a good functioning of this new
generation of mechanical junctions. Composite meageare anisotropic so their behaviour lead to
complex failure mode [1, 2]. The design and behagfametallic bolted joints have been completely
investigated in the past decades, for exemplehénGerman bolting guideline VDI 2230 [3]. These
studies are primarily based on empirical approaares analytical formulas. However, it was the
development of finite elements which led up to maceurate models. For example, we can quote the
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studies of Wileman [4], Guillot [5] or Massol [6]The design rules established in these
recommendations are valid for metallic assembligsniot directly applicable to composite materials.
Bolted joints induce stress concentrations andodiscuities localized around the hole and under the
washers. To design correctly these mechanicalipmstwe have to know the behaviour under several
loading configurations, both in-plane and out-cds#. The in-plane behaviour of composite bolted
joints has already been extensively studied. Theniaof authors have limited their work to shear
tests (single or double lap specimens). Theseesudcus on the experimental identification and the
modelling of bolted joints damage or pinned holé8]. The influence of design: tightening effect,
clearance and washer effects have been also sti@i€].

In this paper, a new approach for compliance cati is presented for thermoplastic laminates thi
approach takes into account the various geomepa@meters and the material properties in the case
of axial loading. Three-dimensional finite elemeff&M) computations are conducted to compute the
apparent compliance of the subassemblies usinghargye criterion. Then, results are compared to
previous studies and validated by an experimepiaiaach.

2. Compliance of fastened plates
2.1. Methodology

In this section, extensive numerical and experidestudies are conducted to investigate the out-of-
plane behavior of bolted joints. More generally, asmed to evaluate and to measure the compliance
&, of clamped parts for the out-of-plane axial logdiar thermoplastic laminates. Indeed, in the VDI
guideline [3], the principal parameters used toigies bolted joint with an axial loading and to
calculate6p are :D,, dy,, dp, dy,, Ly, Ey andgy, see Fig. 1.

Dy Nomenclature The complianced,, of concentrically
Fastened ) clamped parts for the case

Part D, Diameter of the fastened part Dy, > Deone

\\ i d,, Washer diameter

2 d;, Bolt hole diameter (1)
b | 8, Part compliance

3 ‘" &, Bolt compliance oln (dy + dp)(dy, + Ly tan @ — dy)

L

_ (dw — dp)(dy + L, tan @ + dy,)

» Length of the assembly 5,

¢ Deformation cone angle Epmdy, tan ¢

Young’s modulus with

tan = 0.362 + 0.0321n (ZZ—”W) +0.153In (Z’—i)

Figure 1. Schematic representationabolted joint loaded in tension and principal paeters used in the
empirical model [3] for the axial loading.

The calculation of the compliandg of the parts preloaded by the bolt are governethbyclamping
region and more exactly by the deformation condeapgThis cone angle of the deformation solid

is not constant. The parabolic deformation solighett®ls on the material structure (isotropic or
anisotropic), and so of the compliance of conceally clamped parts. Another point concerns the
main dimensions of the plates. To adjust VDI forasuto thermoplastic composites, we need to re-
evaluate the cone’s shape. From finite elementyaisalwe propose a new approach to calculate the
axial compliance of clamped parts based on homaggain procedure and an energy equivalence.
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2.2.  Materials’ properties and RVE FE modelling

First of all, to calibrate the FEM, we use a flégisotropic material, the Aluminium 7075T6. Thenai

is to create several reference points betweenEhmdédeling and the current VDI formulas. Secondly,
after this validation, two woven thermoplastic laates were tested, a T700/PA66 and a GF/PA6. All
the material properties are summed up in the fotigwable 1 and table 2.

P E1l E22 E33 G12 GI3 | ollm o22m  ol2m
(gem® | (GPa) (GPa) (GPa) | "2 "B VB | (Mpa) (MPa) | (MPa) (MPa) (MPa)
GF/PA6 1.8 22.4 21.5 57| 0.17 0.17 0.12 1840 1840 404 390116
T700/PA66 | 1.43 53 51 65| 0.07 0.07 0.02 1960 1960 785 725 150

Table 1.Undamaged material properties : GF/PA6 and T7068PAThermoplastic composites Dynalite®.

p (g.cn)

v

E (GPa)

Re (MPa)

Etan (GPa)

2.81

0.33

70

331

26.9

Table 2. Material properties : Aluminium 7075T6.

The out-of-plane Young’'s modulussFndicated in table 1 are obtained through an erpemial
campaign. To confirm these first experimental rissule propose to investigate another option with a
FE modelling of the RVE. Analysis of this problesnoroached but not fully explained in this paper.

STRESS

Figure 2. RVE 3D FE modelling : a) generation of textile gadrit model using TexGen and b) mechanical
analysis performed with X-FEM.

The procedure is composed of two main parts. Tisedine concerns the geometrical modelling of the
woven composites RVE, and it was developped withénTexGen software. The second part concerns
the finite element model and analysis of the RVEg avas performed using the extended finite
element method (X-FEM) homogenization process [XEFEM is suited to treat problems with
material discontinuities and complex interfaces likis RVE. The levelset approach is used to track
the positions of the material interfaces on thelm@se levelset values are interpolated on theefini
element mesh, and the location of the interfacésdsn the matrix layers and the yarns is obtained b
looking for the iso-zero of the levelset. The getrgnef the RVE is represented with a levelset that
interpolated on a level 6 octree mesh. We can'ttisedrictional sliding at the fiber-matrix intedas
with this method but we can observe the stressodigmuities shown in Fig. 2. (b). The X-FEM
results are compared with experimental resultsaaadhown in table 3.

T700/PA66 GF/PA6
E33 (MPa) X-FEM | Experiment| X-FEM | Experiment
7300 6500 6400 5800

Table 3. Comparaison between X-FEM and experimental results
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2.3.  Finite element model development to determirtbe compliances,,

In this section we show that we can find the coamges,, from a finite elements analysis and an
energy criterion defining the elastic resiliencetiod assembly, and especially, for the clampedspart
In this case, to define a volume of interéstwe propose to use the iso-zero value of the vetum
elastic deformation energy reduced to the out-aftpl componenkEy;; = 033633. Then, with this
elastic deformation energdyps3, the equivalent complianag, can be deduced by an energy balance
formula. This compliance can be calculated usimegfdfiowing relations :

(2)
(3)

With F the axial load, and U the axial displacemdun¢ to clamping. From Eq. (2) and (3), one can
deduce :

Epss = er 033€33 AV
and
ED33 = FU

U Jyr033€33dV
6p = F = F2
F

LLLLL

(4)

Consequently, the equivalent compliangg is calculated by

extractingEpz3. This approach is advantageous since it does not

require the displacement along the axis. Besidés simple and

accurate since the elastic deformation energy iscipely

estimated with the finite element software. Thdtdirelement
modelling was developped under the finite elemesftware
Cast3M. Radial translations along the part areraigstd. The
bottom of the assembly part is restrained in disgi@ent along z
axis and the load is applied by a pressure atapet the part. The mesh, the geometry of the model
and the boundary conditions are showkigure 3

Figure 3. Finite element mesh and
boundary conditions.
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Figure 4.a) Validation of 3D FEM model, b) and c) displacemantl stress distributions respectively.

For the aluminium parts, the curves presented g¥Fishow an excellent match between the results
from VDI 2230 guideline and our finite elements rabdising the proposed energy criterion.
Decreasing flexibility values are observed with itherease of the outer diameter of the parts @ntil
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threshold value initiating a plateau. This behawiobiange is explained with the truncation of the
deformation cone. The calculation error betweeséh®svo appoaches is around 1 %. On the other
hand, for the thermoplastic composite T700/PA6#, ¢hror between VDI 2230 recommandation and
the FEM is around 17 % for ,D= 48 mm. This error comes from an overestimatibthe clamped
part, and so, the angfein the VDI guideline.

2.3. Experimental validation

To complete the FE model, numerical results havenbsompared to experimental ones from an
experimental campaign. The analytical results (ating to VDI2230 under COBRA V6 software),
FEM calculations (under Cast3M) and experimentsiite are presented in Fig. Fhis summary Fig.

5. a) shows a good agreement between these tlpesaapes.
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Figure 5.a) Comparaison of results between VDI formulas, FEM experimental results. b) experimental
setup.

3. Preload efficiency factorh and load introduction factor p for thermoplastic laminates

3.1. Introduction

We have now completed our study of bolted jointd #e out-of-
plane behaviour with the verification of the inittansion in the Afer separation
bolt. To adapt the bolted joints design for thertasfic laminates,

we need to ascertain, in addition to the compliafcehe preload
factor\ which depends o, the load introduction factor. Not onl
a correct preload is important but we need to kaaa control the
service loads on the bolted joint. The behaviour tbése
mechanical junctions can change quickly for therastc
laminates with moisture, creep, temperature, underations, 1= B
cyclic loads, etc. In the case of an axial loadiagd a 6p +0p
concentrically clamped jointh is obtained from the formule <
indicated in Fig. 6. The aim of this section isréappraise these

parameterg andp for the thermoplastic laminates. Figure 6. Schematic representation of
the preload effect.

Until the joint separates
F,=Fo+AF

Bolt Tensile Load F,
]

Applied Tensile Load F
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3.2. Procedure

The joint tested in the experimental investigaimshown in Fig. 7. Two bolt testing fixtures maafe
high strength steel are clamped with a bolt andita @ne fixture is fixed at one end and an axial
loading is applied at the end of the other fixturke bolts used in the experiments are made o$ clas
8.8. The washers are made of 42CrMo4 steel. Tha bpading, the stroke (the displacement of the
bolt testing fixture) and the clamping force areasweed continuously throughout an experiment with
two inductive displacement transducers (Wl 5 mng anpiezoelectric force washer (CFW/50 kN)
respectively. In these experiments, one levelghfténing torque is used and the bolt’s preloadiegpl
wasF;, = 8 kN. The tensile tests were carried out on aigstatic testing machine INSTRON 5584. A
3D FE model of the setup is also proposed in amlgerify the experimental results.

=

TR
PNV A S Y vy,
SRR RS

Figure 7.a) 3D FE model and b) experimental setup to detegrtie preload factdrfor g ~ 1.

3.3. Results

The test conducted for each experimented configurat repeated three times for repeatability
verification and contact surfaces accomodation. Ppheload factorh is obtained with a linear
regression applied on the last measure, test 3umtildd kN for the applied tensile load, see HMg.

a) 10000 b)
—Test1
Test 2 /
9500 1 —Test 3 /
—LRTest3
Z 9000 I p=1
3 / "
2 8500
2 / l B~0
2 a
]
9 3000 4:/ ~ T
@
Linear regressiony = 9,23E-03x+7,95E+03
7500 T
7000
0 2000 4000 6000 8000 10000

Applied tensile load (N)

Figure 8.a) Experimental results of the identification of pradiofactorh. b) Schematic representationlofd
introduction factos for the axial loading.
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The numerical and experimental results are showmdtogram plots in Fig. 9. Several noteworthy
observations can be made :

» First, forp = 0 andp = 1, a good concordance is noticed between the iexpetal and
simulation results for the aluminium and the theptastic laminates.

» Secondly, the difference of thevalues between the aluminium and composite pags a
larger forp = 1 thanp ~ 0. This result was expected frandefinition, see Fig. 6.

0,25
Configurations
WExpB=0  WFEM B=0
2,1E-01
Exp B=1 N FEM B=1 2,0E-01
1,9€-01 2,0E-01
0,2 2,0E-01 LoE01 1,901 2,0E-01
f 0,15
o
]
o
£
k-]
]
o
E 0,1 9,1E-02
8,4E-02
7,8E-02
6,9E-02
0,05
1,1E-02 1,1E-02 1,4E-02
1,26-826-02 866080 9,903 s SE:';E‘“ 9,2€-03 1,1E-02
, AREH emill smNE =ull amtH mlE
Aluminium Aluminium FG/PA6 FG/PA6 T700/PA66 T700/PA66
D=21mm D =48 mm D=21mm D =48 mm D=21mm D =48mm

Figure 9. Identification anccomparative analysisf preload factoi
for aluminium and thermoplastic laminates : experntal and numerical results.

4. Conclusion

Axial compliance of the various elements in a llfeint is an important criterion for problems
related to such assemblies such as the tightemiglp,athermal stress and fatigue calculations. This
paper presents a strategy to adapt the desigrdijoltés guidelines to thermoplastic laminates.FD
analysis based on an energy criterion is proposethlculate the compliance of fastened parts. The
experimental and numerical results confirm the irtgpace of the cone angle to define the
compliances,, of clamped parts for a concentrically axial loadifihen, the study is oriented around
two main parameters, the preload facdtcand the load introduction fact@ir The experimental and
finite elements results change markedly with thedlotroduction position and then with the material
properties. These first results between an isatr¢pluminium 7075T6) and orthotropic materials
(GF/PA6 and T700/PA66) enable us to improve thessital formulas in the bolted joint
recommandations.
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