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• Rivet markedly improved the energy re-
quired to extend the impact damage in
friction riveted joint.

• Peel stresses mostly induced premature
failure of the metal-composite interface
and delamination of the composite.

• Prematurely failed interfaces decreased
the quasi-static strength and fatigue
life of impacted joints.

• Impacted friction riveted joint after high
fatigue cycles was more sensitive to im-
pact than to fatigue damage.
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In this paper, the sensitivity of carbonfiber reinforced polyether-ether-ketone (CF-PEEK) friction riveted joints to
impact damagewas assessed aswell as the damage propagation during fatigue and quasi-staticmechanical test-
ing. The joints were impacted with energies between 5 J and 30 J at room temperature and the impact damage
was evaluated throughmicroscopy and ultrasonic C-scan. Two damage types were identified: barely-visible im-
pact damagewithmainly shear-driven damage in thefirst plies of the composite and visible impact damagewith
delamination and premature failure of the rivet-composite interface owing to peel stresses upon the impact
event. The joint strength and fatigue life were not compromised by the barely-visible impact damage, while a
40% decrease of quasi-static strength and lower fatigue resistance were achieved for visible impact damage. De-
spite altered fatigue behavior of impacted joints, damage accumulated towards fatigue was not critical to the
joint mechanical integrity, confirmed by the residual strength of up to 96% after 106 cycles for 20 J impacts.

© 2018 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
io-Filho).
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1. Introduction

Aircraft composite structures, especially the composite fuselage, are
prone to impact damage [1]. Contrary to metal structures, carbon fiber
reinforced polymers (CFRP) absorbs impact energy mainly through
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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material damage and elastic deformation, instead of plastic deformation
[2,3]. The nature of impact damage for aircraft structures is various and
has been classified according to the impact velocity [4,5]:

• tool drop duringmaintenance operations is classified as low velocity –
e.g. 4 to 10 m/s – impact event with an impact energy of up to 35 J;

• runway debris impact has an intermediate velocity and impact ener-
gies in the order of 50 J;

• bird strike and accidental damage such as the impact of integrated
parts are classified as having intermediate velocities of 100 to
150 m/s with impact energies of over 100 J.

In accordance with this classification, Airbus has recently reported
an impact damage screening on the A320 fuselage aiming to evaluate
the impact threat for the A350XWB composite fuselage [6]. The low-
velocity impact events had a higher probability of occurrence through-
out the structure and mainly localized around the passenger and cargo
doors.

To assess the low-velocity impact damage, drop weight impact test-
ing has been widely used to study the impact behavior of composite
structures [2,7–11], adhesive bonded composites [12–14], and metal-
composite laminates [15,16]. However, only few investigations have
been performed on impacted bolted composite structures, where the
considerable increase of stress concentration in the impacted bolted
area plays an important role on the joint integrity [17]. Ochôa et al.
[17] reported the detection of internal delamination in impacted
stringers bolted to CF-PEKK panels of a horizontal stabilizer torsion
box by an ultrasonic guided wave monitoring system. However, no in-
vestigation of impact damage evolution and residual strength was ad-
dressed. Vieille et al. [7] compared the impact damage resistance and
tolerance of CF-PEEK, carbon fiber reinforced polyphenylene sulfide
(CF-PPS), and carbon fiber reinforced epoxy-based polymers (CF-
epoxy) by the size of the impact damage and post-impact compression
behavior. The authors reported better impact damage tolerance of a CF-
PEEK, which was reflected in a restricted propagation of the impact
damage and a 30% higher residual compressive strength than CF-
epoxy and 12% higher than CF-PPS. Tai et al. [18] reported a decrease
in the fatigue life of CF-PEEK impacted by an energy of up to 25 J and cy-
clic loading under a tension-tension regime owing to impact-induced
delamination. From an ultrasonic C-scan inspection, the authors con-
cluded that the delamination induced by the impact did not grow dur-
ing fatigue life, leading to no apparent stiffness degradation over the
fatigue cycles. With the presence of a metal interlayer in CFRP, addi-
tional mechanisms to release the impact energy have been reported
[15,16]. Aside fromdelamination of fiber-matrix interface, adhesive fail-
ure of the metal-composite interface along with plastic deformation of
the metal layer seems to increase the absorption of impact energy
Fig. 1. Schematic illustrations of a single lap shear specimen geometry along w
considerably in comparison to CFRP, and so represents a promising
strategy for improving the impact resistance of composites [15,16].

Friction riveting has been shown as an alternative joining technol-
ogy suitable for aircraft composite laminate structures [19–22]. The
main advantages of the process in comparison to conventional mechan-
ical fastening variants are its simple machinery, short joining cycles,
cleanness, single-process step, and fully automatization which enable
cost saving and its transferability to a production line, along with suit-
ability to wide range of lightweight metallic alloys and polymer com-
posites [19,22–25]. Borba et al. [19] recently investigated the
mechanical behavior of optimized Ti6Al4V/CF-PEEK friction riveted
joint under quasi-static and cyclic loading in comparison to reference
bolted joints [26]. Although decrease of 29% of the quasi-static strength,
friction riveting showed improvement of 88% of the fatigue life com-
pared to the reference joint, owing to the absence of clearance at the
rivet-composite interface, good surface finishing of the composite hole
and therefore low notch effect [26]. Despite the deep phenomenological
understanding of the process [27,28] along with process-induced mi-
crostructural and physicochemical changes of the joint materials, the
scale-up of the process to aircraft composite structures is still impaired
by knowledge gaps in accidental damage threat and its effect on the
joint mechanical integrity. Therefore, this work evaluates for the first
time the impact damage resistance and tolerance of friction riveted
joints. A case study overlap joint using aircraft-relevant materials
(Ti6Al4V rivets and CF-PEEK parts) was investigated. The joints were
subjected to different impact energies within a range of low-velocity
impacts and the damage size was investigated for the minimum and
maximum impact levels through non-destructive ultrasonic method
and microscopy. In addition, the post-impact mechanical performance
of the joints under quasi-static and cyclic loadings was addressed, in-
cluding the damage propagation description through stiffness degrada-
tion analysis.
2. Materials and methods

2.1. Materials and joining procedure

Single overlap joints were produced using a FricRiveting gantry sys-
tem (RNA, H. Loitz-Robotik, Germany) coupled with a pneumatic
clamping system, where the composite parts were fixed. The samples
comprised two 4.34 mm (nominal thickness) overlapped CF-PEEK lam-
inates with 58 wt% nominal fiber content in a stacking sequence of
[[(0,90)/(±45)]3/(0,90)]s (Toho Tenax Europe GmbH, Germany) and
joined with extruded plane rivets of Ti6Al4V (Henschel KG, Germany)
with a diameter of 5 mm and a length of 60 mm, as schematically
shown in Fig. 1. The M5 stainless steel nut and washer were externally
tightened with 1.0-Nm torque to pre-load the joints—this is carried
ith the dimensions and load direction (all dimensions are in millimeters).



Fig. 2.Direct friction riveting steps at different joining stages. a) positioning of the joining parts; b) rivet rotation and insertion through the upper composite (CFRP) part; c) rivet insertion
through the lower CFRP part and rivet tip plastic deformation; d) joint consolidation (adapted from [19]); e) schematic illustration of the squeezed material.
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out to minimize through-thickness failure and consequently maximize
the joint load capacity [29].

Direct friction riveting, a process variant of friction riveting, was
used to join the CF-PEEK parts and the Ti6Al4V rivet. The friction rivet-
ing process is thoroughly described in previous publications [23,30,31],
while the direct friction riveting process was recently published in
[19,20] and applied for an overlap joint configuration. Fig. 2 schemati-
cally depicts the joining stages. In brief, direct friction riveting consists
of frictional heat generated through the rotating rivet insertion into
overlapping composite plates, leading to the plasticization of the rivet
tip and its plastic deformation under an increased axial force and its
consequent anchoring within the composite plates. Moreover, the
high shear rate and process temperature – between 60% and 90% of
the metallic meting point – leads to metallurgical transformations
while the composite part undergoes partial thermo-mechanical decom-
position, fiber breakage, reduction of matrix viscosity, and crystallinity
decrease, as reported by Borba et al. [19] for Ti6Al4V/CF-PEEK friction
riveted joints. During the joining, part of the molten polymer matrix is
squeezed between the composite parts and flows towards the overlap's
upper surface which promote adhesion forces and joint sealing at the
metal-composite and composite-composite interfaces after polymer
consolidation. The adhesion together with the rivet anchoring into the
composite parts are the main bonding mechanisms of overlap friction
riveted joints. Fig. 3 exemplified a typical cross-section of Ti6Al4V/CF-
PEEK friction riveted joint, showing the absence of delamination in the
joining area (Fig. 3-b) as well as the embedding and reconsolidation of
fibers andmatrix at themetallic surface (Fig. 3-c). Due to the controlled
heat generation, thermal effect in the metal-composite interface is less
extensive [19]. Nonetheless a few volumetric defects, such pores, are
encountered in themetal-composite interface in comparison to conven-
tional polymerwelding processes; in friction riveting themajority of de-
graded composite matrix is expelled in form of flash material, reducing
the presence of volumetric defects in the consolidated area.

The direct friction riveting process was optimized for the selected
base materials by 23 full-factorial design of experiments and analysis
of variance. The results of the process optimization and the influence
of all process parameters on the mechanical strength of friction riveted
joints is beyond the scope of this work andwill be published elsewhere.
Nonetheless, the joining parameters range used to perform the experi-
mentswere: rivet rotational speed from 10,000 rpm to 15,000 rpm, fric-
tion force from 10 to 15 kN, and clamping pressure from 0.2 to 0.6 MPa.
A desirability function was used to select the adequate set of joining pa-
rameters that comply with the target of maximized ultimate lap shear
Fig. 3. a) Typical friction riveted joint cross-section of Ti6Al4V rivet and CF-PEEK overlapped
b) absence of composite delamination and c) fiber and matrix embedment in the metallic surf
force. The following set of parameters where used: rivet rotational
speed of 15,000 rpm, friction force of 5 kN and 10 kN during the rivet in-
sertion through the upper and lower composite parts respectively, dis-
placement at friction of 7.5 mm, consolidation time of 10 s, and
clamping pressure of 0.2 MPa.

2.2. Global mechanical properties

2.2.1. Drop weight impact testing
To study impact damage tolerance of the friction riveted joints, drop

weight impact testswere carried out using an instrumented drop tower,
following the ASTMD7136 [32] standard, at room temperature. Fig. 4 il-
lustrates the set-up for the drop weight impact test. The specimen ge-
ometry is depicted in Fig. 1. A pneumatic clamping system made out
of steel with a 15 mm diameter circular window was employed to en-
sure reproducibility of the testing conditions. This clamping consists of
a circular plate with fixed edges. A hardened steel dart impactor with
a hemispherical 12.5 mm diameter tip fixed to the weight was used to
impact the center of the joint's back surface. An anti-rebound system
was coupled to the drop tower, to preventmultiple impacts during test-
ing. The incident impact energies (U) of 5 J, 10 J, 20 J, and 30 J were se-
lected within a range of low-velocity impact events with high
probability of occurrence on the A320 fuselage, as reported by Airbus
[6]. Four replicates were tested for each level. The impact energies
were achieved by varying the drop weight, while the height was kept
constant at 300mm. The load over timewas acquired and used to calcu-
late the absorbed energy (Ut).

2.2.2. Quasi-static mechanical testing
Single lap shear (LS) testing was carried out to assess the residual

quasi-static mechanical performance of joints post impact. The joint
strength was evaluated in accordance with ASTM D5961 [33] using a
universal testing machine (model 1478, Zwick Roell, Germany) with a
load capacity of 100 kN. The test speed was 2 mm/min and testing
was performed at room temperature (21 °C). The average ultimate lap
shear force (ULSF) of non-impacted and impacted joints was obtained
from three test replicates for each impact energy level.

2.2.3. Fatigue testing
The post-impact fatigue life of the joints was accessed through fa-

tigue testing which was carried out using a servo-hydraulic machine
(Instron/Schenck, Germany) with ±10 kN load capacity in a tension-
tension regime at stress ratio of R = 0.1. A constant amplitude
plates. Interfaces between the metallic rivet and the composite in the joint area showing
ace.



Fig. 4. a) Set-up of the drop weight impact test; b) neutral plane of the set-up, showing the dimensions of the indenter and the inner diameter of the ring from the clamping system.
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sinusoidal loading at a frequency of 5Hzwas set. Load levels of 60%, 70%,
80%, and 90% of the joint's residual strengthwere used to determine the
Wöhler (S-N) curve. According to the guideline provided by ASTM E739
[34], aminimumnumber of specimen of 6 to 12 and replication percent-
age (% replication= 100 [1− (total number of different stress or strain
levels used in testing/total number of specimens tested)]) of 33 to 50%
are considered adequate for research and development purposes,
which guarantee a reliable characterization of fatigue behavior. In this
work, four replicates for each stress level – i.e. 16 specimens – were
tested to analyze the fatigue behavior before impact while three repli-
cates for each stress level – i.e. 12 specimens – were tested to analyze
the fatigue behavior after impact, which corresponded to 75% and 67%
of replication, respectively. AWeibull distributionwas used tomodel fa-
tigue life of the friction riveted joints according to the DIN 50100:2016-
12 [35] standard. Complete joint failure and the joint withstanding 10-
6 cycles were used as indications to cease the tests. The joints that sur-
vived 106 cycles without failure (termed run-out specimens) were
subsequently tested under quasi-static conditions, as described in
Section 2.2.2, and their residual strength reported. A variation in the
joint stiffness was used as an indication of damage accumulation
throughout the joint fatigue life. The stiffness degradation was calcu-
lated as D = 1 − (E/E0), with E0 the initial joint stiffness.

2.3. Damage characterization

The non-impacted and impacted joints were primarily inspected by
ultrasonic (US) C-scan (USPC 3040 DAC, Dr. Hilger Ingenieurbüro,
Germany) which has 20 MHz resolution, and coupled with a 6 MHz ul-
trasonic testing probe (Karl Deutsch GmbH, Germany). The pulse-echo
method was adopted, which is characterized by a single transducer
working as both transmitter and signal detector. The coupling medium
was demineralized water while the ultrasound speed was calibrated
based on the sample thickness. The signal detected during measure-
ment was plotted as a function of position, providing what is known
as an amplitude C-scan display. Fig. 5-a and -b show the set-up for the
US measurement. The bottom surface of the lower composite plate
was scanned, while the upper composite plate was defined as a
Fig. 5. a) Schematic illustration of the bottom view of the joint, highlighting the region of USme
and the scale of the defect depth based on the lower composite thickness; c) typical cross-sect
backing — i.e. ultrasound signals from this region were rejected. Fig. 5-
c shows a typical defect's depth measurement of an as-joined friction
riveted joint, where the position of the rivet tip into the lower compos-
ite plate is highlighted by a circle of dashed lines. All the samples were
dried after US C-scan for further analyses.

Confocal laser scanning microscopy (CLSM) was used to access
three-dimensionally the permanent deformation introduced by the
drop weight impact testing. The impact area (Ai) and the residual dent
depth (d) were measured. Additionally, light optical microscopy
(LOM; DM IR microscope, Leica, Germany) was employed to analyze
the microstructure of the joints' cross-section, while scanning electron
microscopy (SEM; Quanta™ FEG 650 equipment, FEI, USA) was
employed for fractography. The joint cross-sections were prepared fol-
lowing a standard materialographic procedure: joints were sectioned
through the center of the rivet, embedded in cold resin, ground and
polished to obtain a smooth surface finishing. For SEManalysis, the con-
ductivity of the sample surfaces was improved via gold sputtering using
a Q150R ES equipment (Quorum Technologies Ltd., UK) for 15 s with a
current of 65 mA. The imaging of the fracture surface was performed
with voltage of 10 kV, the spot size of 3.5, and working distance of
25 mm.

3. Results and discussion

3.1. Impact loading and energy history

Fig. 6 shows typical curves of contact force (impact force) and en-
ergy history as a function of time for four levels of impact energy. The
incipient damage point (IDP), maximum load point (MLP), failure
point (FP), and total point (TP)were detected and used to assess the im-
pact response and resistance of the composite friction riveted speci-
mens. The IDP is characterized by the incipient damage load (Pi) and
energy (Ui) which indicate the ability of a structure to withstand the
damage and deformation initiation [36]. The MLP contains the peak
force (Pm) that a composite structure can tolerate before undergoing
critical damage which leads to reduction of sample rigidity and failure
during a particular impact event [37,38]. The energy at the maximum
asurement; b) side view of the friction riveted joint, showing the selected backing surface
ional view of the as-joined friction riveted joint along with US measurement.



Fig. 6. Typical impact load and energy curves as a function of time for incident impact energies of a) 5 J, b) 10 J, c) 20 J, and d) 30 J.
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load (Um) therefore can be interpreted as the required energy to induce
elastic-plastic deformations through flexural deformation and interlam-
inar shear [36]. At the FP, characterized by maximum energy (Uf) and
failure load (Pf), the sample loses its integrity through fiber breakage,
matrix cracking, fiber-matrix pull-out, and delamination, bearing no
more load. At the TP, the impact event ends, the load (Pt) decreases to
zero, and the energy (Ut) has a constant value [36]. Ut is the total energy
absorbed by the specimen and reflects the degree of induced and prop-
agated damage [10]. The characteristic parameters were measured for
three replicates and the average along with the standard deviation
was reported in Table 1. The additional values in Table 1 are the normal-
ized total absorbed energy (Ut/U), energy at maximum load (Um/U),
and elastic energy (ΔU/U) retained in the indenter to rebound.

All the characteristic parameters including the normalized energy at
the maximum load (Um/U) increased with increasing impact energy,
while the normalized absorbed (Ut/U) and elastic energies (ΔU/U) did
not vary. According to Ghaseminejhad and Parvizi-Majidi [38], the in-
crease of contact loads and absorbed energies over higher impact ener-
gies are expected for 4.3 mm thick and 54% nominal fiber content CF-
PEEK base material, once more potential energy of the indenter is
Table 1
Characteristic parameters of the dynamic response curves obtained from the drop weight imp

U [J] Pi [kN] Ui [J] Pm [kN] Um [J] Pf [kN]

5
5.4 ± 1.4 2.4 ± 0.6 7.3 ± 0.6 3.6 ± 0.2 5.8 ± 0.8

10
7.5 ± 0.5 3.8 ± 0.4 14.2 ± 0.5 8.6 ± 0.2 9.5 ± 0.3

20
8.8 4.7 14.4 ± 0.4 18.3 ± 0.1 14.2 ± 0.1

30
11.4 ± 0.4 7.0 ± 0.5 18.7 ± 0.1 24.4 ± 4.0 16.4 ± 1.1
converted into kinetic and transferred to the material through higher
elastic-plastic deformation (Um) and more internal damage (Ut). De-
spite the increases, typically for CF-PEEK, ΔU/U and Um/U decrease
with increasing impact energy, indicating that more energy is absorbed
within the material – higher Ut/U – to initiate and propagate internal
damages instead of elastic-plastic deformation [38]. For friction riveted
joints however the increase of Um/U and constant Ut/U may indicate a
concealing of internal composite damage such as delamination and
fiber breakage by elastic-plastic deformation of the joint materials as
well as damage at themetal-composite interface, whichwere deeply in-
vestigated in Section 3.2.

At an impact energy of 5 J (Fig. 6-a) and 10 J (Fig. 6-b), the contact
force signal presented oscillations, mainly in the descending part of
the curves and Pi reached virtually similar values (approximately
7.5 kN), while at 20 J (Fig. 6-c) and 30 J (Fig. 6-d), featureless curves
were observed along with higher Pi (9–11 kN). Such deviations in the
behavior of the joints indicate differences in the damage mechanisms
introduced by the impact load. As widely explored in the literature
[1,2,10,18,37,39], discontinuities in impact force history address dam-
age nucleation and propagation mainly by delamination and matrix
act test.

Uf [J] Ut [J] Ut/U Um/U ΔU/U

4.7 ± 0.05 4.3 ± 0.4 0.8 ± 0.008 0.7 ± 0.04 0.15 ± 0.04

9.3 ± 0.06 7.1 ± 0.5 0.7 ± 0.05 0.8 ± 0.02 0.2 ± 0.05

19.4 ± 0.0 14.6 ± 0.6 0.7 ± 0.03 0.9 ± 0.03 0.2 ± 0.03

30.3 ± 0.01 24.0 ± 0.8 0.8 ± 0.02 0.9 ± 0.05 0.2 ± 0.02
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cracking. In contrast, the featureless contact force signalmay indicate no
extensive failure of the composite by impact loading [40]. One can as-
sume that the higher the impact energy, the larger the damaged area
in the joint, especially in composites, whichwould result in more vibra-
tions in the load curve. However, for hybrid friction riveted joints, sim-
ilar to metal-composite laminates during an impact event [15], a
featureless force-curve could indicate damage of the metal-composite
interface, which in turn would lead to a different nature (elastic and/
or plastic deformation) of damage, concealing the nucleation of flaws
in the composite.

The relation between U and Ut determines the damage process im-
posed on the specimen from its contact with the indenter, which can
be a rebound, penetration, or perforation [10]. On the one hand, when
Ut is inferior to U the energy is partially released by elastic response,
and therefore a rebound occurs. The relative elastic energy can be calcu-
lated as ΔU/U= (U− Ut)/U. On the other hand, when the energies are
equal the impact energy is completely released by damage to themate-
rial, inducing penetration of the indenter into the specimen. Perforation
occurs when Ut no longer increases with U, meaning that the impact
loading condition exceeds the load carrying capacity of the composite
and the indenter passes through the thickness of the specimen. For all
levels of impact energy investigated in this work, only the rebounding
behavior was identified, as shown by Table 1.

The maximum load displays a nearly linear increase with low levels
of impact energy (Ui b 10 J) before reaching a plateau between 10 J and
20 J at 14 kN, followed by an increase at the energy level of 30 J
(Table 1). The plateau indicates a range of impact energies where the
joint resists damage initiation mainly in the composite part. Such be-
havior is in turn dependent on the ductility of the matrix resin and the
ability of the composite to resist initiation and propagation of delamina-
tion induced bymode II shear loading [41]. For composites, after the pla-
teau the stiffness of the material usually decreases, leading to reduced
load carrying capacity [37]. Contrary to the literature [37], the friction
riveted joints show an increase in load carrying capacity towards 30 J,
suggesting an additional damage mechanism releasing the energy,
which complies with the findings in Fig. 6. Therefore, above 14 kNmax-
imum force the damage mechanism to dissipate the impact energy
changes from intralaminar and interlaminar damage in the composite
to defects in the metal-composite interface. This observation does not
necessarily mean a higher impact damage resistance of the joint upon
higher impact energy, which in turnwould not affect the joint's residual
strength.
Fig. 7. Example of a) area of damage (Ai) and b) residual dent depth (d)measurements of frictio
10 J, 20 J, and 30 J).
3.2. Impact damage

To assess the impact damage, a superficial area of damage (Fig. 7-a)
and residual dent depth (Fig. 7-b) with increasing impact energy were
investigated and the results are shown in Fig. 7-c. It is worth tomention
that the damage modes and dimensions are strongly influenced by the
temperature of the impact event [1,9] and the clamping system used
to fix the sample, which effects were not investigated in the current
paper.

By increasing the impact energy, shallow and larger superficial dam-
age was observed. Moreover, two types of damage were identified for
the friction riveted joints based on the dent depth criteria applied for
aircraft composite structures [42,43]: barely visible impact damage
(BVID) and visible impact damage (VID). According to the literature
[6,44], when the damage has over 0.5 mm of residual dent depth, it is
considered VID, while below this level it is BVID. At 5 J impact energy,
a residual dent depth of 0.55 ± 0.06 mm was measured, and therefore
considered the VID threshold for impacted friction riveted joints,
belowwhich BVIDwas defined. The 10 J impacted joints presented a re-
sidual dent depth of 0.8 ± 0.2 mm, which was virtually the same as for
5 J impacted joints, and consequently it was considered a transition en-
ergy level.

BVID and VID were inspected using SEM and CLSM along with the
lateral view of friction riveted joints impacted with 5 J and 20 J, as
shown in Fig. 8. The 5 J and 20 J were the first impact energy levels
tested to induce BVID and VID, respectively, and thereforewere selected
for further microstructural analysis. At 5 J BVID was introduced and few
cracks were observed in the impacted surface of the joint (arrow in
Fig. 8-a). By contrast, in VID at 20 J the impacted surface exhibited a
clear hemispherical indentation along with local crushing of the com-
posite under the indenter and radial cracks (Fig. 8-b). The increasing
of impact energy also led to detachment of the composite parts as
shown by the comparison between Fig. 8-c and -d. This observation sug-
gests that as the incident impact energy increases, a higher portion of
such energy was absorbed within the joint through plastic deformation
of the upper composite plate, which complies with the increase of Um as
well as the Um/U ratio, as discussed in Section 3.1. Such deformation
may induce peeling stress at the overlapped area promoting partial sep-
aration of the composite parts. It can be assumed that peeling stresses
induced by impact accelerate the first failure mechanism of friction
riveted joints under shear stress – i.e. rivet debonding from the lower
composite part [26] – and hence decrease the load carrying capacity of
n riveted joints. c) Impact damage dimensions as a function of incident impact energy (5 J,



Fig. 8. SEM images along with 3D reconstructed images by CLSM of the impacted area with a) 5 J, and b) 20 J; side view of friction riveted joints impacted with c) 5 J, and d) 20 J, showing
separation of the overlapped composite parts.
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the joints. The negative contribution of the out-of-plane stresses over an
impact event on the detachment of interfaces and failure of joints
through CFRP delamination was already described by Harris and
Adams [45] and Machado et al. [46] for adhesively bonded joints. De-
spite the larger imprint in the impacted composite surface with higher
impact energy, no global distortion of the impacted composite plate
was observed, which can be considered a result of localized damage fa-
vored by the woven fabric [1,39].

Considering the energy absorbed to create a unit of elastic/plastic
deformation area – i.e. Um/Ai – a friction riveted joint required from
96 kJ·m−2 to 273 kJ·m−2, in a range of 5 to 30 J of incident impact en-
ergy, while a 4.3 mm thick and 54% nominal fiber content CF-PEEK re-
quires between 39 kJ·m−2 to 62 kJ·m−2 in a similar incident impact
energy range [38]. The result suggested that the presence of themetallic
Fig. 9. Frequency of damage through the composite thickness as a function of incident
impact energy. The insert schematic illustrates the positioning of the C-scan
measurement, where BS stands for bottom surface and US for upper surface.
rivet in the impacted composite plate increases locally the stiffness of
the composite, leading to an improvement up to four times of the re-
quired energy to further deform the composite.

The impacted composite joints also absorbs energy (see Ut in
Table 1) internally to the composite leading to delamination, matrix
cracks, and fiber breakage, which decrease the composite mechani-
cal properties significantly [47]. Internal damage in the impacted
friction riveted joints was assessed using the US C-Scan method.
Fig. 9 shows the normalized frequency of detected defects through
the thickness of the lower composite part over different impact en-
ergies. The composite thickness consists of 14 plies (thickness per
ply = 0.31 mm [48]), the orientation of which is shown in the
right hand side of the graph. The position of the rivet tip in the
lower composite is also depicted in Fig. 9 by a horizontal dashed
line. For all impact energy levels, the damage was accumulated
mainly in the 0° and 90° plies located near to the impacted surface
(bottom surface, BS). However, by increasing the impact energy
from to 10 J and 30 J, the intensity of superficial damage increased
(see first bar in Fig. 9). This can be explained by the radial propaga-
tion of cracks, as shown in Fig. 8-b. Additionally, at such levels, the
damage was extended towards the surroundings of the rivet tip
and detected in the ±45° plies at approximately 2.1 mm depth
within the composite.

The qualitative result of the damage location in the composite was
compared to the damage mechanisms taking place under low (5 J)
and high (20 J) impact energy from the cross-section fractography, as
presented in Fig. 10. At low impact energy, where a BVID was induced,
cracks orientated at approximately 45° were detected in the first 0°
ply which further propagated into the matrix (arrows in Fig. 10-b).
Onemay assume that the detected cracks resulted from pure transverse
shearing stress owing to the contact between the indenter and compos-
ite. Bieniaś et al. [15] reported a similar behavior with CFRP and alumi-
num hybrid laminates.

By examining the microstructure of 20 J impacted joints, it can
be concluded that delamination is the prevailing damage mode in
the VID. The failure of superficial plies was possibly governed by
peeling stresses, leading to vertical cracks in the 0° plies, as
shown in Fig. 10-c. In this case, the normal stresses in the layer
plane may have overcome the transverse tensile strength of the
layer. Fig. 10-d shows highly deflected crack in the 90° ply,



Fig. 12. Frequency of damage through the composite thickness of friction riveted joints impacted with 5 J and 20 J. BS stands for bottom surface while US stands for upper surface. The
histogram shows the location of rivet tip penetration in the lower composite part.

Fig. 11. a) Residual strength as a function of impact energy; b) typical load-displacement curves of friction riveted joints impactedwith 5 J, 10 J, 20 J, and 30 J, comparedwith non-impacted
specimens.

Fig. 10. a) Schematic illustration of the impacted friction riveted joint, depicting the main damage mechanisms under impact loading, which are detailed and highlighted by arrows in
images b) to f): b) fiber failure under shear; c) fiber failure under tension; d) matrix cracking; e) delamination; f) interaction of delamination with the metal-composite interface.
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which evolved into delamination mainly between 0° and 90° plies
(Fig. 10-e) and propagated towards the metal-composite inter-
face. The stacking sequence of 0° ply followed by 90° ply is
more susceptible to delamination propagation, owing to the sig-
nificant differences in their bending stiffness [15,49]. Fig. 10-f de-
picts the interaction between the delamination and the metal-
composite interface, leading to complete fracture of the composite
underneath the rivet, and consequently loss of joint integrity.
Fig. 13. Failure analysis of 5 J (a–d) and 20 J (e–h) impacted friction riveted joints after LS test
section of fractured joints impacted with 5 J; d) details of delamination and buckling of a 0° fi
impacted surface; g) typical cross-section of fractured joints impacted with 20 J; h) multiple k
3.3. Post-impact quasi-static mechanical performance

Fig. 11-a shows residual strength under shear loading as a function
of impact energy. Although compression is the critical load for compos-
ites [50], in-plane shear load is one of the most common scenarios that
stiffened composite panels of aircraft fuselage are submitted to during
flight [47]. Therefore, shear-after-impact (SAI) testing was carried out
to investigate the effects of accidental damage on the joint strength.
ing. a) SEM overview of the impacted area for 5 J; b) superficial cracking; c) typical cross-
ber bundle. e) SEM overview of the impacted area for 20 J; f) exposed tore fibrils at the
ink-band in a 0° fiber bundle.
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The residual strength was calculated from the ratio between the
strength of damaged and non-impacted friction riveted joints. In the
5 J impacted joints, BVID was responsible for 9% decrease in the joint
quasi-static strength, while for the VID resulting 30 J impact the de-
crease was down to 40%. The BVID result is way below the 19% decrease
in quasi-static strength of 2 mm thickness CF-PEEK impacted with 3.9 J,
as reported in [18], showing that the composite's impact tolerance may
not be compromised by the joining process. In addition, a decrease in
displacement at break and a change of themechanical behavior towards
final failure of the joints were observed in the typical force-
displacement curves in Fig. 11-b. For the 5 J and 10 J impacted joints,
the force-displacement curves display the characteristic two-peak be-
havior, typically described for the non-impacted friction riveted joints
[26]. In such cases, the contribution of cohesive-adhesive failure of the
squeezed polymeric material still provided an additional failure mecha-
nism to arrest the energy prior to the crack propagation through the
composite thickness triggered by shear stresses, meaning that this
area remained intact. On the other hand, for the 20 J and 30 J impacted
joints, the resulted peel stress (see Fig. 8-d) already damaged the
squeezed material under tension and this no longer contributed to the
joint's mechanical strength. Therefore, the load carrying capacity of
such joints decreased drastically, leading to single-peak curves, as pre-
sented in Fig. 11-b.

The propagation of BVID and VID during a lap shear test was
assessed by comparing the normalized frequency of detected damage
through the thickness of the lower composite part, before and after
the lap shear test, of 5 J and 20 J impacted joints, as presented in
Fig. 12. The propagation of internal cracks introduced by 5 J impact en-
ergy essentially extended throughout the interface between the 0° and
90° plies (delamination), as well as on the composite surface and to-
wards the surroundings of the rivet tip, where defects in the interface
of ±45° plies were also detected. In the case of 20 J, the impact damage
spread across all the composite plies, especially under intralaminar fail-
ure, as observedmainly by the damage accumulation internally to±45°
plies. It is important to emphasize that after lap shear (LS) testing, for
both levels of impact energy, the impact damage interacted with the
plastic deformation of the composite caused by bearing, which makes
the assessment of impact damage propagation challenging. Similar to
the friction riveted joints, Vander Klok et al. [51] reported difficulty in
describing the evolution of damage mechanisms on an impacted
metal-composite bolted joint.

Fig. 13 shows the dent areas along with the joint cross-section and
fracture surface after LS testing for 5 J (Fig. 13-a to -d) and 20 J
(Fig. 13-e to -h) impacted joints, respectively. An enlargement of the
impacted area (Fig. 13-a) with pronounced shear-induced cracks near
Fig. 14. a) S-N curves and b) stiffness degradation of friction riveted joints impactedwith 5 J and
to values as follows: ULSF0J - 6.6 ± 0.4 kN, ULSF5J - 6.0 ± 0.3 kN, ULSF20J - 4.8 ± 0.3 kN.
the surface of the composite (Fig. 13-b) was observed in the 5 J im-
pacted joints, which complies with Fig. 12. A fully delaminated compos-
ite volume close to the composite hole is shown in Fig. 13-d. Such
defects generated an empty volume in the composite that, when further
compressed by the rivet, may better accommodate out-of-plane dis-
placement of fiber bundles, especially 0° plies. This would explain the
presence of a buckled 0° fiber bundle instead of a kink band formation
(Fig. 13-d).

As well as enlargement of the impacted area (Fig. 13-e), the im-
pacted surface of 20 J revealed exposed tore fibrils (Fig. 13-f), indicating
the influence of secondary bending during LS testing on the impact
damage propagation. The fiber and matrix breakage introduced by the
impact (see Fig. 10) decreased the compression bearing capacity of
the composite during LS testing which in turn promoted extensive
out-of-plane displacement of the broken fibers in a 0° ply, resulting in
multiple sites with a kink band, as shown in Fig. 13-h.
3.4. Post-impact fatigue behavior

Fig. 14-a shows the S-N curves of non-impacted and post-impacted
friction riveted joints. The impact energies 5 J and 20 J were selected
once they induced BVID and VID respectively. Post-impact fatigue test-
ing defines the sensitivity of the structure to impact damage growth
[50].With increasing impact energy, a significant decrease in fatigue re-
sistance was observed which complies with the lower residual quasi-
static strength of 20 J impacted joints in comparison to 5 J impacted
joints. As previously explained, in contrary to 5 J impacted joints, 20 J
impacted joints underwent higher peeling stresses, leading to the pre-
mature adhesive failure of the squeezed material, which no longer con-
tributed to joint strength. Moreover, the slope of the S-N curve for the
higher impact energy was less steep than for the lower impact energy,
indicating less dependency of the fatigue performance with the stress
amplitude, once the joints were already severely damaged by the im-
pact event.

To understand the post-impact fatigue behavior of friction riveted
joints, the stiffness degradation over the fatigue life was monitored for
5 J and 20 J impacted joints and compared with non-impacted speci-
mens, as shown in Fig. 14-b. The load level of 66% of the joint ULSF
was selected based on an aircraft criterion, according to which, the fa-
tigue life at 105 cycles is addressed to evaluate the performance and cer-
tify new joining technologies [52]. As reported by Borba et al. [26], in the
case of non-impacted friction riveted joints, this fatigue life was reached
with a stress amplitude of 56 MPa, which corresponded to load level of
66% of the ULSF.
20 J. The stiffness degradationwas evaluated for specimens loadedwith 66% of their ULSF,
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The joint stiffness degraded faster for 20 J impact energy in compar-
ison to 5 J, which can be explained by the type of damage, its extent, and
the effect of peel stresses induced by the impact testing. As previously
discussed, the 20 J impacted joints presented shear-driven delamination
(Fig. 10-d), which extended to the metal-composite interface, along
with the failure of the squeezed material driven by peel stresses. Ac-
cording to Shahkhosravi et al. [53], delamination is a damage that prop-
agates unstably and rapidly under fatigue testing. Therefore, one can
assume that under low cycle fatigue the metal-composite interface
failed entirely for the 20 J impacted joints, compromising the load trans-
fer between the materials and hence inhibiting additional mechanisms
to dissipate energy. The multiple modes of impact damage observed
throughout the composite thickness in Fig. 10 for 20 J may also work
as stress concentration sites that trigger faster damage propagation dur-
ing fatigue testing. On the other hand, for 5 J impacted joints, in which
no evidence of delamination and peeling defects were observed, it is ex-
pected that the squeezed material (Fig. 2-e) contributed to the resis-
tance to low cycle fatigue. Consequently, the stiffness degradation rate
is considerably inferior for 5 J impacted joints than for 20 J impacted
joints up to 102 fatigue cycles.

In addition, at high cycle fatigue, where a plateau-like curve was
established for both impact energy scenarios, unvarying stiffness
Fig. 15. a) Typical cross-section of failed friction riveted joint impacted with 5 J, along with b)
shear induced hackles. d) Typical cross-section of failed friction riveted joint impacted with 2
material showing tearing of fibrils.
degradation might indicate the contribution of the rivet to withstand
the fatigue cycles. As the squeezed material and composite were pro-
gressively and prematurely degraded at low fatigue cycles, the undam-
aged rivet would partially arrest the crack that started propagating
through the composite and metal-composite interface. Therefore, one
can assume that the rivet plays a more important role in dissipating en-
ergy during cyclic testing in damaged joints compared to non-impacted
joints, where the triggering of other failuremechanisms in the compos-
ite may occur.

By inspection of the fracture shown in Fig. 15, it can be drawn that
the final failure in BVID joints under cyclic loading was not driven by
the impact damage, despite it causing a reduction in their fatigue life
(see Fig. 14). As highlighted by an arrow in Fig. 15-a, the composite
underwent high plastic deformation, which enlarged the edges of the
hole and assisted rivet removal from the composite part. This failure be-
havior is typical for non-impacted friction riveted joints under quasi-
static and cyclic loading, as described in [26]. Additionally, hackles in
the squeezed material confirm the plastic deformation of the squeezed
material triggered by shear during fatigue testing (Fig. 15-c) [54]. VID
joints are more prone to catastrophic failures, as evidenced by the low
plastic deformation bore by the edges of the composite hole (Fig. 15-
d) and intense cracking in the hole's surface (Fig. 15-e), mainly around
overview of the composite hole and c) microstructure of the squeezed material, showing
0 J along with e) overview of the composite hole and f) microstructure of the squeezed
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the rivet tip, where the stress concentrations are believed to be higher
under shear loading [55]. Fig. 15-f highlights the tearing of elongated fi-
brils in the squeezed material, confirming the influence of impact-
induced peel stresses, which led to premature failure of the squeezed
material prior to the cyclic loading.

The non-impacted and impacted specimens that survived 106 cycles
(at least three replicates) were further tested under quasi-static loading
to assess their residual strength, as shown in Fig. 16. According to the
recommendations proposed for the damage tolerance analysis of com-
posite aircraft structures, by EASA [42], it is necessary to ensure that
such a structure is not exposed for an excessive period (fatigue cycles
higher than 106 cycles), when it has a residual strength that is less
than its design limit for loads. The residual strength of non-impacted
and lower- and higher-energy impacted joints decreased by 9%, 2%,
and 4% respectively. Although the fracture analysis showed a possible
extension of the impact damage upon the fatigue cycles, their narrow
variations in strength and standard deviation suggest that the effect of
the cyclic loading on the initiation of additional damage by fatigue
were not as critical to the joint mechanical integrity as the impact dam-
age, either by BVID or by VID.

4. Conclusions

The current investigation assessed the sensitivity of Ti6Al4V/CF-
PEEK friction riveted joints to different impact damage modes and to
their propagation under quasi-static and cyclic loading. Overall, the
presence of the metallic rivet in the impacted composite plate may in-
crease locally the stiffness of the composite, leading to an improvement
up to four times of the required energy to further damage the composite
by elastic/plastic deformation. The higher the impact energy, the larger
was the impact damage in the composite, which was characterized in
two categories – barely-visible and visible impact damage – according
to their residual dent depth. The 5 J impact energy introduced barely-
visible impact damagewith residual dent depth up to 0.5mmandno in-
dication of stress-driven delamination. Consequently, quasi-static and
fatigue mechanical behavior were not significantly influenced. For im-
pact energies above 5 J, visual impact damage was identified which
combined delamination and premature failure of the metal-composite
interface and squeezed material. Accordingly, the joint failure mode
changed along with a decrease of up to 40% of the quasi-static joint
strength, and low fatigue resistance. Under cyclic loading, the propaga-
tion of the impact damage showed to be less dependent on the stress
amplitude, once the joints were already severely damaged by the
Fig. 16. Residual strength comparedwith the joint strength after onemillion fatigue cycles
of non-impacted friction riveted joints and joints impacted with 5 J and 20 J.
impact event. Friction riveted joints showed to be less sensible to the fa-
tigue damage than to the impact damage, as confirmed by the high re-
sidual strength after 106 fatigue cycles (98% and 96% for 5 J and 20 J,
respectively). The empirical approach adopted in this work, including
fundamental understanding of impact damage mechanisms, visual de-
fect detectability, and assessment of residual strengths under different
loading scenarios, has the potential to be further explored to aircraft
composite structures and used to validate numerical analyzes for im-
pact damage tolerance.
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