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Abstract
This paper presents a detailed experimental study on carbon fibre (CF) polyether etherketone (PEEK) composite fasteners 
designed to join conventional high performance composites (CFRP). The failure mechanisms of two CF-PEEK fasteners 
with countersunk heads joining two laminate plates in a single-lap configuration were investigated under static (tensile) and 
cyclic loading (tension–tension). The failure process of the bolted joints is described in detail using acoustic emission and 
microscopic cut views. For comparison the CF-PEEK fasteners were replaced by metal fasteners (Titanium) under the cor-
responding conditions and loadings. The experimental results are in good agreement with the newly developed “closed-form” 
model up to the damage point of the joints. This enhanced analytical approach is a closed-form extension of the spring-based 
method, where bolts and laminates are represented by an arrangement of springs and masses. The model covers in all vari-
ables influencing the joint behaviour, such as fastener position, joint material, fastener type, hole diameter, joint thickness, 
bolt-hole clearance, and bolt torque.
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1  Introduction

In the past decade, the civil aviation industry has seen 
breakthrough in the use of composite materials for pas-
senger airplanes. Composites are favoured because of their 
low weight, high material stiffness and superior fatigue per-
formance. The two market leaders Airbus and Boeing have 
introduced new aircraft models, as the A350 and the B787 
respectively, which have their primary structure made from 
Carbon Fibre Reinforced Polymers (CFRP).

While materials have evolved, basic techniques used to 
fix/hold these structures together remain largely unchanged. 
In aircraft industry fasteners—made of steel or titanium—
are widely used to join CFRP structures. Opposite to adhe-
sive bonds they are removable and permit access to the inte-
rior of the structure for inspection or repair purposes.

However, the inevitable holes in the structural compo-
nents lead to stress concentrations. Further, the large number 
of fasteners results in a weight penalty. Additionally, the 

difference in the electrical potential conditions between the 
composite laminate and the metallic bolts results in galvanic 
corrosion. To overcome weight and corrosion problems of 
the metal fasteners, the idea of using fasteners made of com-
posite materials arose.

In literature only few information can be found on CFRP 
fasteners. R. Starikov and J. Schön compared the quasi static 
and fatigue behaviour of titanium and composite fasteners. 
They found that titanium fasteners performed better under 
static loading, but under fatigue loading (up to 106 load 
cycles) both CFRP and titanium fasteners fail at about the 
same maximum stress level [1–4].

Reworked designs and production processes of the CF-
PEEK-fasteners, suggest that the composite fastener has 
improved. This leads to a much wider field of application. 
Therefore, a deeper understanding of the failure mechanisms 
in static and fatigue loading is essential. Detailed investiga-
tions on composite bolted joints describe their failure pro-
cesses in response to several key features such as clamping 
force, coefficient of friction, clearance/fitting tolerance, joint 
geometric details and laminate lay-up [5, 6].

In the bolted laminates microscopic failures can be 
detected at an early stage long before the finale fracture will 
occur. The failure process in quasi-static loading starts with 

 *	 M. Schuett 
	 martin.schuett@tuhh.de

1	 Institute of Polymers and Composites, Hamburg University 
of Technology, Hamburg, Germany

http://orcid.org/0000-0002-2858-5851
http://crossmark.crossref.org/dialog/?doi=10.1007/s13272-018-0334-z&domain=pdf


566	 M. Schuett et al.

1 3

matrix cracking followed by fibre fracture in form of kink-
bands in the laminate plates. When increasing the load on 
the joints, delaminations begin to extend from the borehole 
[7–9]. In addition, damages due to wear of the laminate sur-
faces around the area of the bolts are observed in fatigue 
loading [8, 10, 11].

Due to the eccentric loading of a single-lap joint, sec-
ondary bending is introduced into the joint, creating a non-
uniform contact stress distribution between the bolt and 
the borehole edge. The result is a shear and tension force 
on the bolts [6]. For the failure of the CF-PEEK-fastener, 
three different failure modes can be detected due to the 
combined load case of shear and tension: Inter fibre failures 
in the contact area of the two laminate-plates, a shear of 
the countersunk head from the bolt and inter fibre fracture 
starting from the tooth flank after the first pitch [12–14]. 
The literature overview has shown that the failure process 
for composite bolted joints with steel or titanium fastener 
systems is already described in detail [15]. Based on these 
research results static and cyclic load tests with single-lap 
shear specimens are performed in this study, to describe the 
failure mechanisms of all CFRP-joint in detail.

For the design of bolted joints many design variables 
need to be considered. Variables which influence the joint 
behaviour are the fastener position, joint material, fastener 
type, hole diameter, joint thickness, bolt-hole clearance, and 
bolt torque.

Moreover, bolted joints represent areas with localized 
stress concentrations. Due to little stress relief by defor-
mation around the holes, bolted composite joints can fail 
catastrophically upon extensive loading and tend to limit the 
structural integrity and load carrying capacity of an aircraft 
structure [16].

Design approaches determining the load distribution are 
often very conservative. Often numerical approaches are 
used to model the joint behaviour in detail, which easily 
becomes an ambitious problem [4]. We have addressed this 
problem by the expansion of an analytical method to give 
efficient design for all CFRP-joints. Tate and Rosenfeld [17] 
introduced a spring-based method to calculate the load dis-
tribution for double-lap joints with isotropic material proper-
ties for the fasteners. This method was extended by Nelson 
[18] to include anisotropic materials and single-lap joints 
into the calculation. Based on the analytical approaches of 
Tate and Rosenfeld, Nelson and Barrios [17–19], McCarthy 
[4, 16] and Liu [20] introduced a design optimization for 
the spring-based model of multi-bolt joints by taking torque 
and friction effects between the laminates and the bolt-hole 
clearance into account. A more detailed investigation on the 
influence of secondary bending is performed by Olmedo 
using a more complex analytical model [21].

Countersunk fasteners are of great interest for use in skin-
structure joints where aerodynamic efficiency is important. 

Single-lap joints mounted with countersunk fasteners result 
in a significant stress concentration and involve a highly 
complex stress distribution in the laminates [22–24]. Egan 
introduced a highly detailed analysis of the stress state for 
countersunk hole boundary, which studies the influence of 
the clearance on the stress state extensively [25].

For the optimization of bolted joints spring-based meth-
ods [16–18] are a very effective approach. In this study, 
an effective approach is presented to model the mechani-
cal behaviour based on the current spring-based method 
[18]. Most of the main design variables are considered, 
with particular focus on implementing material properties 
and mechanical interaction between CF-PEEK-fastener and 
jointed CFRP laminates.

The acoustic emission (AE) method is employed to char-
acterize the failure process. The AE investigations rely on 
the principle that events of certain failure modes create a 
defined acoustic signal. A literature review shows that three 
main techniques are basically used to characterise AE sig-
nals: (a) classification according to a signal parameter, (b) 
classification according to serval parameters using pattern 
recognition techniques and (c) classification according to the 
extensional flexural mode content [26–31].

The AE-signals are collected from several standard sin-
gle-lap-shear (SLS) tests with quasi-static and fatigue load-
ing and analysed to get a more detailed view on the failure 
process of the bolted joint. First, the frequency content of the 
signals recorded in each test is analysed. Secondly, classifi-
cations of the failure process due to counts and true energy 
are correlated to the failure process.

2 � Material and experimental procedure

2.1 � Material and geometry

Single-lap shear (SLS) tests, based on ASTM D 5961 [32], 
are performed using specimens composed of two like halves 
fastened together through two centreline holes using two 
countersunk fasteners. The specimen half according to 
the drawing in Fig. 1, are composite plates consisting of 
a HEXCEL carbon fibre/epoxy material system (HexPly 
M21/35%/198/T800S) with quasi-isotropic layup [45/90/-
45/0]2S. The laminates are cured according the manufac-
turers recommendations in an autoclave process for 2 h at 
T = 180 °C and a pressure of 5 bar. After curing all plates are 
proved to void free by ultrasonic C-scan. The nominal cured 
ply thickness of 0.19 mm was measured resulting in a total 
thickness of the CFRP-laminate of tL = 3.04 mm. According 
to the standard, each specimen is mounted with two fasten-
ers and the dimensions of the specimens are related to the 
diameter dH of the borehole (see Fig. 1). The width of the 
each test specimens is set to bL = 30 mm.
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Jaws clamp the test specimen at its ends and apply the 
quasi-static and cyclic loads. Taps ensure an optimal load 
transmission into the specimens from the clamping system. 
A doubler to each grip avoids eccentric loading. The holes 
in the test specimens are drilled with countersink drill-
ers from the company Klenk GmbH & Co. KG, Germany. 
They have a patented [33] fibre cracker on the drilling tool 
and distinct drilling parameters are used (driving speed 
4000 1/min/feed 0.05 mm/ref), to minimize delamination, 
chip-out fibres and degradation of matrix due to overheat-
ing in the borehole edge.

In this work, three types of fasteners are tested consist-
ing of bolt and nut:

•	 1/4″ CF-PEEK-bolt and -nut (IM7-fibre/PEEK-matrix) 
with countersunk head, shank diameter d = 6.3 mm, mass 
bolt M = 0.99 g, mass nut M = 1.5 g

•	 3/16″ CF-PEEK-bolt and -nut (IM7-fibre/PEEK-matrix) 
with countersunk head, shank diameter d = 4.8 mm, mass 
of bolt M = 0.52 g, mass nut M = 0.53 g

•	 3/16″ Titanium-bolt (Ti-6Al-4V) and steal-nut (302HQ) 
aerospace Hi-Lok series with countersunk head, shank 
diameter d = 4.8 mm, mass bolt M = 1.1 g, mass nut 
M = 1.2 g

The CF-PEEK-fastener systems for this study are manu-
factured in collaboration with the company icotec (Swit-
zerland). Bolts and nuts are produced in a composite flow 
moulding process which is presented in detail by the work 
of Togini [34], addressed especially for this type of fastener. 
Detailed studies by Togini provide a good inside on the com-
posite flow moulding process [34] and the mechanical prop-
erties of the CF-PEEK-fasteners [35, 36]. Mechanical prop-
erties of CF-PEEK fasteners are dependent on their internal 
architecture of the fibres. Whereas the fibre orientation of 
the out layers are affected by the contour of the fastener 
whereas the orientation of the inner layers is depended on 
the production process. The CF-PEEK fastener is divided 
into three category groups such as contour, transition and 
axially oriented fibres (see Fig. 2). In the area of the central 
axis, the fibres (white) are mainly axially oriented. In the 

Fig. 1   Geometry of specimen 
half for single-lap shear test 
with two fasteners according to 
ASTM D 5961 [32]

Fig. 2   Fibre orientation of the 
CF-PEEK fasteners with three 
category groups contour ori-
ented fibres, transition oriented 
fibres and axially oriented fibres
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transition zone the fibre orientation is quasi three-dimen-
sional. In the in groove of the thread an axially orientation 
of the fibres is visible. The thread consists of a helical fibre 
orientation, which results from the matrix flow process dur-
ing production [36].

Each specimen is mounted with two fasteners. Torques 
vary with regard to the used fastener system (see Table 1). 
According to the data sheet the 3/16″ Ti-fasteners are 
mounted with a torque of 10 N m. The fastening torque for 
the 3/16″ and 1/4″ CFRP-fasteners is set in consultation with 
manufacturing company icotec to values that no inter fibre 
damages occur during assemble of the specimens. Therefor 
3/16″ CF-PEEK-fasteners are all mounted with a torque of 
2 N m and for the 1/4″ CF-PEEK-fasteners 4 N m fasten-
ing torque is used. The different fastening torques for each 
fastener system lead to different pre loads for each specimen 
configuration. The coefficient of friction �KB

 in the contact 
areas between bolts and laminate and between the laminate 
plates are estimated for each fastener configuration based 
on values from similar joint configuration in the literature 
[37, 38].

Parameters for the laminate plates and the CF-PEEK-
fasteners are obtained by mechanical tests and a calculation 

with the software ELAMX2 (see Table 2). These test are 
performed in accordance to ASTM Standards for tensile 
loading [39] and compressive loading [40]. Based on sim-
ple compression and tension tests of the CF-PEEK-bolts, the 
young’s modulus for the CF-PEEK Bolts is determined. For 
the countersunk head of the CF-PEEK-fasteners the young’s 
modules EBK is estimated by 80% as a fitting factor of the 
modulus for the shaft (see Table 3). This assumption is made 
in this work to take the observed fibre structure within the 
area of the countersunk head (see Fig. 2) into account for the 
following calculations.

2.1.1 � Testing procedure and measurement set‑up

Figure 3 demonstrates the parameters and the correspond-
ing methods of the test program for the investigation of the 
failure mechanisms of SLS-joint in quasi-static and cyclic 
loading. The test results are used, to fully describe these 
new type of CF-PEEK-fastener system in a SLS-joint by an 
enhanced analytical model. The focus in this paper is the 
description of the failure process for the CF-PEEK-fastener 
and set their performance in relation with the Titanium-
fastener. Furthermore different examination methods, such 
as AE-Analysis and fractographic investigations techniques 
according to Greenhalgh [35] are used.

For the static tests, SLS-joints are loaded in a Zwick 
Roell 100 kN universal testing machine with a constant 
crosshead speed of 1.5 mm/min. The ultimate failure load 
is measured directly as the peak load. The fatigue loading 
tests for the three different specimen configurations are 
performed with the stress ratio R = σmin/σmax = 0.1 using a 
100 kN servo-hydraulic test machine (Instron GmbH). The 
test frequency was set at 5 Hz to prevent internal thermal 
heating, which might cause degradation effects by the fric-
tion between the two laminate plates. All experiments are 
performed at a room temperature of T = 23 °C and ambient 
relative humidity of 50%. All test results are presented in 

Table 1   Input date to calculate 
the pre load of the joint

Fastener �
K
B

�
B

ϱ
B

d
2
B

 (mm) d
K
B

 (mm) MVK (N m)

3/16″ Ti 0.31 3.3° 13.8° 4.4 8.1 10
3/16″ CF-PEEK 0.3 3.3° 14.7° 4.4 8.1 2
1/4″ CF-PEEK 0.3 2.9° 14.7° 5.7 10.2 4

Table 2   Input data for joint spring models for the laminates

tL;LE bL,LE lL lLE dH

Geometry
 For 3/16″ 

bolt
3 mm 30 mm 28.8 mm 33.8 mm 4.82 mm

 For ¼″ 
bolt

38.1 mm 44.85 mm 6.37 mm

Homog-
enised 
laminate 
proper-
ties

Ex Ey Ez Gxz νxy

60.26 GPa 60.26 GPa 6.77 GPa 4.84 GPa 0.3

Table 3   Input data for joint 
spring models for the three 
investigated fasteners

3/16″ Ti-fastener 3/16″ CF-PEEK-fastener 1/4″ CF-PEEK-fastener

Geometry dB hBK ϕB dB hBK ϕB dB hBK ϕB

4.8 mm 1.4 mm 100° 4.8 mm 1.4 mm 100° 6.35 mm 1.6 mm 100°
Parameter EB EBK νB EB EBK νB EB EBK νB

110 GPa 110 GPa 0.3 44 GPa 32.2 GPa 0.3 44 GPa 32.2 GPa 0.3
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force–displacement curves or force over cycles diagrams. 
Force, displacement and the term stiffness have in this con-
text not the meaning of a material property as the SLS-spec-
imen represents a structural part.

2.2 � Experimental instrumentation

For quasi-static tests the elongation of each specimen is 
measured with an inductive extensometer clamped to the 
specimen (Zwick Roell, Germany). In fatigue load tests, the 
alternation of length is measured with a contact free laser 
extensometer from Fiedler Optic, Germany. To detect the 
AE-signals a simple set-up is used, consisting of two wide-
band differential (WD) AE sensors operating from 100 to 
1.000 kHz, clipped to the specimen as displayed in Fig. 4. 
Detected AE-signal are amplified by 20 dB and process by 
a PCI-2 measuring board implemented in a Micro-II from 
the Mistras Group (Germany).

Consequently, tests are stopped at certain AE-events and 
inspections of the microstructure are analysed to character-
ize the distinct failure modes. As inspection methods for 
the failure modes of the joints ultrasonic C-scans, X-Ray 
and light microscopy on cut views are applied. To obtain 
the cut views for this purpose, in tension loaded specimens 
are prepared by polished cut images in the cross section in 
loading direction of the joint.

3 � Results and discussion

This chapter is divided into three main parts:

•	 Test results of quasi-static SLS tension tests for the three 
types of fastener systems and detailed discussion.

•	 Analytical model to calculate the system behaviour of 
an SLS-joint with CF-PEEK-fastener in the undamaged 
range of loading.

•	 The degradation process for the CF-PEEK-fastener under 
fatigue loading is described and discussed.

3.1 � Failure process of SLS‑joints under quasi‑static 
loading

Representative force—displacement curves of the SLS ten-
sile tests with either 3/16″ Ti-fasteners, two 3/16″ CF-PEEK-
fasteners or ¼″ CF-PEEK-fasteners are shown in Fig. 5. 
From the overall behaviour it can be stated that the Ti-fas-
teners bear higher loads than the corresponding CF-PEEK-
fasteners (3/16″ size). Whereas the CF-PEEK-fasteners with 
¼″ in diameter carry about the same max. load, resulting in a 
CF-PEEK-weight saving of 4% compared to the Ti-fastener.

In the load case in which all joint partners are in full 
contact, the slope of the force/displacement curves between 
0.3 and 0.5 mm, indicate that the stiffness of specimens with 
CF-PEEK-fasteners is up to 30% lower than for specimens 
with Ti-fasteners.

3.1.1 � Description of failure process of SLS‑joints using 
acoustic emission

Taking a more detailed look on the load–displacement 
behaviour of the joint up to a load of 6000 N (Fig. 6a), 
the changes in the stiffness of the joints can be correlated 
for each fastener configuration to the five stages of joint 
behaviour classified by Stocchi et al. [5]: no-slip, slip, 
full contact, damage and finale failure (see Fig. 6b). The 
experimental results differ from theory: Due to stick–slip 
effects in the joint, tolerances of the borehole and its posi-
tion and fastener geometry the different stages are not as 
distinct as presented in the literature. However, the stages 
no-slip, slip and full contact can be dedicated in Fig. 6a.

Fig. 3   Test program performed: Investigation on the failure mecha-
nisms of CFRP Single-lap shear joint; a only in quasi-static load tests 
and b only in cyclic loading tests

Fig. 4   Test set-up: SLS-joint 
with two fasteners and mounted 
AE-sensors
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In Fig. 6a the no-slip stage is the frictional connec-
tion and has the highest stiffness for all three fastener 
systems. Thus within this region the stiffness of the joint 
only depends on the stiffness of the laminate plates. The 
maximum of possible load transfer by the joint is cor-
related to the applied clamping force of the bolt and the 
coefficient of friction. Therefore, joints mounted with Ti-
fasteners and torque of 6–10 Nm are capable to bear higher 
loads than the joints mounted with CF-PEEK fasteners and 
smaller mounting torques.

When the maximum load transferred by friction is 
exceeded, the plates start to slip by the amount of the clear-
ance between the bolts and holes. The slip stage for the 
three configurations depends on the geometric properties 
of the joint. The transition between the joint loading stages 
exhibits a smooth change in stiffness for all fastener con-
figurations, as shown in Fig. 6a. Several effects affect this 
behaviour of the joint. As the laminate plates start to slip, 
a change from static to kinetic friction causes a change in 
the slope. Furthermore, different geometry properties of fas-
teners, holes and the distortions of primary and secondary 

Fig. 5   Comparison of SLS-
specimens with different 
fastener systems: either Ti-
fasteners or CF-PEEK-fasteners 
in a load displacement diagram

Fig. 6   a Joint behaviour for loads below 6000 N, of SLS-joints with 
different fastener systems, comparison of Ti-fasteners with CF-
PEEK-fasteners (section from Fig. 5). b Five stages classified in the 

joint behaviour, the first three stages correspond weakly to the stages 
of the test results in the left figure [5]
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bending lead to an increasing contact area between the joint 
partners. Therefore, the transition between the stiffness of 
the slip stage and the full contact phase appears to increase 
smoothly. The stiffness of the fastener perpendicular to the 
load axis, has a high impact on the trend of the stiffness in 
the full contact stage. For the three configurations different 
stiffness trends are clearly visible resulting from the shear 
modulus of each fastener (see Table 3). The shear stiffness 
of a titanium fastener is higher than the shear stiffness of 
the CF-PEEK-fasteners. The two distinct stiffnesses of the 
joint with a ¼″ CF-PEEK-fasteners can be explained with 
the semi- and full-contact stage of the SLS-joint, introduced 
by Egan et al. [25].

In the full contact zone positive locking between the 
laminate plates and bolts transfers the load. Due to local 
non-uniform contact areas between the joint partners, the 
stiffness of a joint in full contact is lower than in the no-
slip stage. In addition, specimens with Ti-fasteners exhibit 
a higher stiffness than specimens with CF-PEEK-fasteners. 
A possible explanation is the higher shear modulus of the 
Ti-fasteners versus the CF-PEEK-fasteners.

The next stage is characterised by a steady reduction 
in stiffness and first occurring damages. For CFRP-plates 
joined with Ti-fasteners, the loss in stiffness is very sig-
nificant (compare Fig. 5). At the borehole edges, bearing 
damage is detected. Literature suggest that plastic deforma-
tion caused by shear in the bolt shank, where it is aligned 
to the faying surfaces, have to be taken into account in this 
stage [5].

The failure process of the CFRP-joints in the damage 
stage is slightly different. To get a more detailed informa-
tion on the failure process AE-signals are recorded during 
loading of the three types of fasteners. To compare the sys-
tem performance of the joints with 3/16″ Ti-fastener, 3/16″ 
CF-PEEK fasteners and ¼″ CF-PEEK-fastener exemplarily 
results of SLS-tests including the data of AE investigations 
are plotted (see Fig. 7a–c). The black line represents the 
load vs. displacement curve. During the entire tests AE-
events (hits) are monitored. For the three different types 
of fasteners in the first three stages from no-slip til full-
contact, the range of the peak frequency suggests, due to 
literature [26, 41], only matrix failure (80–200 kHz) and 
fibre matrix debonding (200–400 kHz) take place. Depend-
ing on the type of fastener at displacements of 0.6 mm for 
3/16″ Ti-fasteners, 0.4 mm for 3/16″ CF-PEEK fasteners 
and 1.0 mm for ¼″ CF-PEEK fasteners, slight changes in 
stiffness are detected. Furthermore peak frequency of single 
hits reveal that first fibre failures (400–800 kHz) occurred in 
the joints. However, in the microscopic cut views, no dam-
ages in the laminate and CF-PEEK-fasteners can be found. 
This point defines the transition stage from the full contact 
stage to the damage stage in joint behaviour for all fasteners 
types (see Fig. 7a–c). Comparing the results for the joint 

with 3/16″ Ti-fasteners (see Fig. 7a) and CF-PEEK-fasteners 
(see Fig. 7b, c) reveal the differences in the damage develop-
ment of the joints. The results of the SLS-tests show that a 
significant increase of accumulated energy, correlates with 
changes in stiffness of the joint. Therefore, an increase of the 
accumulated energy indicates a severe damage of the joint. 
In the SLS-Test with Ti-fastener (see Fig. 7a) a simultaneous 
increase of accumulated energy and hits indicates continu-
ous damage propagation in the laminate [6, 42].

Load–displacement curves for joints with CF-PEEK fas-
teners including the results of the AE investigation show a 
different system behaviour (see Fig. 7b, c). First damages in 
bolts and laminates for the joints with ¼″ CF-PEEK fasten-
ers can be detected at 85% of maximum load at 1.4 mm of 
displacement. At this point, an increase in the accumulated 
energy of the AE-signal is detected. Several types of damage 
can be observed in microscopic pictures of cut views from 
a SLS-specimen, at which loading is stopped after detect-
ing first AE-signals with high-energy rates (see Fig. 8a, b). 
In the laminate plates, bearing damages are not detectable. 
Damages of the bolt and nut itself due to the mounting pro-
cess can be excluded. Inter fibre fracture is detectable in 
the transient section between the countersunk head and bolt 
shaft (see Fig. 8a). Furthermore, inter fibre fracture is visible 
in the area of the first load carrying threads (see Fig. 8a). 
Cause of this failure mode is primary and secondary bending 
due to the load situation of the bolt in the laminate plates. 
Further loading leads a growth of single cracks and forma-
tion of new inter fibre failure, cracks in the matrix of the 
CF-PEEK fasteners as can be seen in Fig. 8b. This effect is 
also proven by the AE-signal characteristic in Fig. 7c, which 
excludes fibre fracture and the formation of large delamina-
tions. At approximately 90% of maximum load, an increase 
of inter fibre fracture is observable and first bearing damage 
at the borehole can be found as well (see Fig. 8b). The posi-
tion of the cracks depends on the fibre orientation in the CF-
PEEK-fastener. Changes in fibre orientation, e.g., ondulation 
along the bolt lead to a significant change in stiffness, which 
favours the initiation of cracks. This effect is visible in the 
thread region in Fig. 8b.

During the test series first failure occurrence is highly 
depended on the fibre orientation. It can be concluded that 
damages develop in areas with misoriented fibres, which 
has to be avoided during processing of CF-PEEK-fasteners.

The situation at finale failure of this joint is displayed 
in Fig. 9a. The main failure modes in the laminate plates 
are crushed fibres and delaminations. Also chip outs at the 
hole edges of the plates are visible (see Fig. 8b). Matrix 
failure and inter fibre failure are the dominant failure mode 
in the transition from head to shaft of the CF-PEEK-fastener 
(see Fig. 9c). Fibre fracture in the CF-PEEK-fastener is only 
detectable at the first pitch of the thread (see Fig. 9d). The 
different failure modes occur due to a combined load case 
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of shear and tension on the CF-PEEK-fastener. The shear 
forces on the bolt are introduced by the relative displacement 
of the laminate plates. Furthermore, the movement of the 
plates introduces a deflection onto the fastener. This primary 
bending of the fastener results in high stress in the first load 
carrying pitches of the thread. These stresses induce inter 
fibre failure and fibre failure shown in Fig. 9d. In progress 
of a SLS-test, the laminate starts to bend, this secondary 
bending of the specimen creates additional tension forces on 
the CF-PEEK-fastener head. The tension load on the coun-
tersunk head lead to a stress concentration in the transition 
from head to shaft.

After reaching the maximum load in the force displace-
ment curve no change in the detected accumulated AE-hits 
is detected (compare Fig. 7c). Hence the accumulated AE-
energy increases further. This phenomenon can be explained 
by continuously occurring damages which the AE-system 
detects as one failure. Furthermore, onwards from 2.3 mm 
displacement accumulated AE-energy escalates, which 

corresponds to accumulated fibre failures (see Fig. 7c). In 
the nuts of the CF-PEEK—fasteners no failures are detect-
able for each single-lap shear test. Results for joints with 
3/16″ fastener exhibit the same characteristic signals in the 
failure process.

3.2 � Analytical model describing the quasi‑static 
behaviour of the SLS‑Joints

3.2.1 � Basic method

McCarthy et al. [4, 16]. introduced an spring mass model 
to describe the behaviour of bolted joints. A schematic of a 
single-lap joint with two CF-PEEK-fasteners together with 
the corresponding spring mass system is given in Fig. 10. 
The stiffness of the upper laminate is represented by KLE1 
(i.e., spring stiffness between mass 4 and 5) and KL1. The 
lower plate is described by KL2 and KLE2.

Fig. 7   Load displacement curve with peak frequency for each hit, accumulated number of hits and accumulated energy of the AE-signals during 
representative tests of SLS-specimens each with two a 3/16″ Ti-fastener, b 3/16″ CF-PEEK-fastener and c ¼″ CF-PEEK-fastener
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The stiffness of the two CF-PEEK-fasteners are desig-
nated by the stiffness KB1 and KB2. The joint is loaded with 
the force P at the mass 5. The behaviour of the spring mass 
model is based on the following basic assumptions [4]:

•	 Masses (1–5) only move in x-direction
•	 Springs have only a stiffness in x-direction
•	 Damages that might occur in the components of the joint 

are neglected for simplification
•	 Nonuniform bearing stresses are rated by the β-factor
•	 The orientation of the bolts is taken into account by the 

bolt stiffness and the β-factor
•	 Only static friction effects are implemented in the model

–	 In the slip stage bolts and plates move frictionless
–	 Stick slip effects are not included

•	 Both bolts exert the same clamping force
•	 The clearance is the same at both bolted joints
•	 Slip starts instantaneously and for the same value at each 

fastener.

3.2.2 � Polynomial approach for the three loading stages 
of the joint

A polynomial approach is employed for the analytical model, 
allowing to describe the phases of the force displacement 
curve in Fig. 11 separately. The stiffness of each joint partner 
is used as a key factor for the analytical examination. The 
obtained functions of stiffness are merged into the spring mass 

model to describe the loading situation of the joint. In the pre-
sented study, the analytical model maps the first three damage 
free stages in the linear-elastic region for a tension test of an 
SLS-specimen. The maximum applied force until no damage 
occurs in the joint is determined by the AE-results.

Tate and Rosenfeld [17] described the no-slip stage 1 
(Fig. 11) by a linear force displacement trend; tension forces 
are only transferred by frictional forces. The maximum trans-
ferable friction force Pslip depends on the pre load FVK and the 
coefficient of friction µ. A higher pre load enables the joint to 
transfer more load. The pre load results from the mounting 
torque MVK and the fastener properties: pitch angle �B , angle 
of friction �B , effective friction-diameter dKB

 of the nut and the 
effective pitch diameter d2B (see 2). The mounting torque is 
given in Chap. 2.1 for the three fastener systems in this work.

The displacement of the SLS-specimen depends only on 
the laminate plates. The splice and end stiffness KL for the 
laminate from Fig. 10 can be quantified using the expression 
3, were ExL

 represents the homogenised laminate modulus in 
the global x-direction, bL the laminate width, lL length of the 
laminate and tL the thickness of the laminate.

(1)Pslip = FVK × �

(2)FVK =
2 ×MVK

d2B × tan
(
�B + ϱB

)
+ dKB

× �KB

(3)KL =

ExL
× bL × tL

lL

Fig. 8   Optical microscopy cut view of failure mechanisms for ¼″ CF-PEEK-fastener configurations: a 85% max load inter fibre fracture shaft 
and thread; b 90% max load bearing damage in laminate and propagation of the inter fibre failure in shaft and thread region
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According to McCarthy et  al. [16] a second term is 
needed to characterise the shear stiffness in the clamping 
area of the fastener. During loading of the joint, the strain 
generates a shear force, due to the fact, that countersunk 
head and nut are in contact with the laminate. Assuming 
the contact area of countersunk head and nut are equal, the 
transverse shear stiffens for each fastener is simply calcu-
lated by the contact area ABK of countersunk head or nut, 
the shear modulus GxxL

 and the thickness of the laminate 
tL (see 4).

(4)Kshear =

ABK ⋅ GxxL

tL

The slip stage (see Fig. 10b) is calculated by the move-
ment c of the laminate plates, according to the clearance 
between the shaft diameter dB of the bolt and the bore hole 
diameter dH (see 5).

The stiffness in the analytical approach for a bolted single-
lap joint is very well described in the full-contact zone by Tate 
and Rosenfeld [17], Nelson et al. [18] and McCarthy et al. 
[16]. For the new designed CF-PEEK-fasteners, the analytical 
model is not sufficient, therefore, two extensions have been 
made. The original analytic model of Nelson et al. [18] for 
the stiffness of the joint is calculated using the expression (6).

(5)c = dH − dB

Fig. 9   a Optical microscopy cut view of a finale failure of a CF-PEEK-fastener inside a SLS-joint, b failure modes in laminate plates, c failure 
modes in countersunk head of CF-PEEK-fastener, d failure modes in thread of CF-PEEK fastener
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In the equation the following variables are used: tL lami-
nate thickness, GBolt shear modulus of the bolt, AB cross 
section of the bolt and Ex and Ey as the homogenised longi-
tudinal and transvers modulus of the laminate. Nelson et al. 

(6)

1

KB1,full

=
2
�
tL1

+ tL2

�

3GBolt1
AB1

+

⎡
⎢⎢⎣
2(tL1

+ tL2

�

tL1
tL2

EB1

+
1

tL1

�√
ExEy

�
L1

+
1

tL2

�√
ExEy

�
L2

⎤⎥⎥⎦
[1 + 3�]

[18] introduce a term [1 + 3�] to the stiffness calculation 
of the bolt. Where β is the fraction of the bending moment 
on the bolt that is reacted by nonuniform bearing stresses 
across the thickness in a SLS-joint due to the eccentric load-
ing. Therefore, it takes primary bending of the bolt and 
secondary bending of the laminate plates into account. The 
parameter β has to be chosen between 0 and 1. Choosing 
β as 1.0 represents a simple shear pin, to about 0.5 for a 
countersunk fastener, to small values for bolts with protrud-
ing heads becoming very small for the combination with of 
large washers with large diameter-to-thickness ratio.

The anisotropic behaviour of the bolt was introduced 
into the model which uses isotropic material behaviour 
so far. The mayor adaption in the analytical model is due 
to the occurring failure mode in the countersunk head for 
the 3/16″ and ¼″ CF-PEEK-fastener. Compared to the Ti-
fastener, for the CRFP-fastener small plastic and elastic 
deformation are observed in the countersunk head during 
testing. To implement this anisotropic behaviour of the 
CF-PEEK-fastener, two differing moduli are introduced 
into the analytical model, one for the countersunk head 
and one for the shaft of the bolt (see Fig. 12).

The adaption of a stepwise form fit between the counter-
sunk bolt with the borehole of the laminate was observed 
by Egan et al. [25] is the second adjustment of the analytical 
approach. Two stages are defined: the semi-contact stage 
and the full contact stage. In the semi-contact stage (see 
Fig. 11 number 3a) both, countersunk laminate and bolt 
slide as a unit, reducing the clearance between bolt and non-
countersunk laminate. Once bolt-shaft and laminate are in 
contact, the next stage, the full contact stage (see Fig. 11 
number 3b) is initiated. The countersunk laminate slides rel-
atively to the bolt, until the cylindrical part of the laminate 
makes contact with the bolt shaft, and the clearances are 
closed. At this point, the joint becomes significantly stiffer.

The observed changes of contact areas are introduced 
into the approach of Nelson presented in Eq. 6 by adjusting 
the three terms for, the shear deformation of the bolt, the 
bearing deformation of the bolt and laminates. Further-
more the semi-contact stage and the full contact stage (see 
Fig. 11) have to be calculated separately.

The first Term of the bolt stiffness describes its shear 
deformation. In the semi-contact stage it is assumed that 
the force application point is in the centre of the lower 
laminate and in the bolt head centre in the upper laminate 
(see Fig. 11). The total deformation Δlshear,semi of the bolt is 
the sum of the deformation of the bolt shaft ΔlB and the bolt 
head ΔlBk. As a result of the thrust load the deformation of 
the bolt can be calculated with the equations in (7) using 
the laminate thicknesses tL1 and tL2, shear modulus of the 
bolt head GBK and bolt shaft GB, cross section of the bolt 
head AB and bolt shaft AB and the high of the bolt head hBK:

Fig. 10   Two CF-PEEK-fastener, single-lap joint: illustration and cor-
responding spring mass model

Fig. 11   Load–displacement curve with three modelled stages of the 
joint behaviour; 1 no-slip stage, 2 slip stage, 3a semi-contact stage, 3b 
full contact stage
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In the full contact stage it is assumed that the force 
application point is in the centre of the upper and lower 
laminate and the influence of the bolt head is vanishingly 
small. The deformation of the bolt results as before from 
the thrust load and is calculated as:

The second term of the bolt stiffness presents the bear-
ing of the bolt. The equations for semi-contact stage (9) 
and full contact stage (10) represent a displacement of the 
bolt due to the surface pressure between bolts and bore 
wall. The acting stress is a quotient between the attacking 
force P and the perpendicular projected support surface. 
To take the relation of the elastic modulus of the bolt head 
and bolt shank into account, both material parameters are 
weighted by their heights.

The third term of the bolt stiffness presents the bearing 
deformation of the laminates. Semi—and full contact stage 
differ only in the bearing surface of the bolt on the bore 
wall. Further changes are not necessary in relation to the 

(7)

Δl shear,semi = ΔlB + ΔlBK =
� × h

GB

+
� × h

GBK

=

[
2
(
tL1

+ tL2

)

3GB1
AB1

+

2tL1
− 4hBK1

3GB1
AB1

+

4hBK1

3GBK1

(
ABK1

+ AB1

)
]
× P

(8)Δlshear,full =
� × h

GB

=

[
2
(
tL1

+ tL2

)

3GB1
AB1

]

(9)

Δl N,semi = 2 ×
[
ΔlN,1 + ΔlN,2

]
=

[
2

hBK1
EBK1

+
2

tL2
EB1

]
× P

(10)

Δl
N,full = 2 ×

[
Δl

N,1 + Δl
N,2

]
=

[
2(tL1

+ tL2

)

tL1
tL2

EB1

+

2hBK1

(
EB1

− EBK1

)

tL1
EB1

(
tL1

EBK1
− hBK1

EB1
+ hBK1

EBK1

)
]
× P

approach from Nelson et al. [18] for determining the bear-
ing deformation.

The bolt stiffness for the two stages with an anisotropic 
CF-PEEK-fastener is now calculated for the semi-contact 
stage as presented in Eq. (13) using Eqs. (7), (9) and (11) 
whereas the full contact stage as shown in Eq. (14) is calcu-
lated using the Eqs. (8), (10) and (12).

The following variables are used in the equations: tL as 
laminate thickness, GB shear modulus of the bolt, AB cross 
section of the bolt, EBK young’s modulus of the bolt head 
and EB young’s modulus of the shaft (compare Fig. 11). The 
terms in the first row from KB1,semi

and KB1,full
 describe their 

shear deformation. Terms in the second row apply the bear-
ing deformation of the bolt, respectively the countersunk 
head. The third row of the stiffness calculation quantifies 
the bearing deformation of the laminates with Ex and Ey as 
the homogenised longitudinal and transvers modulus of the 
laminate. The term [1 + 3�] adjusted by Nelson et al. [18] 
to the bolt stiffness calculation is also assumed. As in this 
work countersunk fasteners are used, β is also set to 0.5 for 
countersunk fasteners as β is understood more as a geometric 
factor.

(11)Δl N,semi =

⎡
⎢⎢⎣

1
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�√
ExEy

�
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+
1

tL2

�√
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�
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⎤
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× P
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Fig. 12   Description of the CF-
PEEK-fastener model for the 
analytical approach
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The transition from the semi to the full contact stage 
is marked by reaching the transition force Pfull. By reach-
ing this force the elongation of the bolt in longitudinal 
direction is sufficient that the gap between the upper bolt 
shank and the laminate is closed and the laminate is com-
plete contact with the bolt. Furthermore the full contact is 
dependent on the geometric constrain of the displacement 
c, die elongation Δl of the bolt and die countersunk angle 
�B (see Eq. 15)

It is assumed that the bolt is loaded with the total tensile 
force Pfull in its longitudinal direction. The implied strains 
in the bolt shaft and bolt head must be considered with their 
assigned moduli. To simplify the force application situation, 
it is assumed that force acts in the centre of the laminate and 
at one-third of the bold head height. The deformation of the 
bolt then can be calculated as:

The transition from semi-contact to full contact is marked 
by reaching the transition force Pfull which is calculated as 
the combination of Eqs. (15) and (16) as follows:

Influencing geometric factors are the thickness of the 
laminate tL, the height of the countersunk head hBK, cross 
section of the bolt AB, the bearing area of the countersunk 
head ABK and the countersunk head angle ϕ. Young’s modu-
lus of the bolt shaft EB and the bolt head EBK define the 
stress–strain characteristic of the bolt.

3.2.3 � Analytical modelling

The spring mass model enables to describe each mass 
with an equation of motion using the free-body diagram. 
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× c
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2
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Figure 13 illustrates the free-body diagram for mass 4 at 
half-contact of the bolt.

The equation of motion can be written as:

where xi is the displacement in x-direction for the mass i 
(i = 2, 3, 4, 5), c1 represents the overall displacement at bolt 
1, u1 is the maximum displacement of the bolt and ẍ4 is the 
acceleration of mass 4. For quasi-static loading, the accelera-
tion is set to zero and is, therefore neglected, leading to the 
linear equation system of (19). The solution of the equations 
is computed with MATLAB Simulink.

The linear equation system is solved for each stage with 
the stiffness terms from Chap. 3.2.2 which are introduced 
into the matrix [K] in (20) and the corresponding force vector 
from (21). In all stages the stiffness of the laminate KL and 
KLE are used, i is set for each calculated stage as followed:

•	 In no-slip stage in the stiffness matrix [K] (20) Ki repre-
sents the laminate shear coefficient Kshear. The load vector 
is chosen on the assumption that no relative movement of 
the laminates is detectable. The no-slip stage lasts until 
the load vector exceeds the static friction force and the 
laminate starts to slip at Pslip.

•	 The half contact stage is modelled with the bolt stiffness 
KB,semi. The transition from the half to the full contact stage 
is marked by the force Pfull, where u is the deformation fac-
tor and c the movement according to the clearance.

•	 The full contact stage is defined by the bolt stiffness KB,full, 
where v displays the deformation factor. The maximum 
force Pmax defines the end of the full contact stage.

Based on the assumptions of the analytical model the max-
imum load is limited to the linear-elastic behaviour and no 
plastic deformation is allowed to occur in the simulation of 
the quasi-static SLS-test.

(18)

mẍ4 − KL1
x2 − KB1

x3 +
(
KLE1

+ KL1
+ KB1

)
x4

− KLE1
x5 = KB1

(
c1 − u1

)
+ Pslip1,

(19)[K]{x} = {F}

Fig. 13   Free-body diagram for mass point 4 in half-contact
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(20)
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Force vector {F} for each stage

(21)

No-slip Half-contact Full-contact

slip

0
0
0
0
P

22semi

22semi

11semi

11semi

2 2 slip

2 2 slip

1 1 slip

1 1 slip
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B

B

B

B

K c u P

K c u P

K c u P

K c u P

P

22full

22full

11full

11full

2 full

2 full

1 full

1 full

max

B

B

B

B

K v P

K v P

K v P

K v P

P

(21)

3.2.4 � Model validation by experimental results

The data for the spring mass model are taken from Tables 2 
and 3. The parameter β = 0.5 is taken in this work as a suit-
able value for countersunk fasteners. In Fig. 14 the results 
of the analytical model are illustrated with representative 
test results for the three different fastener configurations in 
a force displacement curve. Generally, the model represents 
the test results in the undamaged region very well. As dem-
onstrated in Fig. 6, the transition from the no-slip via slip 
stage to the contact stage are in the tests not as distinctive 
as in the model. The stiffness of the SLS-specimens dur-
ing the frictional connection, which is characterized by the 
laminate stiffness, is comparable in the model and the tests. 
A pure slip cannot be detected in the tests. The behaviour 
of the joint in the transition from the first to the third stage 

Fig. 14   Spring Mass Modell 
for single-lap shear tests with 
either two 3/16″ Ti-fasteners, 
two 3/16″ CF-PEEK-fasteners 
or two ¼″ CF-PEEK-fasteners 
compared to representative 
quasi-static SLS tensile test, A 
analytical model, E experimen-
tal results
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is a superimposition of the individual phases, because slide 
friction, stick slip effects and fabrication tolerances are not 
implemented in the model. However, the model matches the 
transition from no-slip to slip and semi-contact stage. In 
the semi- and full contact stage, the stiffness of the SLS-
specimens with titanium fasteners is higher due to the high 
shear modulus of titan than the stiffness of the joints with 
CF-PEEK-fasteners.

The analytical model represents quite well the measured 
stiffness increase with the two stages (semi- and full con-
tact) for all bolt configurations. A relevance ranking study 
is made of each parameter in the analytical model in cor-
respondence to the joint stiffness with two ¼″ CF-PEEK-
fasteners, for the no-slip, semi-contact and full-contact stage 
(see Fig. 15). The slip stage is only affected by the amount 
of clearance. Each parameter is variated systematically by 
± 10% to determine their relevance. Due to the set-up of 
the analytical model, clearance, bolt diameter and borehole 
diameter should have a significant impact on the model 
results. Input parameters like clamping, force, clearance, bolt 
diameter, and borehole diameter only change the transition 
point between two stages and have no direct influence on 
the stiffness.

The no-slip stage is significantly influenced by geometric 
parameters such as specimen width bL/LE, length properties 
of the specimen lL/LE and the thickness of the laminate tL/LE, 
(see Fig. 1). But also the material properties EX,L/LE of the 
laminate plates set the stiffness of the joint. The smaller 
influence from the middle section of the specimen between 
the boreholes (index L) compared to the laminate end (index 
LE) on the joint stiffness, can be explained by the compara-
tively small initial length and the reciprocal proportionality 
of the laminate thickness tL versus the shear stiffness Kshear. 
The shear stiffness (see 4) is calculated in this study by the 
projected bearing surface of the countersunk bolt using the 

height of the bolt head hBK and its angle ϕB. As a result the 
dimensions of the bolt head take influence on the stiffness 
of the joint.

The results of the study for the semi-contact and full-
contact stage reveal that due to contact between the fas-
tener and the laminate, material properties of the CF-
PEEK-fastener have a strong influences on the stiffness 
of joint, and therefore, on its behaviour. In the semi-con-
tact-stage the fasteners are carrying a significant part of 
the applied load on to the joint. Therefore, the young’s 
modulus of the bolthead and its height dominate the joint´s 
stiffness. The material properties of the bolt-shaft and the 
thickness of the laminate dominate the joint stiffness in the 
full-contact stage, were the load is completely transferred 
by the fastener. Furthermore, the load-fraction-parameter 
β affects the system response significantly in the semi- and 
full contact stage [18]. This is expected, because the load-
fraction-parameter represents the off axis loading of the 
joint into the calculation and is a key factor to the model.

Tolerances of the SLS-specimens, due to manufacturing 
processes and variation of material properties, lead to a 
scatter in results of the SLS-tests (see Chap. 3.1). To rep-
resent an expectancy range of the analytical approach in 
relation to the test results, a calculation with varying input 
parameters by ± 5% is carried out. The obtained range 
mapping of the absolute maximum and minimum for the 
chosen parameter variation is displayed in Fig. 16 for an 
SLS-joint with ¼″ CF-PEEK-fasteners: In the load–dis-
placement diagram, the analytical model for joint parame-
ters from Tables 2 and 3 are compared to three representa-
tive SLS-tests. The test results are within the expectancy 
range of the model marked with the black lines. The no-
slip and the slip stage, which reach up to a displacement of 
0.04 mm, do not fit completely (see enlargement Fig. 16). 

Fig. 15   Percental influence of 
input parameters for a variation 
of ± 10% on the stiffness of the 
system for the no-slip, semi-
contact and full-contact stage
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Reason for this is the idealized segmentation into the dif-
ferent stages by the analytical approach.

Starting from 0.1 mm displacement the expectancy range 
of the model fits the series of curves from the test nearly 
ideal. It can be concluded, that especially in the semi- and 
full-contact stage, the analytical model describes the trend 
of the test results very prices. An estimation of joint behav-
iour for design purposes is, therefore, technically feasible.

3.3 � Failure process of SLS‑joint 
with CF‑PEEK‑fastener in fatigue loading

3.3.1 � Fatigue properties and life time

Bolted joints with the different fastener configurations are 
tested at different load levels in fatigue loading. The load 
levels are determined from the previously conducted quasi-
static tensile tests. The results are plotted in a fatigue life 
diagram. At least 10 specimens of each configuration are 
tested in cyclic loading (see Chap. 2.1). The fatigue test 
results are presented in Fig. 17 including the quasi-static 
tensile strength with the corresponding mean deviation for 
each SLS-specimen configuration.

The partial regression lines in the diagrams are obtained 
by a linear fit of the logarithmic displayed fatigue data. The 
load level for the same fatigue life of the SLS-specimens 
with Ti-fasteners is higher than for specimens with CF-
PEEK-fastener. Specimens with the small 3/16″ CF-PEEK-
fasteners have the lowest fatigue resistance. In all cyclic 
tests with SLS-joints, the observed finale failure mode is 
a fracture of the fasteners. Whereas, a bolt losing due to a 

untightening of the nut could not be observed for any tested 
joint. The fatigue resistance of the three different specimen 
sets can be explained by the different material properties of 
each fastener-system. Especially the high shear strength of 
the titanium bolt results in higher load carrying capability 
of the joint. Disappointing is that the fatigue resistance of 
the CF-PEEK-fasteners is only between 60 and 55% of the 
static tensile load, whereas for the Ti-fastener cyclic loads 
from 85 to 75% are possible. The accelerated fatigue failure 
of the CF-PEEK-fasteners compared to Ti-fasteners, can be 
referred to damages such as inter fibre fractures, occurring 
at lower load levels as in the static failure process, and there-
fore, lead to inter fibre fractures, which develop in areas with 
a high stress concentration due to the loading conditions 
of the bolt. An accelerated degradation process due to heat 
dissipation, induced by friction between the laminate plates 
of the joint and internal friction due to shear forces in the 
fastener during cyclic loading, is possible. Pilot experiments 
launched with different loading frequencies at 1 Hz, 3 Hz 
and 5 HZ showed marginal effect in specimens’ response. 
Thus, to eliminate heat dissipation, fatigue experiments with 
lower frequencies should be conducted. Nevertheless, for 
the current study such effects are neglected, considering low 
impact in the overall response.

For comparison of the potential of the new CF-PEEK 
fastener system with the conventional Ti-based system, it 
is suitable to normalize the properties by the weight of the 
bolts of each fastener and make the properties specific. The 
nuts are not taken into account in this calculation, given that 
a weight optimisation has to be executed.

Fig. 16   Load–displacement curves plotting the expectancy range of the analytical model versus test results of SLS-test for specimens with two 
¼″ CF-PEEK-fastener, including enlargement of the no-slip and slip stage



581Experimental and analytical study of an CF-PEEK Fastener all composites single-lap shear joint…

1 3

In Fig. 18 the data are normalised to the maximum ten-
sile strength of the SLS-specimens with two Ti-fasteners 
and the corresponding weight of the Ti-bolts. Taking the 
weight of the bolts into account, the advantage of the CF-
PEEK-fastener is obvious for the static loading. With a ¼″ 
CF-PEEK-fastener, a weight reduction for the fastener by 4% 

is achieved, this increases the normalised tensile strength by 
approximately 10% and the normalised fatigue resistance is 
in the same range as the SLS-specimens with Ti-fasteners. 
For 3/16″ CF-PEEK-fasteners, which have half the weight 
of Ti-fasteners, an increase of 18% for the maximum tensile 
load is detectable, however, the fatigue resistance decreases 

Fig. 17   Fatigue life results: 
maximum load versus number 
of cycles to failure

Fig. 18   Fatigue life results: 
normalised load value versus 
number of cycles to failure
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by 10%. Early approaching inter fibre fractures in the coun-
tersunk head of the CF-PEEK-fasteners decrease the fatigue 
life performance. A redesign of the countersunk head and 
of the fibre orientation in the bolt could improve the load 
carrying capability of the CF-PEEK-fasteners significantly.

3.3.2 � Failure process of the CF‑PEEK‑fasteners in fatigue 
loading

Due to the unexpected decrease in fatigue resistance of the 
CFRP fasteners in relation to their static tensile load and the 
Ti-fasteners, a closer look on the degradation of the CFRP 
fasteners is necessary. During fatigue loading the reduction 
in stiffness is often used to monitor damage development. 
Its change can be related directly to stress redistributions, 
which are expected to occur because of damages in joint 
partners. In general, the stiffness variation versus fatigue life 
curve is divided into 3 stages [43]. The description of the 
degradation and damage during fatigue life of the joints can 
be supported by monitoring the acoustic events. A detailed 
and representative investigation on the failure process for 
SLS-joints with ¼″ CF-PEEK under cyclic loading is dis-
played in Fig. 19. Like in the quasi-static tensile tests, indi-
cation on damages can be extracted using the peak frequency 
of each AE-event, the accumulated number of hits and the 
accumulated energy. Using, the analysis of the AE-results in 

combination with the stiffness reduction, damage effects can 
be evaluated in detail. Three distinctive stages are visible. 
In the first 4000 cycles, an increase in stiffness of the joint 
is detectable, accompanied by only a small acoustic activ-
ity. Interestingly, already 5% of the energy are emerged by 
these few AE-events. The detected peak frequencies of the 
signals in this section are between 100 and 300 kHz indicat-
ing matrix and inter fibre failure. Further investigations of 
the specimens with ultrasonic C-scans, and cut views reveal 
no significant damages of the joint. The increase in stiffness 
at the very first load cycles of the test are most probably set-
ting effects of the fasteners in the joint. Due to small plastic 
deformation of the CF-PEEK fasteners, the shank is fitted 
well into the borehole, which leads to a larger load carrying 
surface.

The 2nd stage of the fatigue life is characterised by a 
rapid decrease of the stiffness (Fig. 19) caused by damages 
in the joint. AE-events with peak frequencies in the range 
of 0–300 kHz indicate fibre matrix debonding. Whereas the 
range between 400 and 800 kHz is resulting from fibre frac-
ture. Cut views from specimens after 4% fatigue life, which 
corresponds to 3600 load cycles (Fig. 19) show first cracks 
in the matrix in the transition from head to shaft and small 
delaminations in the region of the first load carrying thread. 
With increasing number of load cycles the primary bend-
ing of the bolt and secondary bending of the SLS-specimen 

Fig. 19   Stiffness vs. number of load cycles of an SLS-specimen with two ¼″ CF-PEEK-fasteners, combined with the corresponding accumu-
lated number of hits, accumulated AE-signals energy and single peak frequency
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introduces a multi axial stress state into the fastener resulting 
in further bearing damages in the laminates.

During the 3rd stage (up to 80–90% of fatigue life) a 
continuous stiffness decrease is observed because of further 
damage in the fasteners. A propagation of the cracks in the 
head and the thread of the bolt can be analysed. Manufac-
turing imperfections strongly affect the failure process of 
the fasteners. Investigations on several different specimens 
showed an extensive crack propagation starting from and 
growing along fibre ondulations. Especially damages in the 
countersunk head develop significantly in this stage. The 
countersunk head starts to shear at the point of the highest 
stresses, which can also be seen as a small crack near the 
top of the countersunk head. During the cyclic load test, the 
crack is growing in circumferential direction. Additionally, 
the bearing damage is propagating through the laminates. 
Kinking fibres, inter fibre cracks and delaminations between 
plies are detectable.

During the fatigue life, unexpected effects occurred for 
various number of specimens. In Fig. 19 is a showcase for 
such an event. At approximately 7 × 105 cycles AE-events 
indicate increasing damage to the joint due to a 2% increase 
of the energy release rate of the AE-signal. Interestingly, 
the stiffness of the joint is slightly increasing in spite of 
occurring damages. It is assumed that due to the damage 
the joint deforms, which increases the load carrying area. 
The primary bending of the bolt and the secondary bending 
of the specimen lead to wedge the joint components. As a 
result, an increase of the stiffness of the joint is detectable.

The finale Stage 4 (> 99% of fatigue life) of the SLS-
specimen is characterised by a rapid increase in detected 
AE-signals (compare Fig. 19). The accumulated energy 
release rate increases within only a few cycles. Peak fre-
quencies between 400 and 800 kHz indicate fibre failure in 
the joint. A cut view at ~  99% of the fatigue life in Fig. 20 
reveals significant bearing damages in the laminate plates. 
Further, at the countersunk head shear failure (cracks) occurs 

Fig. 20   Failure mechanisms for ¼″ CF-PEEK-fasteners after 4% 
fatigue life: inter fibre fracture in shaft and thread, bearing damage, 
no damages on top of countersunk head. 80–90% fatigue life: propa-
gation of inter fibre fracture in shaft and thread, bearing damage in 

laminate, shear failure in the upper part of countersunk head. 99% 
fatigue life: propagation of inter fibre fracture in thread region, dis-
tinct bearing damage in laminate shear failure of countersunk head
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which propagated over half of the bolt circumference. This 
failure mode leads to a larger deflection of the bolt, resulting 
in a further crack opening in the section of the thread and 
initiating the finale catastrophic failure.

Comparing the failure mechanisms occurring in the joints 
with CF-PEEK fastener due to quasi static and fatigue load-
ing, it can be stated that the fibre orientation in the transition 
area form countersunk head to bolt shaft takes a distinct 
impact on the failure process. Inter fibre fractures in the 
countersunk head occur at an early stage of the fatigue life 
and grow with increasing numbers of loading cycles and 
effect, therefore, the performance of the bolt. The failure 
mechanisms which can be observed in the 3/16″ CF-PEEK-
fasteners are similar to those in the ¼″-fasteners, which is 
inter fibre fracture near the thread and shear failure in the 
countersunk head. In addition, the 3/16″-fasteners exhibit a 
shear failure of the bolt in the contact area of the two lami-
nate plates. Ti-fasteners fail due to a stress concentration in 
the first pitch of the thread in the bolt.

The microscopic cut views in Fig. 21a–c show the bear-
ing damages in the laminate-plates of the specimen for all 
three tested joint configurations. Dominating failure modes 
are kinking fibres, inter fibre failure and varying degrees of 
delamination. Ultra-sonic C-scans show the size of the dam-
age in the laminate after the finale failure of the SLS-joint 
in the cyclic load tests. The area of bearing damage for is 
determined by the ultrasonic c-scans using the area calcula-
tion tool in the freeware Infraview 4.32.

The area of the bearing damage in all three fastener con-
figurations increases corresponding to fatigue life and the 
applied load on each specimen. For the 3/16″ CFRP fas-
tener the damaged area in the laminate is with 14.2 mm2 
the smallest. For the ¼″ CFRP and the 3/16″ Ti-fastener 
an increase in the damaged area is detectable (see Fig. 21 
c). The Ti-fasteners are exposed to the highest loads in the 
cyclic load test and show, therefore, the biggest damaged 
area.

Also the shear strength of the fastener and the resistance 
against deformation (shear modulus) have an impact on the 
size of the bearing damage. Comparing the two 3/16″-fas-
tener systems, cut views indicate that for laminates mounted 
with a 3/16″ CF-PEEK fastener chip outs and small delami-
nations only occur in the outer plies around the hole of the 
laminate plates. Whereas, joints mounted with 3/16″ Ti-fas-
teners, delaminations and chip outs are visible over nearly 
the entire laminate thickness.

During cyclic loading wear in the contact area of the lam-
inates occurred. The wear results from friction between the 
plates. The size of the wear area correlates with the clamp-
ing force introduced by the fastener into the joint and the 
number of load cycles. As expected, high number of load 
cycles and higher torques used form example in the 3/16″ Ti-
fastener, result in a larger abrasion zone around the borehole.

Fig. 21   Bearing damage in one laminate plate for SLS-joint configu-
rations, a specimen with 3/16″ CF-PEEK-fastener, b specimen with 
1/4″ CF-PEEK-fastener, c specimen with 3/16″ Ti-fastener; fasten-

ers not shown; damages in the laminates displayed with by back side 
echo of ultrasonic C-scan, microscopic 0°-cut views, and measured 
bearing damage area
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4 � Summary

During the quasi-static test program, the finale failure of all 
specimens is a failure of the bolt. Different failure modes can 
be detected for each fastener system independent of param-
eter configurations of the SLS-specimens. In general it can 
be stated, Ti-bolts have higher load bearing capabilities than 
the CF-PEEK-fasteners of the same diameter. However, the 
¼″ CF-PEEK-fasteners can bear comparable strength. Based 
on all tests carried out the following failure mechanisms can 
be summarized:

•	 Inter fibre fracture in the thread of the CFRP-bolt.
•	 Shear of the countersunk head of the CF-PEEK-fasteners.
•	 Ti-bolts always fail due to a stress concentration in the 

first pitch of the thread.
•	 Fibre and inter fibre failures in the CF-PEEK-fastener 

shaft within the cross section of the contact area of the 
two CFRP-plates.

•	 A combined load case of shear and tension on the CF-
PEEK-fastener leads to the finale failure of the SLS-
specimens.

In the laminate plates, bearing damage can be observed 
for each test (see Fig. 22). The bearing for the specimens 
tested with CF-PEEK-fasteners is smaller than with the 
Ti-bolts.

The enhanced analytical spring mass model describes 
the static behaviour of the different joint systems quite well 
and covers all variables influencing the joint behaviour. Dif-
ferent material properties and geometries can be calculated 
for the individual joint partners. On basis of the parameter 
variation, a deeper understanding of the impact of certain 
parameters is given on the model behaviour. By defining an 
expectancy range for the results of the calculation, a range 

for the joint life can be given up to the damage initiation 
point. The analytical model thus supplies with little calcu-
lation effort a good fit of the results of loaded SLS-joint. 
Therefore, the model is a useful tool in planning and design 
of a bolted joint taking the parameters such as the fastener 
position, joint material, fastener type, hole diameter, joint 
thickness, bolt-hole clearance an bolt torque into account.

5 � Conclusion

Based on the presented investigation of the failure process 
for different sets of SLS-test specimens in static and cyclic 
loading, several conclusions can be drawn. This study shows 
the high potential of the CF-PEEK-fastener especially in 
static tensile loading. The morphology of the fasteners take 
a sever influence on the failure process of the joint in fatigue 
loading. Therefore, a redesign of the CF-PEEK fastener 
regarding its geometry in relation to the fibre orientation 
within the bolt could increase the performance of the joint, 
since the current CF-PEEK fastener design can only have 
comparable performance with a Ti-bolts of one size smaller.

The developed enhanced analytical model is applicable 
for calculation of the joint behaviour in static loading, like-
wise for isotropic and anisotropic fasteners. Furthermore, 
the model describes the behaviour of a single-lap-shear joint 
with countersunk fasteners in more detail.

Employing acoustic emission during static and fatigue 
loading of the specimens, it is possible, using the accumula-
tive energy of the signals in combination with the frequency 
spectrums, to describe the damage evaluation of the joint. 
Particular the degradation process in the fatigue lifetime for 
the joints can be displayed in detail.

Fig. 22   Schematic illustra-
tion of the failure modes: a 
Ti-fastener: bearing damage in 
laminate and shear failure in the 
bolt. b ¼″ CF-PEEK-fastener: 
bearing damage in laminate, 
shear failure in the countersunk 
head and shaft. c 3/16″ CF-
PEEK-fastener: bearing damage 
in laminate and shear failure in 
the countersunk head
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