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ABSTRACT 

High specific properties make composite materials desirable for modern aerospace applications. 
However, joining such materials presents new challenges. Notably, composites are not capable of 
supporting the high localized loads caused by deforming aluminum solid rivets, traditionally used 
for joining aluminum structures. Instead, metallic bolt-type fasteners are used. However, such 
fasteners present drawbacks regarding their weight, lightning strike hazards, corrosion, and cost. 
We present here the development of an innovative assembly technology to overcome these 
downfalls, with carbon fiber/thermoplastic composite rivets. First, carbon fiber/polyether ether 
ketone (CF/PEEK) rods are pultruded and cut into short length blanks. Then, by Joule effect, the 
blank is heated above the melting temperature of the thermoplastic matrix. Next, it is molded in 
situ, i.e., into steel or carbon fiber reinforced polymer (CFRP) adherends. To ensure consistency, 
the riveting process is performed by an automated machine. In steel, up to 175 W of heating were 
applied, while only 110 W were used for CFRP plates. The riveting process required 35 s. Shear 
and tension test results showed higher specific properties than similar joints featuring aerospace-
grade titanium fasteners. CF/PEEK rivets submitted to shear held 9 kN/g, while titanium fasteners 
held 5 kN/g. For samples submitted to tension, CF/PEEK rivets held 5.6 kN/g, while titanium 
fasteners held between 3 kN/g and 5.5 kN/g. These superior specific mechanical properties show 
that the technology could be used in the next generation of lighter and safer aircraft structures. 
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1. INTRODUCTION 
The aerospace industry currently uses metallic fasteners to join the composites that now make up 
over 50 % of an aircraft’s structure [1]. However, these fasteners are known to have several 
drawbacks. The most notable are related to weight, galvanic corrosion, cost, lightning strikes, and 
installation stresses [2-4]. Previous studies showed that rivets made of composite materials like 
the structure in which they are installed could help offset the aforementioned downsides [2, 5-11]. 

Metallic fasteners must be carefully selected when they are to be used in composite structures, as 
they may lead to the degradation of the joint in which they are installed. First, with regards to 
installation, interference must be considered. While interference from a fastener in a joint can lead 
to an increased fatigue life [12], care must be taken to avoid damaging the structure by causing 
delamination [13]. This potential is avoided by the installation of bolt-type fasteners in clearance 
holes. In those cases, however, the clearance has to be controlled, as different amounts can lead to 



changes in the joints behavior under load [14, 15]. Next, the fastener’s material is important to 
consider. Typical steel and aluminum rivets are immediately disqualified, as their galvanic 
potential is by far different from the CFRP’s. This forces the use of titanium, which is a heavy and 
costly solution. Finally, the vastly different conductivities between the structure and the fasteners 
can lead to sparking in the event of a lightning strike [4]. Therefore, steps must be taken to isolate 
the fasteners from the aircraft’s structure.  

Several fasteners made from composite materials have been proposed over the years; some of them 
going as far back as the 1940s [16]. To circumvent the obstacles mentioned earlier, a 1970s study 
showed that a two-part glass composite fastener could be an interesting solution [2]. Indeed, the 
6.35 mm diameter fastener had the potential to reduce the cost and weight of structures, and could 
hold 6.2 kN in static single lap shear tests, or 2.5 kN in tension. Due to the use of an adhesive to 
bond the fastener’s parts, the solution was later deemed too exotic and unreliable to be further 
developed [3]. Since then, other two-piece composite fasteners in a bolt-type configuration have 
been studied, all with excellent mechanical properties [17-19]. However, there is a caveat with 
such solutions with regards to the necessity of adding a locking element to prevent the fasteners 
from getting loose over time.  

A single piece thermoplastic rivet produced by upsetting a cylindrical blank, like a traditional 
metallic rivet, can address the previously stated problems. Studies have successfully produced such 
fasteners by heating the blanks in several manners, including ultrasounds [8], induction [9], heating 
elements [7], and the Joule effect [5, 6, 10, 11, 20]. The most recent work on the subject 
demonstrated that CF/PEEK rivets yielded high specific properties in shear and tension 
applications, independently of the hole’s clearance in composite structures [21]. This study pursues 
this work by studying the installation and behaviors of CF/PEEK rivets installed in CFRP or steel 
joints, and compares the results to those of traditional titanium fasteners in similar conditions. 

2. MATERIALS 
Table 1 presents the commingled CF/PEEK yarns used to produce the blanks used in this study. 
Those blanks were cut from unidirectional composite rods made of 12K (AS4, Hexcel) carbon 
fiber and PEEK (151G, Victrex) commingle yarns (12K/PEEK, Concordia Fibers). The nominal 
fiber volume content (Vf) of the commingled yarns was 54 %. The PEEK matrix’s glass transition 
temperature (Tg) is 143 °C, while its melting temperature (Tm) is 343 °C, and its processing 
temperature is in the 360 °C to 420 °C range. 

6AL-4V titanium bolt-type fasteners (HST13AG6-5, Lisi Aerospace) with stainless steel self-
locking nuts (HSTN1488DU3, Lisi Aerospace) were used as a baseline to compare the developed 
rivets. Both types of fasteners were installed into stainless steel and CFRP adherends. The steel 
coupons were cut from 12-gauge (2.96 ± 0.03 mm thick) SS304 plates. CFRP coupons were made 
from pre-impregnated carbon fiber and epoxy (Cycom 977-2, Cytec) with a 
[90/±45/0/(±45)2/0/±45/90]S stack-up produced by automated fiber placement (AFP) with 
3.175 mm wide tows. The laminate thickness was (3.344 ± 0.125) mm. The laminate was cured in 
an autoclave in accordance with the manufacturer’s recommendation.  

Table 1. Commingled yarn properties 

Properties 12K/PEEK 



Yarns  
Manufacturer 
Fiber volume content 

Concordia Fibers 
54 % 

Fiber  
Type AS4 

Matrix  
Type 
Glass transition temperature (Tg) 
Melting temperature (Tm) 
Processing temperature (Tp) 

Victrex 151G 
143 °C 
343 °C 
360 °C – 420 °C 

3. EXPERIMENTATION 
3.1 Rivet blank fabrication 
Using the thermoplastic pultrusion system shown in Figure 1, CF/PEEK rods with a 
(4.648 ± 0.018) mm diameter were produced. The apparatus included a creel, a preheater, four (4) 
pultrusion dies, a cooling die and a puller. The creel held 21 commingled yarns, spooled onto 
individual bobbins.  

The preheater was contactless, 300 mm long, and had a 12 mm inner diameter. It was set to 300 °C. 
All 4 pultrusion dies had conical chambers with 10° tapers, followed by a straight 6.35 mm long 
cylindrical passage. The diameters of each cylindrical die exit were 5.13 mm, 5.00 mm, 4.90 mm, 
and 4.76 mm. In the Figure 1 close-up view, control thermocouples are symbolized by green 
circles. Orange circles are heating cartridges. During pultrusion, the 4 pultrusion dies were set at 
400 °C. Protruding from the final pultrusion die is a 31 mm long, thin-walled circular-section tube. 
The rightmost part of the tube on the diagram was inserted into the cooling die’s inlet by 3 mm. 
The tube had a 1.59 mm wall thickness. The cooling dies had an internal diameter equal to the one 
from the cooling tube, i.e., 4.76 mm. The cooling die set point was 100 °C. The pultrusion speed 
was 50 mm/min.  

Once the rods are pultruded, they are cut by a diamond saw into short lengths that serve as blanks 
in the riveting process. Material conservation dictates that the blanks and formed rivets should 
have the same volume. Therefore, the blanks are cut to a length (LB) evaluated by 
 LB=VR

∅B
 [1] 

with VR, the rivet’s volume and ∅B, the blank’s diameter. 
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Figure 1. Multi-die pultrusion apparatus. The system includes a 21-bobbin creel, a contactless preheater, four pultrusion dies, a 

cooling die and a puller. 

3.2 Test sample preparation 
Steel and CFRP plates were cut into samples to produce lap-shear test samples per ASTM D5961, 
procedure B and pull-through test samples per ASTM D7332, procedure A. Sample dimensions 
are presented in Figure 2 and Figure 3.  
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Figure 2. Single lap shear test samples per ASTM D5961, procedure B (modified). Hole dimensions can be found in Table 2  and 

Figure 4. 
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Figure 3. Pull-through test samples per ASTM D7332, procedure A. Hole dimensions can be found in Table 2 and Figure 4. 



The holes mentioned in Figure 2 and Figure 3 were cut to the diameters indicated in Table 2. Two 
hole types were selected: low-load (LL) and high-load (HL). The first has a 0.114 mm clearance 
between the fastener or the blank and the hole, and the other has a 0.038 mm clearance. Hole 
diameter differences between steel and CFRP coupons are attributed to different tools used for 
drilling. In the first case, a CNC mill (KX8-Five, Huron) was used with carbide ball end mills, 
while drills and reamers were used on a manually operated mill for the second. The countersinks 
were cut to the dimensions indicated in Figure 4. The 60° chamfer was added for the steel plates 
in order to allow the titanium fasteners to sit properly in the joints. 

Table 2. Hole diameters (ϕh) 

Fastener 
material 

Fastener 
diameter 

Hole 
type 

Nominal 
ϕh 

SS304 
ϕh 

CFRP 
ϕh 

 [mm]  [mm] [mm] [mm] 

6AL-4V 4.804 ± 0.005 LL 4.902-0
+0.025 4.901 ± 0.002 4.872 ± 0.018 

HL 4.826-0
+0.025 4.827 ± 0.004 4.805 ± 0.007 

CF/PEEK 4.648 ± 0.018 LL 4.724-0
+0.025 4.724 ± 0.000 4.706 ± 0.012 

HL 4.648-0
+0.025 4.651 ± 0.000 4.648 ± 0.003 

 
Figure 5 presents the dimensions of the titanium fasteners and of the CF/PEEK rivets. The 
proposed rivet’s dimensions were selected to mimic the commercially available fasteners, while 
using as many standard parts as possible to design the tooling.  

ϕh 
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Figure 4. Countersink dimensions. CFRP plates do not have a 
constant 100° countersink rather than the added 60° region. 
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Figure 5. General fastener dimensions. Dimension t is 
dictated by the total thickness of the joint. a) Titanium 

fastener. b) CF/PEEK rivet. 

3.3 Rivet installation 
The riveting tooling and process are illustrated in Figure 6. Figure 6a shows the main parts of the 
tooling. Each side of the joint had a similar tooling configuration. However, by modifying 
displacements, blanks and adherends, dissimilar heads can be obtained.  



 
Figure 6. Riveting process: a) Tooling description. b) Rivet blank installation. c) Rivet blank heating. d) Rivet formation. e) Cool 

down. f) Typical riveted joints. g) Typical CF/PEEK rivet. 

The external tubes were the bucking tool sockets, made of stainless steel. The top socket was 
actuated by a 1 kN electrical linear actuator (KK6005C-200A1- F3, Hiwin) while the bottom 
socket was fixed. The intermediary cylinders were the bucking tools. The bucking tools were 
Al2O3 ceramic tubes having an internal external diameter of 9.53 mm and an internal diameter of 
6.35 mm. These tubes were lined with a thin steel tube with a 4.76 mm internal diameter. Stainless 
steel plunger rods with a 4.76 mm diameter slid within the steel-lined Al2O3 tubes. These plungers 
also served as electrodes, powered by a 960 W power supply (1900B, BK Precision). The two 
bucking tools and two plungers were actuated using four separate 1 kN linear actuators. In total, 
five actuators are installed in the machine. 

The first step of the process was to set the machine to initial conditions in order to allow joint and 
blank installation (Figure 6a). Following the installation of the blank, the tooling was closed, and 
a clamping force was applied to hold the adherends tightly (Figure 6b). The aforementioned force 
was applied through the bucking tool sockets. Once the adherends were secured, the bucking tools 
were retracted to form insulating air pockets for heat to be generated in the exposed areas and 
avoid losses through the tooling (Figure 6c). Heat was generated by means of the Joule effect 
supplied by electrodes that doubled as plungers. For the steel joints, 15 s at 80 W, followed by 5 s 
at 175 W and a return to 80 W were needed. In CFRP joints, the power used was 110 W for 24 s. 
To help keep the blank straight during the process, a 1 mm offset is kept between the bucking tools 
and plungers [22]. After the selected heating time, a riveting force was applied by the bucking 
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tools and plungers to compress the blank and form a rivet (Figure 6d). A 1 s delay was included 
between the formation of the bottom and top parts of the rivets (Figure 6e). Power was then cut-
off to allow for a cool-down period of 10 s. The tooling was then opened to reveal the riveted joint. 
From the beginning of the heating stage to the opening of the tooling, the elapsed time was 35 s. 
Figure 6f-g show typical riveted joints and a typical CF/PEEK rivet. 

3.4 Mechanical testing 
The shear tests were performed using a servo-hydraulic tensile testing machine (MTS810, MTS) 
equipped with a 100 kN load cell (661.20E-03, MTS) and hydraulic wedge grips (647, MTS) set 
to 6.9 MPa. The pull-through tests were performed with an electromechanical tensile testing 
machine (Insight, MTS) equipped with a 50 kN load cell (569332-01, MTS) and compression 
platen.  

Five replications were performed for each condition, namely titanium or CF/PEEK fasteners in 
steel or CFRP joints, for both test methods. A constant displacement rate of 2 mm/min was applied 
to all samples. For shear tests, doublers made from the adherend material with double-faced 
abrasive strips were held with the coupons to ensure that the force applied was parallel to the 
interface between the adherends. 

4. RESULTS AND DISCUSSION 
4.1 Rivet blank characterization 
Images of the blanks are presented in Figure 7. Micrographs of the pultruded CF/PEEK blanks 
were taken at 50× and 200× magnification.  

a) b) c) d)

1 mm50× 10 mm 100 µm200× 50× 10 mm

1 mm

 
Figure 7. Rivet blanks. a) The rods are cut into blanks. b) Longitudinal micrograph of a blank. Fibers are aligned and low levels 
of porosity are observed. c) Transverse micrograph of a blank. Circular cross-section and low levels of porosity are observed. 

d) Higher magnification of the transverse cross-section showing well distributed fibers with an excellent impregnation level. Very 
few micro-voids are observed. 

Figure 7a shows the blanks cut from pultruded rods. Figure 7b shows the longitudinal section, and 
the fibers are all aligned, and few voids are observed. Figure 7c shows the transverse section of 
the rods. Once again, a few voids are observed. The cross-section is circular, and the surface finish 
is slightly shiny (Figure 7a), which could be attributed to cooling-induced shrinkage from the 
cooling step of the pultrusion. Figure 7d shows a representative enlarged view of the cross-section. 
Micro-voids are almost non-existent, and the fibers are well distributed. The final rods had a 
diameter of (4.648 ± 0.018) mm. Using Equation 1, they were cut to a length of approximately 
(27.1 ± 0.5) mm. They had an average mass of (0.72 ± 0.02) g 



4.2 Riveting process characterization 
Figure 8a-b shows the initial and final positions of the tooling. To track the progress of the riveting 
process in the top and bottom of the rivet (Pi(t), with i being top of bottom), it is proposed to 
observe the average position of the tooling in time and to compare it to the expected final value. 
The top and bottom progress can be calculated by  

 
Pi(t)= �

2z100%, i(t)
zp, i(t)+zb, i(t)

�  [2] 

where z100%, i is the nominal final positions of either the top or bottom tooling. Parameters zp, i(t) 
and zb, i(t) are the positions in time of the plunger and bucking tool respectively, for the top and 
bottom sections.  

 

Figure 8. Process progress: a) Tool position when heating begins. b) Final tool position. c-d) Top and bottom forming process 
progress. Non-zero initial progress is due to initial positions of the tooling. e) Electrical power applied to the blank. 

For the top, the plunger and bucking tool are expected to arrive flush with the top of the joint to 
form the countersunk head. For the bottom counterparts, the expected final position is 4.7 mm 
below the joint to fit the dimensions presented in Figure 5b. Top and bottom progress are calculated 
separately, and all measurements are taken with the bottom of the joint as the reference point. 
Figure 8c-d show the progress of the riveting process for the top and bottom halves. Once the 
riveting force is applied after the heating period, the quick increase of the progress indicates a rapid 
deformation of the blank into the rivet. Less than 2 s are needed to form a rivet, which indicates 
that the PEEK matrix is entirely melted. Another indicator of adequate heating are the sharp angles 
from Figure 5g. These sharp angles indicate that the composite conformed to the tooling correctly. 
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For both adherend materials, it is noticed that the progress value reached is above 100 %. For steel 
coupons, the progress stabilizes at 104 %, while the CFRP coupons attain a progress value of 
103 %, meaning that in both cases, the tooling traveled a longer distance than was expected. Two 
factors can be attributed to this behavior. First is the compliance of the machine and the 
compression of the joints. Since the progress is a function of the position of the tools, Compliance 
in the machine and compression in the joints could allow for a slight underestimation of the 
positions. A second source of error is the flashing that occurs between the different parts of the 
tooling. Such flashes reduce the available rivet material and allows the tools to move further, thus 
increasing the apparent progress of the process. Figure 8e shows the power cycles used to heat the 
blanks. In steel and CFRP joints, a delay is observed between the set points (dashed lines) and the 
measured value. A PID controller on LabVIEW (National Instruments) was used to control the 
electrical source and is the most likely source of the delay. 

4.3 Riveted joint characterization 
4.3.1 Single lap shear properties 
Figure 9 presents the curves obtained by performing tests from ASTM D5961, procedure B on 
titanium and CF/PEEK fasteners in steel and CFRP coupons with high and low-load hole 
configurations.  

Titanium fastener load-displacement curves are shown in Figure 9a. Slippage in the grips during 
the tests with steel coupons. Therefore, typical curves were presented for information purposes. 
Only the peak-loads are valid for titanium fastener in steel coupons. For the tests conducted in 
CFRP joints, the curves begin with a linear region, followed by a variation in the slope. The peak-
load is then reached before rupture. Depending on the hole configuration, the rupture behaviors 
are different. In the low-load case, failure is gradual, while the high-load case presents a sudden 
drop. This is attributed to fastener rotation in the joints, allowed by the larger hole. Figure 9b 
presents a close-up on the initial region of Figure 9a. Coherently with results from McCarthy & 
McCarthy [15], joints with more clearance (LL) have a lower rigidity than ones with less clearance 
(HL). Figure 9c presents the load-displacement curves for the composite rivets. Different 
behaviors are observed, depending on the coupon materials. Steel joints have a greater apparent 
rigidity. This is attributed to the onset of damage by the rivets in the CFRP holes. A slight drop in 
apparent rigidity at a 0.3 mm displacement for steel joints indicate the onset of damage in the plates 
and rivets (Figure 9d). Once the peak-load is reached, the SS304-LL curve drops suddenly, which 
leads to believe shear failure occurred. For SS304-HL, the load drops more gradually, which is 
attributed to a different failure mode. Figure 9d does not show a significant difference in rigidity 
linked to the hole clearances in joints with CF/PEEK rivets. For CFRP joints with CF/PEEK rivets, 
the curves are not significantly different, which indicates no influence from the hole clearance. 
This is consistent with results by McCarthy et al. [14]. Once the peak load is attained, it drops 
gradually – and indication of a progressive, non-catastrophic rupture. 
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Figure 9. ASTM D5961, procedure B test results for fasteners installed in steel (SS304) and CFRP plates, for low-load (LL) and 
high-load (HL) configurations. Asterisks indicate typical rather than average curves. a) Titanium fasteners. b) Close-up on the 

initial region of the titanium curves. c) CF/PEEK rivets. d) Close-up on the initial region of the CF/PEEK curves. 

Micrographs of the joints submitted to shear presented in Figure 10 support the previously 
mentioned elements. Figure 10a shows a typical titanium fastener in a steel joint. The plates are 
heavily deformed, but the fastener was the limiting factor. For Figure 10b-c, the fasteners were 
also the limiting elements, despite light damage to the plates indicated by the red arrows. In those 
two cases, the rivets broke between the plates. However, while Figure 10b has a mostly neat 
fracture plane linked to shear, Figure 10c has a more irregular fracture plane that implies tension 
occurred. This out-of-plane loading is attributed to fastener rotation during the tests. Figure 10d-e 
show different failure modes between the titanium fasteners installed in the CFRP, depending on 
the hole configuration.  In the first case, the plates with LL holes are heavily damaged, but the 
fastener is not broken – an indication that the plates were the limiting factor. Such heavy damage 
to the plates will have caused the more gradual rupture indicated earlier. On the other hand, the 
fastener in HL holes is broken and bearing damage is apparent around the hole. The rupture of the 
metal part is consistent with the sudden drop in loading mentioned above. Figure 10f shows a 
typical CF/PEEK rivet in CFRP plates. The rivet sustained heavy damage, and bearing damage is 
clearly visible around the holes. It is suspected that failure was initiated by the onset of bearing 
damage, which allowed the fastener to rotate. This rotation led to the load to become out-of-plane, 
which caused the rivet’s head to be ripped off. 
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Figure 10. Migrographs of the rivets submitted to shear at 50× magnification. a) Typical titanium fastener in steel joints. 
b) CF/PEEK rivet in steel plates, LL. c) CF/PEEK rivet in steel plates, HL. d) Titanium fastener in CFRP joint, LL. e) Titanium 

fastener in CFRP plate, HL. f) Typical CF/PEEK fastener in CFRP joint. 

Table 3 presents the loads sustained by the joints submitted to shear. In absolute terms, the titanium 
fasteners always held the greatest load. They held between 10 kN and 14 kN, while the CF/PEEK 
rivets held approximately 6 kN. However, when considering that the titanium fasteners weigh 
2.2 g, against only 0.7 g for the CF/PEEK rivets, the latter are by far superior. The specific shear 
load held by the composite rivets was approximately 9 kN/g, against approximately 5 kN/g for 
titanium. 

Table 3. Mechanical properties of joints submitted to shear. 

Hole 
type 

Joint 
material 

Fastener 
material 

Peak 
load 

Specific 
shear load 

   [kN] [kN/g] 

LL 
SS304 Titanium 13.8 ± 0.1 6.3 ± 0.1 

CF/PEEK 7.2 ± 0.3 10.1 ± 0.4 

CFRP Titanium 10.2 ± 0.2 4.7 ± 0.1 
CF/PEEK 6.2 ± 0.3 8.7 ± 0.5 

HL 
SS304 Titanium 13.1 ± 0.5 6.0 ± 0.3 

CF/PEEK 6.5 ± 0.5 9.1 ± 0.8 

CFRP Titanium 9.6 ± 0.2 4.4 ± 0.1 
CF/PEEK 5.9 ± 0.2 8.2 ± 0.3 

 



4.3.2 Pull through properties 
Figure 11 shows the ASTM D7332, procedure A test results for titanium and CF/PEEK fasteners 
installed in steel and CFRP joints. 

Displacement (mm)

Lo
ad

 (k
N

)
a)

0 2 4 6 8 10 12 140

2

4

6

8

10

12

14
Titanium

Displacement (mm)

Lo
ad

 (k
N

)

c)

0 2 4 6 8 10 12 140

2

4

6

8

10

12

14

2

4

6

1 2 3 4

CF/
PEEK

CFRP-HL SS304-HLSS304-LLCFRP-LL

Displacement (mm)

Lo
ad

 (k
N

)

b)

0 0,2 0,4 0,6 0,8 10

2

4
Titanium

1

3

0 0,2 0,4 0,6 0,8 10

2

4

1

3

d)
CF/PEEK

Lo
ad

 (k
N

)

Displacement (mm)

 
Figure 11. ASTM D7332, procedure A test results for fasteners installed in steel (SS304) and CFRP plates, for low-load (LL) and 
high-load (HL) configurations. a) Titanium fasteners. b) Close-up on the initial region of the titanium curves. c) CF/PEEK rivets. 

d) Close-up on the initial region of the CF/PEEK curves. 

Figure 11a shows the load-displacement curves for the titanium fasteners. For steel joints, the 
curves begin with a region of higher rigidity that then diminishes. This change is attributed to 
plastic deformation in the joints. The peak load is then reached and the joint fails. For CFRP joints 
with titanium fasteners, a linear region is followed by a jagged one, containing the peak load. The 
irregular behavior is attributed to delamination cause by the fastener being pulled through the 
plates. The close-up in Figure 11b seems to show a non-linear region at the beginning of the curves. 
This phenomenon is not studied here, and more investigation should be conducted on the subject, 
but it could be linked to different preloads in the joints, or elastic flexion in the plates. In Figure 
11c, the load-displacement curves for the CF/PEEK rivets are shown. In all cases, the curves begin 
with a linear region. That region then reaches a peak load, before it drops gradually, therefore 
indicating joint failure. While the plate and fastener materials influenced the behaviors of the 
joints, the different hole clearances did not have any noticeable impacts. For composite fasteners, 
similar peak loads were attained no matter the hole clearance or plate material, which hints to a 
common element at the source of the failure. 



Figure 12 shows micrographs of the joints that were submitted to the pull-through tests. In the case 
of Figure 12a, all though the steel plates are substantially deformed, rupture occurred in the 
countersunk head, of which the sides failed, allowing the fastener to be pulled through its hole. 
The peak load that was measured in therefore linked to the titanium fastener. In Figure 12b-c, 
damage is apparent in the countersunk heads, as well as in the shanks, between the plates. In Figure 
12d, delamination of the CFRP plates caused by the titanium fastener is obvious. Therefore, the 
laminate limits the joint’s peak-load. In Figure 12e-f, in addition to the delamination of the CFRP 
plates, the CF/PEEK rivets present damaged countersunk heads. Those damages to the rivet’s 
heads are common for all the joints, regardless of the hole diameter or plate material. This common 
element explains the similar peak loads shown in Figure 11c. 

b) c)

e) f)

a)

d)

5 mm  

Figure 12. Micropgraphs of the rivets submitted to tension at 50× magnification. a) Typical titanium fastener in steel plates. 
b) CF/PEEK rivet in steel plates, LL. c) CF/PEEK rivet in steel plates, HL. d) Typical titanium fastener in CFRP plates. 

e) CF/PEEK rivet in CFRP plates, LL. f) CF/PEEK rivet in CFRP plates, HL. 

Figure 12b-c also show very large voids in the shanks and protruding heads of the CF/PEEK rivets. 
It is mentioned in Section 4.2 that more power was needed to install rivets in steel joints than in 
CFRP joints. Since the micrographs from Figure 7 show very little voids, it is concluded that they 
were formed during the riveting process. It is suspected that the high power led to the composite 
to degrade. The material was then easily ripped off when the samples were prepared for 
micrographic analysis. Further work is required to improve on the riveting process to avoid 
degrading the rivets during their installation. 

Table 4 presents the loads sustained by the joints submitted to tension. Again, titanium fastener 
held greater loads when absolute values are studied. While CF/PEEK rivets held 4 kN, no matter 
the plate material or the hole clearance, titanium fasteners held 12 kN in steel and 6 kN in CFRP. 
However, when considering specific properties, CF/PEEK rivets, like titanium fasteners in steel 
joints, held 5.5 kN/g. This is greater than the 3 kN/g held by CFRP joints with titanium fasteners.   



Table 4. Mechanical properties of joints submitted to tension 

Hole 
type 

Joint 
material 

Fastener 
material 

Peak 
load 

Specific 
tension load 

   [kN] [kN/g] 

LL 
SS304 Titanium 13.8 ± 0.1 6.3 ± 0.1 

CF/PEEK 7.2 ± 0.3 10.1 ± 0.4 

CFRP Titanium 10.2 ± 0.2 4.7 ± 0.1 
CF/PEEK 6.2 ± 0.3 8.7 ± 0.5 

HL 
SS304 Titanium 13.1 ± 0.5 6.0 ± 0.3 

CF/PEEK 6.5 ± 0.5 9.1 ± 0.8 

CFRP Titanium 9.6 ± 0.2 4.4 ± 0.1 
CF/PEEK 5.9 ± 0.2 8.2 ± 0.3 

 

5. CONCLUSIONS 
This study demonstrated the possibility of installing CF/PEEK rivets with a countersunk head in 
steel and CFRP joints using Joule heating and pressure. For CFRP joints, up to 110 W were 
required to heat the blanks, while steel joints required up to 175 W. The overall process time was 
35 s. It was found that the high powered used to form rivets in the steel plates led to degradation 
of the composite material.  

The installed rivets were submitted to single lap shear and pull through tests, per ASTM D5961 
and ASTM D7332. The tests conducted allowed to draw the following elements 
 Hole clearance does not affect a CFRP-Titanium joint’s behavior in shear; 
 Hole clearance influences a SS304-CF/PEEK joint’s behavior in shear; 
 Hole clearance does not influence a CFRP-CF/PEEK joint’s behavior in shear; 
 Hole clearance does not influence the joint’s behavior in tension. 

In all test configurations, titanium fasteners withstood higher loads in absolute terms. However, it 
was found that CF/PEEK rivets presented specific properties much greater than those of traditional 
titanium fasteners. CF/PEEK rivets submitted to shear held approximately 9 kN/g, while titanium 
fasteners held approximately 5 kN/g. For samples submitted to tension, CF/PEEK rivets held 
5,6 kN/g, while titanium fasteners held between 3 kN/g and 5,5 kN/g, depending on the joint’s 
materials. 

Further work must be conducted to improve on the riveting process in order to make it faster and 
to avoid damaging the blanks when they are installed into steel joints. Future work must also be 
conducted to study the behavior of the CF/PEEK rivets in long-terms applications.  

However, current results are encouraging. The novel rivet’s high specific properties could help 
reduce the weight of aircraft structures, therefore making them a candidate as a greener alternative 
to metallic fasteners. Moreover, with hole clearance having little to no effect on joints featuring 
CF/PEEK rivets, drilling time and tolerance severity could be reduced, consequently helping to 
reduce the manufacturing cost of aerospace assemblies. 
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