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Abstract: Composite structures, joined by conventional mechanical fastening techniques, have
raised concerns for the aircraft industry. Besides economic and manufacture issues, damage evolution
predictability is of great importance. The present work studied friction riveting as an alternative joining
technology for composite laminates. The failure and fracture micro-mechanisms of composite laminate
single lap joints were studied under quasi-static and cyclic loading. The joints failed mainly by rivet
detachment from the composite hole, followed by adhesive/cohesive failure of the squeezed material, and
rivet pull-through failure. Despite lower quasi-static strength of friction-riveted joints (6.2 £ 0.3 kN)
compared to reference bolted joints (8.7 + 0.2 kN), their fatigue life was higher by 88%. The main
improving contributions were: the squeezed material, working like an adhesive between the composite
parts and an additional fracture micro-mechanism, and the absence of clearance at the rivet-composite

interface, which promoted an improved load transfer between the joined parts.
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1. Introduction

In the past decade, the aircraft design sector embraced the application of carbon-fiber reinforced

polymers (CFRPs), owing to the possibility of property tailoring and consequent reduction in structural



weight. In addition, structural components in CFRP provided enhanced strength and stiffness compared to
the most traditional designs made of aluminum alloys and flexibility in designing complex shapes [1].
Similar as for aluminum structures, mechanically fastened joints are widely used to assemble composite
laminate structures. However, the complex nature of stress fields in the joint vicinities and mechanisms of
crack initiation and propagation (i.e. delamination, matrix cracking, debonding, fiber breakage) [2] in
composite laminates inhibit the failure predictability of such structures and hence the aircraft maintenance
programs [3]. Therefore, the failure behavior of bolted joints in composite laminates under different loading
conditions has received increased attention. Several empirical [4,5] and numerical studies [6-8] have
shown the composite bearing as the desired failure behavior for bolted composite structures due to its
comparable higher predictability. By considering this preference, the joint-bearing capability can be
enhanced through the optimization of joint geometry (i.e., width, edge-distance, clearance, and washer
size) [9,10], composite hole quality [11,12], use of interference-fit bolts [13,14]tightening torque [15], and
material layup and properties [1,16]. Moreover, Kelly G. [17] has shown improved bearing strength,
stiffness, and fatigue life by combining bolting and bonding joining techniques. The author has addressed
the non-catastrophic failure of hybrid joints using low-modules adhesives that allowed load sharing
between the bolt and the adhesive along with the retarded fatigue crack initiation, once the bolt carries the
more significant load share [17]. Bolted joint properties can also be improved by the through-thickness
reinforcement of the composite laminate using z-pins. Li et al. [18] have reported the z-pins as an effective
method for increasing the joint-bearing properties under quasi-static loading; these pins can also arrest the
development of the crack and thereby increase the joint elastic strain energy absorption capacity.

Many works focus on the current concept of entire composite structures with good damage
tolerance and fatigue life — both important for the aircraft industry — but there is no consensus on the
failure criteria for the empirical analyses of mechanically fastened composite joints. Under quasi-static
loading, the bearing strength can be defined as the maximum load during the test following the ASTM D
1602 standard, half of the maximum bearing load, or it can be based on the first peak load, in accordance
with the review of Khashaba U.A. [19]. The latter considers undetectable damages in the composite, which
propagate in an unstable way after a critical load for the integrity of the plies [20]. In case of cyclic loading,
researchers are challenged with the development of the concepts for fatigue life prediction and damage

evolution analysis to reduce the effort to develop experimental characterization. Whitworth H.A. [21] has



proposed a concept based on the stiffness degradation of the composite structure. The author has reported
that stiffness changes, which can be easily measured, are directly related to damage accumulation and
evolution.

Friction riveting is an alternative joining technology suitable for composite laminate structures
[22,23]. The process feasibility for several lightweight metallic alloys rivet and polymer composites has
been demonstrated [23-27]. Although the quasi-static mechanical properties have been frequently
addressed, the fatigue life and damage evolution under both quasi-static and cyclic loading remains as a
knowledge gap for friction riveting of composite laminates. Therefore, this work aims to assess the failure
behavior under quasi-static and cyclic loading of friction-riveted joints and compare it with the
conventional bolted connection. A case study of Ti6Al4V rivets and CF-PEEK overlap parts was
investigated. The findings presented here will contribute to further development of prediction models for
crack propagation under different loading conditions of friction-riveted joints. These have consequences

on the transfer of the technology for large composite structures, and therefore, on its maturity.

2. Materials and methods

2.1. Materials and joining procedure

Single overlap joints were produced using a FricRiveting gantry system (RNA, H. Loitz-Robotik,
Germany) coupled with a pneumatic clamping system, where the composite parts were fixed. The overlap
configuration comprised 4.34 mm (nominal thickness) carbon-fiber-reinforced polyether-ether-ketone
(CF-PEEK) laminates with 58 wt% nominal fiber content in a stacking sequence of [[(0,90)/(x45)]3/(0,90)]s
(Toho Tenax Europe GmbH, France). The laminates were joined with extruded plane rivets of Ti6AI4V
with a diameter of 5 mm and a length of 60 mm, as schematically shown in Figure 1-a. The M5 stainless
steel nut and washer were externally tightened with 1.0-Nm torque to pre-load the joints—this is carried
out to minimize through-thickness failure and consequently maximize the joint load capacity [9]. Figure
1-b shows details of the pneumatic clamping device, which consists of two actuators (DZF-50-25-P-A,
FESTO, USA), each having a maximum capacity of 1.0 MPa, assembled in a table with the upper element
built out of low carbon steel. The clamping system was used to ensure intimate contact between the joining

parts during the joining process.
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Figure 1. Schematic illustrations of (a) a single lap shear specimen geometry along with the dimensions
and load direction (all dimensions are in millimeters) and (b) the pneumatic clamping system used in this
work.

Direct friction riveting, a process variant of friction riveting, was used to join the CF-PEEK parts
and the Ti6AI4V rivet. The friction riveting process is thoroughly described in previous publications
[23,25,28], while the direct friction riveting process was recently published in [22] and applied for an
overlap joint configuration. In brief, direct friction riveting consists of frictional heat generated toward 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. Moreover, the molten polymer squeezed between
the composite parts and flowing toward the rivet surface during the joining generates adhesion forces at
these interfaces after consolidation. The latter together with the rivet anchoring into the composite parts
are the main bonding mechanisms of overlap friction-riveted joints. Figure 2 schematically depicts the

joining stages.
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Figure 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 [22]).



The selected joining condition (Table 1) was determined based on the process optimization
through the full-factorial design of experiments (2% with center point) along with analysis of variance.
Although the details of such process optimization is beyond the scope of this work and will be published
elsewhere, the range of processes parameters used to understand their individual influence on the joint
mechanical strength and therefore to optimize the process were: rotational speed — 10,000 to 15,000 rpm,
friction force — 5 to 15 kN, clamping pressure — 0.2 to 0.6 MPa, while displacement at friction at steps |

and 11, as well as consolidation time were kept constant, as shown in Table 1.

Table 1. Selected joining parameters.

Rotational Friction Friction | Displacement | Displacement Consolidation Clamping
Speed Force | Force Il, | atFrictionat | at Friction at Time [s] Pressure
[rpm] [KN] [KN] Step | [mm] Step Il [mm] [MPa]
15,000 5 10 4 35 10 0.2

2.2. Global mechanical properties

2.2.1. Single-lap shear testing

Lap shear testing was used to evaluate the quasi-static mechanical performance of the single-lap
joints (specimens from Figure 1) according to the ASTM D5961 standard. The test was carried out using
a universal testing machine (Zwick 1478, Zwick Roell, Germany) at room temperature (21°C) and a
traverse speed of 2 mm/min. The average ultimate lap shear force (ULSF) of three replicates was
calculated. The peak force bore by a joint before final failure was considered the ULSF. For the testing, a

free distance between the grips of 84 mm was kept constant.

To determine the damage initiation and propagation in the joint upon quasi-static loading,
consecutive loading and unloading approach was used. Each specimen was six times loaded at levels of
1.5 kN, 3.0 kN, 4:5 kN, 5:5 kN, 6.5 kN, and 6.8 kN. Three specimens were tested at each load level, with
one sample cross-section being analyzed by microscopy. After each level, all the joints were qualitatively

inspected by non-destructive testing (NDT) via ultrasound (US) method.



Digital image correlation (DIC) was performed to analyze the out-of-plane strain of friction-
riveted joints (ARAMIS 4M, GOM, Germany). The required stochastic speckle pattern on the side surface
of the joints (i.e. surface through the thickness) was prepared using black ink spray deposited on a white

background. A 50-mm focal length lens and a frame rate of 1 Hz were used.

2.2.2. Fatigue experiments

The fatigue tests were carried out using a servo-hydraulic machine (Instron/Schenk, Germany)
having +10 kN load capacity in a tension-tension regime at R = 0.1. A constant amplitude sinusoidal
loading at a frequency of 5 Hz was set. Load levels of 60%, 65%, 70%, and 80% of mean ULSF were used
to determine the Wohler curve; below 60%, the endurance limit was achieved for friction-riveted joints. A
minimum of three specimens for each level was tested. The single overlap joint configuration, described
in Figure 1, was used. The complete joint failure and joint withstanding 106 cycles were used as the criteria
to stop the test. The joints that survived 108 cycles without failure (i.e., run-out specimens) were
subsequently tested under quasi-static conditions, as described in Section 2.2.1, and the residual strength

reported.

The joint strength was expressed as a ratio between the load level in N and the average of the
hole’s real area (Ar) for friction-riveted joints, as depicted in Figure 3. The real area of the hole was
measured from X-ray tomography images before mechanical testing by using ImageJ software. This

approach has already been used by Blaga et al. in [23].

Figure 3. A cross-sectional view of the single-lap joint obtained by X-ray tomography used to measure the
real bearing area (A).



The variation of joint stiffness was used as an indication of damage accumulation throughout the
joint fatigue life. The stiffness degradation calculation of D = 1-(E/Eo), with Eg as the initial joint stiffness,

was applied.
2.2.3. Statistical analysis of the fatigue life data

The Weibull distribution was used to model the fatigue life of the friction-riveted joints according
to the DIN 50100:2016-12 standard. The two-parameter Weibull modeling approach, which considers a
set of samples rather than individual results, was applied to the model and confidence estimation. This
distribution has been reported in the literature as a useful tool to evaluate the broad scattered fatigue data

of composite structures and their reliability [29-31].

The probability density function (PDF) of the two-parameter Weibull distribution is presented in
Equation 1. The integration of the PDF results in a cumulative density function (CDF) (Equation 2), which
is the probability of joint failure. Equation 3, the reliability function, is derived from Equation 2, with the

latter corresponding to the probability of the survival or reliability of a set of joints [29].
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where x is the fatigue life; B is the Weibull slope; a is the characteristic life or the number of cycles in
which 63.2% of the sampling is expected to fail; Fr(x) is the probability of failure; and F;(x) is the

probability of survival or reliability (Ry).

Based on the above-mentioned equations, the Weibull distribution and reliability analysis were

carried out. In this study, the S-N plots were drawn for Rgs, Rgo, and Rso.

2.3. Damage and fracture surface analysis



The defects introduced in the joints due to the quasi-static and cyclic loads, such as voids,
composite delamination, and broken fibers, were primary assessed via ultrasound (US) inspection. This
measurement was carried out using a C-scan system (USPC 3040 DAC, Dr. Hillger Ingenieurbiro,
Germany) with a resolution of 20 MHz and an amplification of up to 106 dB in 0.1 dB steps. Figure 4-a
and -b schematically 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 backing element — i.e. ultrasound
signals from this region were discarded. Figure 4-c shows a typical cross-sectional view of the as-joined
friction-riveted joints along with the defect’s depth measurement. The position of the rivet shaft diameter

into the lower composite plate was highlighted by a dashed-line circle.
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Figure 4. a) Schematic illustration of the joint bottom view highlighting the region of the US measurement.
b) Side view of friction-riveted joint showing the selected backing element and the scale of the defect depth
based on the lower composite thickness. ¢) Typical cross-sectional view of the as-joined friction-riveted
joint along with the US measurement.

The mid-cross-section of the joints was analyzed by light optical microscopy (LOM) (DM IR
microscope, Leica, Germany) to reveal the joint microstructure along with the geometric aspects of the
plastic-deformed rivet tip. Scanning electron microscopy (SEM) (Quanta TM FEG 650 equipment) was
used to reveal the detailed joint microstructural features and the fracture surface. The samples were
prepared following standard materialographic procedures. The joints were sectioned through the center of
the rivet, embedded in cold resin, ground and polished to obtain a flat surface finishing. For SEM analysis,
the conductivity of the sample surfaces was increased via gold sputtering using a Q150R ES equipment

(Quorum Technologies Ltd., England) for 15 s with a current of 65 mA.



A non-destructive evaluation of the friction-riveted joints via X-ray micro-computed tomography
(X-ray p-CT) (Y. Cougar- FeinFocus X-ray system, YXLON, Germany) was carried out to assess the
reconstructed three-dimensional models of the failed joints. An operating voltage of 60 kV, a current of 95

WA, and no filters were hereby applied.

3. Results and discussion

3.1. Mechanical performance under quasi-static loading

The typical force-displacement curve of a single-lap friction-riveted joint is shown in Figure 5-a.
The average ultimate lap shear force (ULSF) was 6.2 + 0.3 kN, which is inferior to the 8.7 + 0.2 kN of the
reference lock-bolted joints, as reported by Borba et al. [22]. According to the authors, the combination of
through-thickness effect of the bolt shaft along with double-side compression imposed by the large lock-
bolt head and collar increases the load bearing capacity of lock-bolted joints in comparison to friction-
riveted joints where the plastic deformation at the rivet tip is limited as well as its penetration depth. Three
stages characterize the curve: a typical linear elastic behavior until the first load drop (Stage I), followed
by an almost linear slope until the peak force is reached (Stage 1), and a softening load drop region (Stage
I11). To analyze the reversibility of the joint strain, which indicates the introduction of damage and plastic
deformation during the mechanical test, consecutive load — unload cycles were imposed on the joint. The
cross-sectional view of the joints after each cycle (see Figure 5-b) was evaluated to define the main failure

mechanisms governing the joint mechanical behavior.
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Figure 5. a) Typical lap shear force-displacement curve (solid line) along with six curves from the loading
and unloading cycles (dashed line). b) Cross-sectional view of the samples loaded at levels of 4.5 kN, 5.5
kN, and 6.5 kN, which corresponds to cycles 3, 4 and 5.

The loading-unloading curves resulting from the joints loaded up to 4.5 kN (cycle 3 in Figure 5-
a) displays a linear elastic behavior with limited unrecovered displacement and no significant change on
the elastic modulus. Upon examining the specimen’s cross-section of the third cycle (cycle 3 in Figure 5-
b), a crack nucleated and propagated throughout the interface between the rivet tip and the composite hole,
leading to detachment of the rivet. At the load level of 5.5 kN (cycle 4 in Figure 5-b), which corresponds
to the first load drop in the typical load-displacement curve (Stage | in Figure 5-a), the joint stiffness
reduces significantly and a considerable plastic deformation is displayed. Such unrecovered deformation
combines the adhesive/cohesive failure of the composites interface and the bearing damage introduced
through the composite thickness due to the bending moment to which the rivet is subjected (cycle 4 in
Figure 5-b). The damage accumulated until the plastic-deformation capacity of CF-PEEK, when the peak
force is reached at load level of 6.5 kN (cycle 5 in Figure 5-a). Although the composite was already
damaged at this level, the joint still did not fail entirely and was further loaded up to 6.8 kN (cycle 6 in
Figure 5-a). Toward the end of the this cycle, the composite hole elongated concomitantly with the breakage

of the damaged composite and final rivet pull-through failure (cycle 6 in Figure 5-b).

10



Similar mechanical behavior has been extensively reported in the literature [4,6,32] for hybrid
joints and conventional lock-bolted joints of thermoset composites. Although displaying a similar type of
behavior, Heimbs et al. [4] have shown that for similar single-lap joint geometry using Ti6Al4V bolts with
a bolt diameter of 4.8 mm and 130° countersunk head, the displacement at break of the bolted joints is 6.3
mm, which is considerably higher than that in the friction-riveted joints (approximately 44% higher). The
broader bolt head in comparison with the plastically deformed rivet tip can partially explain this difference,
since it imposes more compression to the composite surface and therefore more restriction to composite-

bearing [15].

3.1.1. Damage evolution and failure criteria

The evolution of the overall failure of friction-riveted joints, described in Section 3.1, is related to
two main factors, which induce several fracture micro-mechanisms: out-of-plane and in-plane stresses. As
the geometry of single-lap joints is non-symmetric (see Figure 6-a), the eccentric tensile load path induces
secondary bending, which, in turn, leads to peeling stress [33]. The out-of-plane displacement of the neutral
line from the composite parts at different loading times (to-s0) was recorded by DIC and is shown in Figure
6-b. Figure 6-c depicts a lateral view of the deformation fields in the joint during the test. The initial stage
to took place prior to the displacement monitoring, which in turn started at tyo. The selected loading times
correspond to the end of the three stages depicted in the typical load-displacement curve of friction-riveted

joint, described in the previous section (Figure 5).

11
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Figure 6. a) Schematic representation of the eccentric loading path in composite overlap friction-riveted
joint. b) Out-of-plane displacement curves, and c) respective images of the strain field at different load
stages measured by digital image correlation (DIC).

The secondary bending increased with the loading due to a continuous release of the composite
surface compression imposed by the pre-tightening torque (i.e., the clamp-up torque), which no longer
inhibits the increment of the load eccentricity, thus leading to decrease of joint stiffness. Herrington and
Sabbaghian [34] have reported this effect of tightening torque on the mechanical behavior of conventional
composite bolted joints. The authors have addressed that the increase in bearing strength coming from an
increased clamp-up torque is owing to the out-of-plane constraint that prevent peeling failure [34].
Additionally, the composite parts deflected asymmetrically until the complete rivet removal. At ty (Figure
6-c), such effects led to the brittle fracture of the metal-composite interface through a peel-up of the plies
in the composite hole shaft and the rivet detachment, as shown by the fracture surface of the remaining
hole in Figure 7-a and -b. The initial separation the composite parts at ts (Figure 6-c) showed to be mainly
triggered by peeling stresses which evolved to a large gap between the parts at tgo. In the latter step, the
rivet is removed from the composite hole, increasing the out-of-plane displacement and imposing bending

to the lower composite part.
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The fracture analysis of the squeezed material between the composite parts (indicated by the arrow
in Figure 7-a) illustrates three main features: a smooth adhesively failed surface (Figure 7-c), an elongated
fibrous-like feature not oriented to the loading direction, and exposed fiber bundles in 90° (Figure 7-d).
Such features indicate a combination of adhesive and cohesive failure at the composite overlap area. Inside
the cohesive failure area, a highly dense ductile fracture of the PEEK matrix by tearing was shown to be
one of the primary fracture micro-mechanisms at the composite interface. Additionally, the exposure of
the fibers from the composite plate suggests interlaminar cracks inside the first ply of the CF-PEEK owing
to cohesive failure. No indication of shear-induced deformation in the squeezed material was identified in

this region.

loading
direction

Figure 7. a) Overview of the fracture surface, showing the squeezed material consolidated at the interface
between the composite parts. SEM micrographs of the b) hole in the lower composite plate remained from
the joining process, ¢) squeezed material fracture surface, showing the adhesive and cohesive failure
regions, and d) PEEK ductile fracture details along with exposed fiber bundles.

By increasing the eccentricity of the load path (from Stage 11 to Stage 11l in Figure 5), the in-plane

stress became more relevant for joint integrity. Owing to the bending moment, the rotation of the rivet and
13



the sinking of the plastically deformed rivet tip into the hole shaft walls imposed compression to the
composite and through-thickness failure. Figure 8 shows the C-scan measurements of the defect depth in
the lower composite part for each stage of the load-displacement curve (Figure 5-a). The dashed-lines
highlight the position of the rivet while the white regions in the diagrams correspond to the metal, for which
the ultrasound signal is not detectable in the current experiment. In comparison with the as-joined parts
(see Figure 4), the out-of-plane stress developed in Stage | did not impose any shear-driven compressive
failure on the composite. Therefore, the damaged area remained constant around the rivet. As soon as the
rivet rotates in Stage 11, the damage was accumulated in the rivet tip vicinities and extended to other plies

through the composite thickness (Stage 111, Figure 8).
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Figure 8. The defect depth acquired via ultrasound inspection in the lower composite part of the overlap
friction-riveted joints loaded at levels of 4500 (I), 5500 (11), and 6500 N (I11). The images highlighted in
dashed-line circles the position of the rivet.

Figure 9 shows the in-plane damages introduced to the joint and their micromechanisms. Critical
bearing stress around the composite hole induced high local plastic deformation (i.e., bearing damage), as
shown in Figure 9-b. Moreover, the non-uniform bearing stresses across the laminate’s thickness (see
schematic in Figure 9-c) led to the shear-driven interfacial debonding of the matrix from the fiber bundle
oriented in 0° (Figure 9-d) and the kink-band formation (Figure 9-e). CFRP laminates are known to have
poor interlaminar strength [1], and the alignment of the fibers to have a significant influence on the
composite compression response [7,35]. Although the fibers oriented in 0° can withstand higher
compression loads [1], their higher aspect ratio assists the progress of micro-buckling into shear-induced
fiber breakage in almost 45°, as observed for the friction-riveted joints. Once this most critical ply in the

stack began to fail, the stress was redistributed to the remaining plies, which may fail themselves and

14



thereby extended such damage — this is clearly seen in Figure 8. Thus, the failure of the laminate occurred
progressively until no further loading could be carried, the hole was enlarged, and the rivet was removed

from the lower composite part.
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Figure 9. a) Selected X-ray tomography of the friction-riveted joint after the lap-shear test. b) 3D
reconstructed p-CT and c) top view of the lower composite part, highlighting the influence of the bearing
stress on the plastically deformed edges of the composite hole. Compression-induced failure of the
composite by d) interlaminar damage and e) kink-band formation (indicated by arrow) in fiber bundles
orientated in 0°.

The results suggest that the overall failure of the overlap friction-riveted joints under quasi-static
shear loading starts with the rivet tip detachment (I, Figure 10-a), followed by the radial crack initiation at
the edges of the squeezed material. Such cracks propagate fast through an adhesion region and slow-down
in a cohesive failure region (I1, Figure 10-a, and Figure 10-b). Furthermore, cohesive failure is transmitted
through the composite thickness owing to the compression imposed by the rivet (111, Figure 10-a). Figure

10 illustrates the proposed failure path throughout the bonding zones of the overlap friction-riveted joints.
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Figure 10. a) Schematic failure path in the overlap friction-riveted joints under shear loading. b) Schematic
fracture surface of the overlap area in friction-riveted joints, indicating radial crack propagation from the
adhesion to the cohesion failure regions.

One can assume that based on the already described fracture micro-mechanisms, the out-of-plane
stress triggered the crack propagation, mainly through the tearing of the PEEK matrix at the initial stages
of the quasi-static mechanical test, while the composite’s shear-driven compressive failure through the
composite thickness dictated the joint integrity, eventually leading to a full rivet pull-out. There is currently
no consensus on the critical fracture micro-mechanism, which governs the joint mechanical behavior of
composite bolted joints. Consequently the basis to determine their joint failure criteria is also unclear [9].
According to the criteria described by Giannopoulos et al. [15], the maximum quasi-static loading to be
met in the service of a bolted composite structure, when multiplied by a safety factor of 1.5, has to be less
or equal to the specimen’s bearing strength. Additionally, in such criteria, this load level is characterized
by a quasi-linear and stable region in the typical load-displacement curve [20]. Considering the similarities
of friction- riveting and conventional bolted joints regarding the load-displacement curve and failure mode,
and thus, assuming similar failure criteria, the allowable failure would be restricted to out-of-plane induced

fracture micro-mechanisms at load levels up to 4.5 kN — this is shown by Figure 5-a.
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3.2. Mechanical performance under cyclic loading

3.2.1. Fatigue life

The S-N curves acquired for the two-parameter Weibull distribution and different reliability levels
(50, 90 and 99%) are shown in Figure 11. In the graph, the arrow indicates the run-out specimens, indicating
the fatigue limit. The reliability curves provide the number of cycles that the joint can withstand without
failure; they are a useful tool for safe structural design. Statistically, they also represent the life of the
weakest member of the population after a specified life in service [36]. For instance, in aircraft structural
applications, with very high safety requirements, one can assume that a lower number of cycles is expected

at a particular load level along with a conservative design.
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Figure 11. S-N curves acquired for reliabilities of 50%, 90%, and 99% according to the two-parameter
Weibull distribution.

The fatigue life at 10° cycles is commonly addressed in the aircraft sector to evaluate the
performance and certify new designs and joining techniques [37]. For aircraft applications, bolted
structures loaded with 30-35% of the quasi-static strength must withstand such fatigue life [37]. The
friction-riveted joints reached 10° cycles with a stress amplitude of 56 MPa, which corresponds to a load
level of 66% of the ultimate quasi-static lap-shear force (ULSF). The result showed an improvement up to
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88% for the friction-riveted joints in comparison with the cyclic behavior of conventional mechanical
fastening techniques under aircraft requirements. Similar improvement was reported by Mariam et al. [38]
for dissimilar bolted-bonded hybrid joins of overlapping AA7075 and glass-fiber reinforced epoxy parts.
McCarthy et al. [39] have reported that the clearance in conventional bolted joints is of maximum concern
when designing the limit load of aircraft. According to the authors, joints with a loose-fit hole have a shorter
fatigue life than the neat-fit holes once the elongation of the hole is initiated earlier in that scenario. The
produced hole (owing to the rivet insertion) of the friction-riveted joints is in intimate contact with the rivet
due to the reconsolidation of molten polymeric matrix material at the rivet shaft (Figure 4-c). This feature
may provide delayed damage initiation and accumulation in the friction-riveted joints, leading to better
cyclic mechanical performance. Additionally, the squeezed material described in Section 3.1.1. (Figure 10)
may also act as a failsafe mechanism and provides benefits to structural performance and durability after
its failure. This finding is in agreement with the cyclic performance of the bonded-bolted hybrid joints.
Chowdhury et al. [40] and Kelly G [17] have shown that hybrid bolted-bonded joints have the highest
fatigue life in comparison with bolted and bonded joints. In both studies, the presence of the fastener in a
hybrid bolted-bonded joint reduced the peel stress and arrested the crack propagation in the bond line,

which increased two times the number of cycles to the final failure.

The endurance limit was considered when the joints survived one million cycles without failure.
One can assume that after this value, the joint would no longer be damaged by fatigue and thus the test was
interrupted. This hypothesis was verified through the quasi-static residual strength of the run-out
specimens. The results are presented in Table 2Error! Reference source not found.. By comparing the
residual strength after one million cycles (5.9 + 0.3 kN) with the quasi-static strength (ultimate lap shear
force, ULSF) (6.2 £ 0.3 kN) of the joints, no statistically significant variation of the mechanical
performance was identified. The result indicates that the loading level, which the surviving joints
underwent after one million cycles, did not induce any critical fatigue damage in the joint, not

compromising its mechanical integrity.

Table 2. Quasi-static residual strength of run-out friction-riveted joints.

Ultimate Lap Shear Force (ULSF) [kN]

Quasi-static lap-shear testing 6.2+0.3
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ULSF after 10° cycles 59+0.3

3.2.2.  Stiffness degradation and damage evolution

The friction-riveted joints failed similarly under the cyclic test as in the quasi-static test: failure of
the squeezed material followed by bearing of the composite and rivet pull-out. The fatigue damage
evolution and the fracture micromechanisms associated with the failure mode were assessed using the
stiffness degradation approach [21]. Typical degradation curves for the joints loaded at different stress
levels are shown in Figure 12. Despite the four-stage curve, the extent of each stage relative to different
fracture micromechanisms is dependent on the applied load (Figure 12-a). At a stress level of 80% of the
ULSF, the critical damage was early introduced on the joint, shifting the stiffness degradation curve to
lower fatigue cycles, while at lower stress levels the crack initiation and propagation were postponed
toward a higher fatigue cycles. Moreover, the number of stages in such stress level is reduced to three —
it indicates that the load level is superior to the critical level that triggers the first fracture micro-mechanism.
Each stage was described for the joints loaded at the low-stress level of 66% of ULSF, as presented in
Figure 12-b. At this load level, all four stages of degradation are visible and stable, and therefore selected

for further microstructural analyses.

a)  gu0] o Stress level 80% b) 0.40 JStress level: 6% of ULSF
-0 Stress level 70%

0.35 4|——— Stress level 66% 0354 . . .
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& 030 @ 030
I n
é 0.25 4 A 0254 I
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2 0204 2 0204
[} [}
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Figure 12. Stiffness degradation curves for a) different stress levels and b) for 66% of the ULSF, showing
the stages of damage evolution.
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The fracture analyses of friction-riveted joints after each damage stage from Figure 12-b are
presented in Figure 13. The joint at the end of Stage 4 failed completely, and therefore, its fracture analysis
was herein neglected. In the initial stage, up to 1.5x10? cycles (Figure 12-b), the consolidated squeezed
material between the composite joining parts failed, followed by an adhesive failure of the rivet from the
composite hole (Figure 13-a and —b). After the damage initiation, the second stage displayed an almost
linear slope until the plateau was reached (Stage 2, Figure 12-b), at 10* cycles. At this stage, the cracks
already developed from beneath the rivet and from the squeezed material are believed to propagate toward
the interface between the rivet and the composite over different fatigue crack fronts, as indicated by solid-
line arrows in Figure 13-d. The cracks are mainly oriented at 45° to the loading direction and located
between the reconsolidated composite material and the composite matrix. Such cracks no longer
propagated after reaching the rivet shaft, which, in turn, arrested them and stabilized the joint stiffness until
10° cycles (Stage 3, Figure 12-b). Finally, owing to the momentum imposed on the rivet, the compression-
induced cracks were spread through the composite thickness, thereby leading to intralaminar defects in
fiber bundles oriented at 90° to the loading direction (Figure 13-e and —f). This fiber bundle-orientation
carried less tension and compression, as it is significant only for transversal loads and structure stability

[14].
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103 cycles

104 cycles

== 5mm

10° cycles

Figure 13. Overview of the joint cross-sections after 102, 10% and 10° cycles (a-e) and details of the
corresponding fracture mechanisms (b-f), highlighted by solid-line arrows. Additional dashed-line arrows
in (d) illustrate the squeezed material and rivet tip locations, which are not depicted in the image. All the
joints were loaded with 66% of ULSF.

The micromechanisms involved in the damage evolution and failure of friction-riveted joints were
addressed in Figure 14. Despite the propagation of the fatigue crack by a mixture of adhesive—cohesive
failure in the squeezed material, contrary to the joint mechanical behavior under quasi-static loading,
mainly shear-induced deformation was identified in the cohesive failure region. Figure 14-b shows a
periodic wave-like pattern of the matrix along the loading direction, which is well known in the literature
as hackles [41]. On continued cyclic loading of ductile materials, shear-induced cracks are generally
formed in the matrix between fibers. When they coalesce, they form microvoids along with highly plastic-
deformed waves, as detailed in Figure 14-c. Simultaneously, cracks nucleated underneath the rivet tip,
where the stress concentration is expected to be higher [28], leading to adhesive failure of the rivet-

composite hole interface (Figure 14-d). Although the fracture surface of the composite hole showed plastic
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deformation of the matrix, no out-of-plane tearing of fibrils was observed (Figure 14-e), indicating less

influence of the out-of-plane stress.

Figure 14. a) Overview of a high cycle fatigue fracture surface (456824 cycles to failure). SEM
micrographs of the b) squeezed material fracture surface, which shows the hackle formation and detailed
in c), d) hole in the lower composite plate remained from the joining process, and d) details of the plastic
deformed matrix in the composite hole.

Kelly G [17] has published similar failure mode and damage evolution for bolted-bonded hybrid
joints. Owing to a larger adhesion area between the joining parts resulting from the applied adhesive, the

crack initiation was delayed for higher fatigue life in comparison with the friction-riveted joints.

Based on the results, under cyclic loading, the friction-riveted joints failed mainly by shear-
induced defects while under quasi-static loading, a combination of in-plane and out-of-plane induced
defects was observed. Regarding the failure criteria and consequently the design of the friction-riveted
joints for fatigue, fracture mechanics similarly applied to the mechanically fastened composite must be

assessed. However, this is beyond the scope of this paper. The description of the complex failure mode and

22



fracture micromechanisms presented herein can be further used to predict the progressive failure of the
joints by using finite element methods; it also assists the strain energy release rate analysis. This topic is

an ongoing investigation and will be published elsewhere.

4. Conclusions

The mechanical behavior under quasi-static and cyclic loading of the friction-riveted joints in
composite laminates was described in this paper. Two features of such joints were considered relevant to
understand the damage evolution in lap-shear quasi-static and fatigue tests: the squeezed material, which
worked like an adhesive, along with its failure as an additional fracture micromechanism, and the plastically

deformed rivet that arrested the crack propagation, especially under cyclic loading.

The friction-riveted joints presented up to 40% lower ultimate lap shear force (6.2 £ 0.3 kN) and
reduced displacement at a break in comparison with the bolted joints. Less efficient superficial compression
on the friction-riveted joints in comparison to the clamp-up of the bolt head in conventional bolts along
with less penetration of the rivet into the composite in friction-riveted joints may lead to less through-
thickness load-carrying capacity and hence inferior joint strength. For quasi-static loading, three main
stages defined the mechanical behavior, associated with the rivet debonding, followed by a mixture of

adhesive and cohesive failure of the squeezed material, and finally, a pull-through of the rivet.

Despite lower ultimate lap shear forces under of quasi-static loading, the fatigue life of friction-
riveted joints improved significantly, by 88% in comparison with the published works on lock-bolted joints.
The intimate contact between the rivet and composite hole by the reconsolidated molten polymer may
explain the improvement in fatigue life and fatigue strength of the friction-riveted joints. Overall, friction-
riveted joints failed in a similar manner under cyclic and quasi-static loading, except for more shear-
induced damage in the last scenario. No critical fatigue damage was induced to run-out specimens, thus
reflecting similar residual strength (5.9 + 0.3 kN), as the quasi-static ultimate lap shear force (6.2 £ 0.3
kN). The stiffness degradation curve over fatigue life showed four typical stages where damage is
accumulated under different fracture micromechanisms, including shear-induced plastic deformation at the

fiber-matrix interface and intralaminar defects distant to the joining area, in fiber bundles oriented at 90°.
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Friction riveting presented an improved fatigue life in comparison with conventional bolted joints
and thus proved to be an alternative joining technology for composite laminates. This work provides a
description of the complex failure modes and fracture mechanisms, which can assist on establishing and
validating prediction models for progressive failure of composite friction-riveted joints under quasi-static

and cyclic loading.
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