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Abstract — Recently, there has been a growing trend towards an ever greater use of composite
materials in aircraft structures. This necessitates a search for effective ways of joining these
materials. The desirable characteristics of such joints are predominantly high strength and low
mass, both of which are features offered by rivet nuts. The study was conducted on one type of
glass fabric material, from which two types of composite specimens were prepared. Each
specimen used the same type of fibre of the same number of 3 layers, yet of different lay-up.
Specimens were joined with aluminium alloy and steel rivet nuts to produce single and multi-row
parallel models of riveted joints for further testing and analysis. The specimens were clamped in
the grips of tensile machine and subjected to a tensile strength test. In the work, the course of the
forces in the rivet nuts joint and the failure modes and effects of joint failure were analysed. The
distribution of vertical displacement was examined according to the joint material and two fibre
orientation variants. To determine the distribution of displacements, the FE (Finite Element)
method was used. Upon completion of the experimental stage, the obtained results were subjected

to comparative analysis. Copyright © 2020 The Authors.
Published by Praise Worthy Prize S.r.l.. This article is open access published under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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l. Introduction

Composite  materials are  widely used in
manufacturing, e.g. in aerospace applications, owing to
their high specific strength and stiffness. The use of
composites plays an increasingly important role in the
development of aircraft and astronautic technology. The
constant development of the composite technology has
gradually led to their application in integrated composite
aerostructures, with the major advantages of the method
including: a reduction in the number of parts and the
primary structural weight assembly cost e.g., in civil
aircraft, the number of composite elements in an
American Boeing 787 amounts to 50% of the total
number of parts, and in military aircraft, the composite
structure has been used in the forward fuselage of the
American F-35 Joint Strike Fighter; furthermore, a co-
cured skin structure and vertical web are used in the
European EP-2000 with a view to substantially
improving the validity and reliability of the structural
integrity of the aircraft [1]. There are two leading joining
methods used in composite structures: mechanical and
adhesive [2], [3]. Riveting remains one of the main
joining methods in thin-walled aircraft structure
applications. There are several reasons for the lasting
popularity of riveting: simplicity of implementation,
possibility of connecting heterogeneous materials (e.g.
metallic with non-metallic ones) and the fact that it is a
well-established (and reliable) method. The persistent
striving to obtain as low mass as possible (mainly to
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reduce fuel consumption) is the reason for using material
of high specific strength in the aerospace industry [4].

Mechanical joints, such as riveting, have several
advantages and disadvantages compared to adhesively
bonded joints, such as: in joining composite parts,
mechanical joining requires rivets or/and bolts through
holes, which introduces stress concentrations, ultimately
leading to possible failure, whereas adhesive joints do
not require holes and they distribute the load over a
larger area than mechanical joints. However, they are
highly sensitive to surface treatment, operating
temperatures, humidity, and other environmental
conditions [5].

Il. Research Methodology
I1.1. Review and Aim of Study

Currently, there are many publications in the literature
on composites using in aviation manufactures [6]-[8] and
mechanical composite joining [1], [2], [9], [10]. There
are few publications on joining by means of rivet-nuts
[11]. There are also no models of FE rivet-nut joints. The
aim of this study was to determine the feasibility of
riveted joints of composites. The paper focuses on Glass
Fibre Reinforced Plastic (GFRP) composites in the
context of joining by means of riveted joints of two types
of rivet nuts. The tensile tests were conducted to analyse
force v displacement in composite joints and the effect of
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damage models developed in the materials. Numerical
models were built and enabled the distribution of vertical
displacement to be obtained. Conclusions are presented
at the end of the work.

I1.2.  Composite Specimen Preparation

Specimens were made of Interglas 92140, a
heavyweight twill cloth certified for the aircraft industry,
of twill 2x2 structure and high density and weight (2.55
g/lcm® and 390 g/m? respectively). Each specimen used
the same type of fibre of the same number of 3 layers, yet
of different lay-up. The composite specimens were
created of oblique and parallel/perpendicular fibres and
were fabricated by the hand lay-up technique [12] in an
autoclave, according to the manufacturer’s recommended
curing procedure. Two series of specimens were
prepared, differing in terms of fibre orientation. Table |
shows the data from the specimens for ordering purposes.

In the process of lamination, the adhesive epoxy resin
Epidian 53 was combined with Z-1 hardener at a 10:1
ratio by weight. Upon application of the adhesive, the
specimens were subjected to heat treatment to improve
their mechanical properties. The post-cure process
followed the recommended time and lasted for 8 hours at
60 °C. The volume-fibre ratio was established, and was
estimated at approx. 58%. The test samples’ (Fig. 1)
dimensions were 220x100 mm and thickness of
approximately 1 mm. Rivet holes of &6 mm diameter
were drilled in the middle of the test area. The distance
between the centres of the holes (pitch) was constant —
20 mm. The length between the edge of specimens and
centres of the rivet holes was equal to 50 mm. The test
area dimensions were 120x100 mm. The fixed part of the
specimen was placed in the tensile machine.

The joint formed with two GFRP composite
specimens with the same fibre orientation was produced
with a single-riveted joint (Fig. 2) in a single-lap model.

Between one and three rivet nuts were used in each
joint. The rivet nuts dimensions were M4/6, and were
made of two different materials — aluminium alloy
(AlMg5) and zinc steel (St).

TABLEI
DESCRIPTION OF TEST SAMPLES

Fibreglass type Orientation Icon  Series number
X !
+ [

fixed part of sample

Laminate code
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Fig. 1. Geometry parameters of the sample
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Fig. 2. Rivet-nuts connection between composite samples

1.3.

The aim of the experiment was to conduct a series of
tests on the tensile machine INSTRON 8516. The rivet
nut joint samples were subjected to a tensile load applied
at a speed of 0.05 mm/s and to a distance of up to 10
mm. During the tensile test, the displacement and the pull
force were registered. Three types of riveted joints,
differing in the number of rivet nuts and type of substrate
material (aluminium and steel), were tested in the
experiment.

Test Procedure

I11.  Analysisof Tests Results

I11.1. Force Analysis

Pull force v displacement for connections depending
on the type of rivet nuts is shown below. For aluminium
(Figs. 3) and steel (Figs. 4), rivet nut graphs were shown.

Diagrams for aluminium fasteners depending on fibre
orientation (series I and 1) for one up to three rivet nuts
are also included below (Figs. 3 (a)-(c)). In general, the
curves show a distinct division into three parts. Firstly,
the graphs show a clear inflection point near the middle
of their length. The first part of the curve shows a large
inclination angle, which indicates high stiffness modulus
in joined composite specimens. Secondly, the stiffness
modulus is smaller.

The shape of the curve for each configuration of the
fibre orientation and the number of rivet nuts is similar.
When using a combination of one and two rivet nuts,
depending on the fibre orientation, the failure (the shear
of rivet nuts) occurred at a displacement of approx. 3.5-4
mm. This distance shows some dependence on the acting
force. Variations in the force of each series circuit,
depending on the fibre orientation, are negligibly small
(approx. 80 N). Generally, after reaching the maximum
value, a drastic drop in force was observed until it
reached zero (approximately zero). The final drop in
force corresponds to joint failure, the force to flatten the
walls and, consequently, to produce shearing of the rivet
nuts. The vertical line indicates that a single rivet failure
occurs at the same time and it depends on the number of
rivets.

The force acting on the joint was therefore distributed
throughout the joint, and not carried by a single rivet.

Graphs for steel rivet nuts depending on fibre
orientation (series | and Il) for one-to-three rivet nuts can
be viewed in Figures 4(a)-(c).
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The three-step process is noticeable. In the first phase,
the diagram shows the rapid quasi-linear increase of the
force to the point of its inflection. It probably defines the
phenomenon of rupture of the boundary layer (the First
Ply Failure — FPF [13]). The second phase of the curve is
between the point of FPF and the next point of its
inflection: it represents the limit at which the composite
destruction is connected with the transmission by a
combination of forces. Between the characteristic points
of inflection, the function reaches its maximum. The
third cycle of the curve is a rapid decline in the value of
power together with the lack of its portability by the
examined rivet nuts connection. The phenomenon of the
rapid decline in the value of the force is due to
disconnects. The comparison of curves, depending on the
orientation of fibres, leads to two observations. In test
series 11 (red colour), rigidity is greater — a greater angle
of inclination to the axis Ox of the first phase of the curve
(quasi-linear increase in the force). Specimens of this test
series exhibit higher values of the maximum force. Their
differences for the same number of connectors between
the first and the second test series are respectively — 260
and 440 N. It may also be noted that the values of
maximum forces, relative to the number of connectors,
are dependent in such a way that they are approximately
the product of their number and the maximum power for
a single joint.

The maximum force values for aluminium and steel
rivet nuts are summarised in the following table (Table
).

Based on maximum values collected in the table, it
can be concluded that for test series Il, the maximum
forces are higher and do not depend on the type of rivet
nut material. The differences in the results are greater for
steel fasteners and averages 80N for aluminium joints,
and about 350 N for steel rivet nuts. Generally, the
maximum forces for steel fasteners are 40% higher
compared to the aluminium joints. Despite the significant
difference in weight (AIMg5 = 1.55¢, St = 0.53 g), it
gives the designer an alternative choice. In the case of
aircraft structures, which may necessitate using as many
as 1 million of such fasteners, the selection of joint type
is decisive to the mass of the structure.

I11.2.  Failure Analysis

In composite materials, four types of failure modes
can be identified, such as: bearing (B), net-section (NT),
shear-out (S) and cleavage (C) [14]-[16].

TABLE Il
MAXIMUM FORCE VALUES DEPENDING ON THE NUMBER
OF FASTENERS AND TYPES OF RIVET NUTS

Max force values [kN] depending on number the of

Series number rivet nuts
1 rivet nut 2 rivet nuts 3 rivet nuts
AIMg5 rivet nuts
| 1.89 3.85 -
1l 2.15 4.29 7.87
St rivet nuts
| 1.40 2.45 3.90
1 1.35 2.62 -
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Figures 5 show the consequences of failure in the
tested composite joints. Figure 5(a) shows the failure of
AIMg5 joint connectors. Here, bearing (B) occurred,
caused by the connector bush. As a result, it was
disconnected by rivet nut shear. Composites remained
without visible external damage and rivet holes in probes
and the surrounding area were not destroyed.

Figure 5(b) shows the types of failure, which in the
analysed case concern composite samples. There are
clear signs of a number of fibre breakages, local
delamination and cracking of the matrix with propagation
along the direction of reinforcement. The connector in
this joint shows no visible damage.

111.3. Displacements Analysis

In the presented work, the Finite Element (FE) method
was used to determine vertical displacements (ey). The
3D models of joints of GFRP composite materials were
formed by means of rivet nuts composed of three
laminates of 0.36 mm thickness. The contact (rivet hole —
fasteners) with coefficient friction p 0.25 was
modelled. The model also included the preload,
corresponding to the connectors’ clamping force. The
model employed 3D SOLID186 elements defined by 20
nodes with three degrees of freedom per node.
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round holes

N
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Figs. 5. Damage of connection for (a)
aluminum fasteners (b) steel rivet-nuts
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In discretisation, the analysed area was divided freely,
with the density of the area around a previously defined
contact. The results of the analysis, depending on the
fibre orientation and that of the rivet nut material, are
shown on maps with vertical displacement in the figure
below (Figs. 6). The maps were generated for quasi-
maximum pull force, obtained from the experiments.

(d)

Figs. 6. Distribution of vertical displacements (gy) depending on fiber
orientation and fasteners material for (a) aluminium, | series; (b)
aluminium, 1l series; (c) steel, | series; (d) steel, | series
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The results do not exhibit any significant changes
regarding the fastener material; however, differences
occurred with respect to the orientation of the
reinforcement. Series | of the test samples shows a larger
tension area above the joint compared to series Il
(compare Figs. 6(a), (c) and Figs. 6(b) (d)).
Characteristic displacement distributions of oblique
fibres corresponded to the orientation of fibres. In both
series, there is a clearly visible material compression in
the area above the rivet holes, which was caused by the
deformation of the rivet nut collar. The compression is
also present below the fasteners. For series |,
deformation is elongated, while in series Il it is shallower
and wider. The observed distribution patterns result from
the directional reinforcement of the laminate material.
Extreme (maximum and minimum values) vertical
displacement of composite connections recorded in each
series and material fasteners are collated in Table I1I. The
results appear to show a general tendency for the steel
fastener to succumb to a greater extreme displacement
than the aluminium rivet nut; furthermore, the recorded
displacement values are also higher in test series I. The
discrepancy in results (between series | and Il) could be
safely attributed to fastener material and fibre direction
used in tested laminates.

TABLE Il
EXTREME VERTICAL DISPLACEMENT OF COMPOSITE
JOINTS IN SERIES AND FASTENER MATERIAL

Displacement (ey)

Series number

min min
AIMg5 rivet nuts
| -0.02 0.0258
1 -0.0185 0.0324
St rivet nuts
| -0.0187 0.0249
1 -0.0107 0.0214

IVV. Conclusion

The choice of rivet nut material leads to differences in
force diagrams as a function of crosshead displacement
of the tensile testing machine. For aluminium rivet nuts,
the diagrams show joint failure. For steel rivet nuts, it is
the connection material, i.e. the composite which fails.
Maximum values recorded in tests prove that rivet nuts
show considerable potential for use in industrial
applications including the aerospace industry and as
fasteners in aerostructures. As regards the strength-
weight ratio of the connectors, whether they should be
applied in a particular case remains a designer’s decision.

It was shown that in the case of aluminium rivet nuts;
this is the connector that is likely to be destroyed,
whereas in steel fasteners it is the composite material.

The mechanical damage and delamination propagation
in this case are equally dangerous for the joint structure,
which is a critical characteristic for the aerostructure
applications in particular. The FE method, employed to
compare the distribution of vertical displacement in the
composite materials showed that the distribution is
largely dependent on the tested laminates’ fibre
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orientation, whereas the connector material shows a
lesser effect. Work will be continued towards damage
prediction and into establishment and practical
application of destruction criteria.
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