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Abstract: This research aimed to determine riveted carbon/epoxy composites’ mechanical perfor-
mance when fabricated by resin transfer molding (RTM). As this manufacturing process is gaining
importance in the aeronautics and automotive industries, assembly methods and their reliability
must be studied in terms of their airworthiness and transportation implementation. The study case
resumes the determination of the bearing strength of RTM-woven carbon composites for different
rivet joint diameters (1/8, 5/32 and 3/16 in). The joint shear strength was obtained following the
ASTM D5961 instructions, and post-failure analysis was carried out by a computerized tomography
scan. A residual strength curve is provided with the results to infer the bearing strength for the riveted
composites as a function of the rivet width-to-diameter ratio. A discussion of the fracture mechanism
and tensile strength is carried out to assess the understanding of the riveted woven composites.

Keywords: carbon fibers; delamination; rivets; CT scan

1. Introduction

Assembly tasks in composite structures have taken an enormous amount of interest
in the last two decades because of the rise in aeronautics and automotive production
regarding high mechanical performance and cost–benefit ratios.

Mechanical joints for composites, whether by fasteners or rivets, are the only ones
that aeronautics authorities have validated regarding the airworthiness certification pro-
cess [1–3]. Riveted composites are currently used in last-generation aircraft, mostly for
skin–stringer or skin–beam assemblies in primary structures (e.g., the wing, fuselage and
stabilizer) [4] and secondary structures (e.g., flaps, rudder and ailerons) [5–7].

Riveted composite structures have been widely studied, principally focused on quan-
tifying quasistatic lap shear failure loads [8–11]. Study cases have been prospected, from
analyzing different width-to-diameter ratios (w/D) [6,10,11] and evaluating failure modes
to comparing finite element analysis using cohesive and contact models [3,6,9–11]. Inner
riveted assembly variables, such as a hole’s roughness, bolt preload, rivet pretension,
hole–rivet clearance, the laminate stacking sequence and drilling damage, as well as
laminate–fastener stresses, have been studied recently. As a result of these investigations,
the industry has established acceptable practices for validating riveted composites.

However, some remarkable new study cases, such as those on fastened repaired com-
posites, have put forth questions about these mechanical joints’ performance. Standard
composites used for repairs in aeronautics practices use riveted composite patches and
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doublers [7,12,13]. The repairing patch could be manufactured in two ways: (1) liquid
composites (wet layup or vacuum-assisted resin infusion (VARI)) or (2) pre-preg compos-
ites (heat blanket or automated fiber placement (AFP)). Like all manufacturing processes,
inherent variability, such as in ply waviness, resin pockets, voids, tow gaps, fiber misalign-
ments and dry spots, could affect the joint and, consequently, the trustworthiness of the
repair [14].

The analysis of fastened, repaired composite panels has been studied analytically and
experimentally. Numerical and experimental setups are compared to estimate the ultimate
strength of only fastened and bonded–fastened reparations [15,16]. However, alternative
techniques to produce woven patches such as RTM have not been extensively studied
in terms of the riveted joint strength, bearing strength, lap shear strength and preferable
failure mechanisms.

In this work, the mechanical performance of riveted woven composites manufactured
by RTM is evaluated. A single-lap specimen, the single-rivet woven composite joint,
is tested, and the bearing strength is estimated. The operating failure mechanisms are
determined with the aid of a computerized tomography (CT) scan. With the present
results, better comprehension of the mechanical performance of riveted woven composites
is pursued.

2. Experimental Set-Up

In order to determine the bearing strength of riveted RTM-woven composite joints, the
experimental setup went as follows. EPOLAM 2015 epoxy resin supplied by Sika-Axson®

Baar, Switzerland and a 3K-70-P carbon fiber plain weave provided by BGF Industries®

Cheraw, South Carolina, USA were used. The layup used was quasi-isotropic, with a
stacking sequence of [0/452/03]s. The RTM process was carried out with a 2100cc Radius
injection system and a hydraulic hot press to hold and heat the aluminum plate mold.
The composite polymerization reaction lasted 4 h at 60 ◦C. A total of 20 composite plates
were fabricated: five for reference and five more for the three w/D ratios analyzed. The
choice of a woven composite as a study case was a novelty, because most of the riveted
composite study cases were set with unidirectional (UD) laminates. An illustration of the
RTM process is depicted in Figure 1.

The configuration for the single-lap, single-rivet specimens was defined following the
ASTM D5961 instructions. Three different rivet diameters were used: 1/8, 5/32 and 3/16 in
(with 12.1, 8.7 and 7.6 width-to-diameter ratios, respectively). Holes were drilled using a
tungsten carbide tool with a speed of 3000 RPM to ensure net surface roughness and avoid
composite delamination. CherryMAX® (Santa Ana, California, USA) CR3253 aerospace-
grade Al5056/stainless steel rivets with protruding oversized heads were used. The rivet
tool pressure was set to 7 bar, as mentioned in the datasheet. The overall dimensions of the
composite joint specimens and pictures of the joining procedure are shown in Figure 2a,b.
The composition, as well as the mechanical properties of the CR3253 alloys, are described
in Table 1.

Table 1. Composition of CR3253 aerospace-grade rivet alloys.

Rivet Element Alloy Ultimate
Strength (MPa)

Yield Strength
(MPa) Elongation (%)

Sleeve Al 5056 330 152 35

Stem 15-7 PH 1117 779 27

Lock collar A286 1091 712 26
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Figure 1. Manufacturing of resin transfer molding (RTM)-woven composites for riveted joints. (a) Carbon fabric cutting,
(b) fabric placed in an RTM mold, (c) the RTM and hot press process and (d) the finished composite plate.

Figure 2. (a) Schematic of the woven composite rivet joint specimen (dimensions in inches), (b) illustration of the three
employed rivet sizes (1/8, 5/32 and 3/16 in) and (c) illustration of the mechanical test of composite joints.
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Mechanical tests were carried out in an Instron® 647 (Norwood, MA, USA) universal
testing machine with a loading capacity of 100 kN. Testing was performed under displace-
ment control at a crosshead speed of 0.5 in/min (1.27 mm/min). The load displacement
curve was recorded until the specimens’ failure (15 repeats of each w/D aspect ratio were
performed). Illustrations of the mechanical tests are shown in Figure 2c.

Failure analysis was determined by optical microscopy first to identify fracture mecha-
nisms and second by a computerized tomography (CT) scan to visualize the inner damage
length. The CT scan was performed by a GE Phoenix V Tome XM (Skaneateles, NY,
USA) computerized tomography system equipped with a 300 kV microfocus with a 1 µm
resolution and a 180 kV nanofocus CT with a 0.5 µm resolution.

3. Results and Discussion
3.1. Calculation of Bearing Strength for Riveted Woven Composites

Figure 3 shows the average load displacement curve for each w/D ratio. For all
specimens, three regions were perfectly identified.

Figure 3. Load displacement curve of the riveted woven composites for each w/D ratio.
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The first region comprised the highest stiffness, with linear behavior from the begin-
ning of the test until reaching 0.5–0.75 mm of displacement. The first stiffness was due to
(1) the net fit between the rivet and the laminate (no nominal clearance) and (2) sticking
caused by friction between the woven laminates. As a consequence, there was not a delay
in load take-up, as the rivet started transmitting the load as soon as the composite joint was
pulled. Hereafter, the second region showed nonlinear behavior, where a drop in stiffness
was observed due to the plastic deformation of the rivet and stick–slip mechanism of the
woven laminates. The peak load was reached here, being 3.5 kN, 4.5 kN and 5.5 kN for
w/D ratios of 12.08, 8.7 and 7.6, respectively. Finally, in the third region—where a loss of
loading capacity was observed for all specimens—the stiffness dropped progressively until
the specimen’s failure.

Figure 4 shows the bearing stress curve for each w/D ratio. Equation (1) was used to
calculate the bearing stress (σi

br) [17]:

σbr
i =

Pi
D ∗ h

(1)

where Pi is the load at the ith data point, h is the specimen thickness and D is the hole’s
diameter. The ultimate bearing strength (Fbru) was computed using the maximum load
before failure.

Figure 4. Bearing strength curves of riveted woven composites for each w/D ratio.
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According to the test data, Table 2 shows the 2% offset bearing strength, the ultimate
bearing strength and the stiffness ratio for each w/D ratio. The drop in stiffness from
Region I to Region II was very significant, being between 82% and 85%. After reaching
the ultimate bearing strength, the drop of Region III’s stiffness was between 72% and
83%. Even so, the composite bolted joint extension was similar in Regions II and III.
This behavior could be attributed to the hole’s elongation due to the compressive bearing
damage observed in previous works [10,11].

As a novelty proposal of this work, a residual bearing strength curve was built, and it
is presented in Figure 5. This curve presents the ultimate bearing strength as a function of
the w/D ratio. Quadratic adjustment showed values of R2 close to 0.99, which suggests
that after a certain w/D ratio, the more perforated specimen was more resistant, which was
physically impossible. The exponential fitting had a negative exponent, which indicated
that the resistance value went down as the w/D increased, which was occurring.

The average ultimate bearing strength increased as the w/D ratio decreased. This
phenomenon was related for two reasons: (1) there was a more extensive transverse section
of the rivet to carry the load, and (2) a larger contact area was provided when the rivet
diameter increased. McCarthy et al. [3,6] reported that variations in the contact area
(fastener composites) caused changes in the joint stiffness and ultimate bearing strength.
Zhou et al. [9] concluded that the geometric parameters (such as the w/D and edge-to-
diameter (E/D) ratios) should be appropriately chosen. Large geometric parameters do
not mean a higher strength. Consequently, as a significant contribution of this work, we
can apply this curve for design purposes as a first approach to riveted composite joints’
bearing strengths, in terms of the w/D ratio proposed.

Figure 5. Proposal of a residual strength curve for single-joint, single-rivet woven composites.
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Table 2. Bearing properties for single-lap, single-rivet woven composite joints.

Rivet Diameter 1/8 in 5/32 in 3/16 in

w/D ratio 12.1 8.7 7.6

Region I stiffness (kN/mm) 4.03 ± 0.45 4.23 ± 0.43 4.89 ± 0.24

Region II stiffness (kN/mm) 0.72 ± 0.054 0.77 ± 0.038 0.75 ± 0.16

Region III stiffness (kN/mm) −0.72 ± 0.269 −1.18 ± 0.215 −1.37 ± 0.019

Region II/Region I stiffness ratio 0.18 0.18 0.15

Region III/Region I stiffness ratio −0.17 −0.28 −0.28

2% offset bearing strength (MPa) 157.81 ± 0.42 188.96 ± 6.63 228.80 ± 6.63

Ultimate bearing strength (MPa) 312.62 ± 2.16 337.35 ± 10.69 363.22 ± 8.45

3.2. Fractographic Evaluation

In the mechanical tests of riveted woven composites, the joint’s failure mode was a
mixed failure mode because the rivet pull-through, rivet shear failure and bearing damage
were observed as the predominant failure mechanisms, as shown in Figure 6.

Figure 6. Post-failure macroscopic inspection of the single-joint, single-rivet woven composites. (a) Failed coupons, (b) rivets’
shearing and (c) bearing failure.
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In order to have a detailed view of the failure mechanisms, a post-failure analysis
through optical microscopy was performed as presented in Figure 7. It was found that the
rivet joint failed by a combination of bearing failure and rivet pull-through, independent
of the w/D ratio.

Figure 7. Post-failure analysis using optical microscopy. First row: bearing failure exhibited in each w/D ratio. Second row:
fibers buckling, fiber breakage and matrix compressive failure at the composite–rivet contact zone for each w/D ratio.

Concerning fiber buckling and breakage, compressive matrix failure was viewed
around the hole, close to the composite–rivet head contact zone as clear evidence of the
laminate shear-out. Rivet shear failure was identified as a consequence of the laminate
bearing and the rivet alloys’ plastic behavior. These mechanisms were expected because
the rivet joints were designed to fail at the bearing [13,17,18] initially. Through ASTM
D5961, the failure codes were identified as (1) laminate shear-out, first fastener and fastener
thread (S3T) and (2) laminate bearing, first fastener and laminate head side (B1B).

As was stated before by Nezhad et al. [18], on the one hand, the primary mechanism
that contributes to joint strength reduction is bearing compressive stress. On the other
hand, the principal damage density is caused by laminate bearing delamination at the
ultimate failure.

As a complementary analysis, a CT scan was used to estimate the internal damage
and crack propagation inside the composite laminate. The complete reconstruction of the
CT scan for one of the composite joint specimens is illustrated in Figure 8.

Figures 9–11 show the CT scan for the composite joints for each w/D ratio. As
can be seen in all the tomography scans, through-thickness shear damage, interlaminar
delamination and rivet rotation took place. At the furthest clamp side of the riveted joint,
no damage was observed, as expected, because there was no contact with the rivet. At the
rivet joint’s load side, fiber buckling and fiber breakage were observed in the rivet hole
neighborhood where the rivet introduced the compressive stress. Rotation of the rivet
caused fiber detachment and material accumulation in the composite–rivet contact area.
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Figure 8. A computerized tomography scan’s general reconstruction for the woven composite rivet joint.
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Figure 10. Computerized tomography scan for the woven composite rivet joint with a w/D = 8.7 (5/32 in rivet).

Aerospace 2021, 8, x  11 of 14 
 

 

 
Width view: clamp side  

 
Width view: middle hole 

 
Width view: load side 

Figure 9. Computerized tomography scan for the woven composite rivet joint with a w/D = 12.1 (1/8 in rivet). 

 
Top view: top ply 

 
Top view: middle ply 

 
Top view: bottom ply 

 
Length view: near hole 

 
Length view: middle hole 

 
Length view: near hole 

 
Width view: clamp side  

 
Width view: middle hole 

 
Width view: load side 

Figure 10. Computerized tomography scan for the woven composite rivet joint with a w/D = 8.7 (5/32 in rivet). 

 
Top view: top ply 

 
Top view: middle ply 

 
Top view: bottom ply 

Aerospace 2021, 8, x  12 of 14 
 

 

 
Length view: near hole 

 
Length view: middle hole 

 
Length view: near hole 

 
Width view: clamp side  

 
Width view: middle hole 

 
Width view: load side 

Figure 11. Computerized tomography scan for the woven composite rivet joint with a w/D = 7.6 (3/16 in rivet). 

Additionally, delamination was observed mostly at the bottom plies of each compo-
site plate. Most delamination was observed between plies 1–2 and 2–3 of the stacking se-
quence. As stated in the literature, 0–45° interfaces showed a low fracture toughness that 
contributed to joint delamination [19]. 

Independent of the w/D ratio, the rivet joint’s top view shows the elongation of the 
tight-fit holes due to damage. At the top plies, elongation increased the hole’s diameter 
by almost 60%. At the middle plane, the hole’s diameter increased by an average of 25%. 
For the bottom plies, elongation of the hole’s diameter reached at least a 16% augmenta-
tion. As reported by McCarthy et al. [6], the clearance influenced the stress state around 
the hole and therefore led to a significant effect on the initial bearing failure for the fas-
tened joints. Observing the top view, the top ply presented material accumulation as well 
as material detachment. The middle plane of the plate exhibited weave distortion as well 
as accumulated damage. Latterly, the bottom ply presented delamination, with the main 
crack perpendicular to the load and with a crack length at least two times the hole’s di-
ameter. 

Regardless of the w/D ratio, the rivet joint’s length view presented a combination of 
bearing failure and rivet pull-through. Fiber matrix cracking due to the compressive dam-
age could be observed close to the composite–rivet interaction at the load side. The fiber 
breakage and debonding at the top plies, as a consequence of the rivet’s rotation and the 
rivet head crushing into the laminate, was also evident. The rotation of the rivet axis var-
ied from 20° to 50°. Finally, at the edges of the hole where the contact area began, the 
damage extension was also visible due to the presence of microcracks, with a crack size 
range from 0.6 mm to 2.7 mm. These supplementary failure mechanisms were strongly 
related to the elongation of the tight-fit holes, causing progressive rivet joint damage 
[10,17,20,21]. 

Finally, and not depending on the w/D ratio, the width view illustrates the differ-
ences in damage mechanisms between the clamp side and the rivet joint’s load side. At 
the clamp side, the laminate’s bottom plies were delaminated due to the rivet’s rotation, 
resulting in the rivet body crushing into the laminate. At the middle position of the hole, 
lateral cracking was observed, with a crack length range from 0.5 mm to 2.5 mm. This 
lateral damage could have originated from the drilling process and been magnified due 
to rivet–composite sliding. Conclusively, at the load side, the damage extension was up 
to 7.8 mm. In this zone, lateral delamination occurred at top plies (0°/45°) and (45°/45°), 
and extensive fiber matrix cracking, material accumulation and material detachment was 

Figure 11. Computerized tomography scan for the woven composite rivet joint with a w/D = 7.6 (3/16 in rivet).



Aerospace 2021, 8, 105 11 of 13

Additionally, delamination was observed mostly at the bottom plies of each com-
posite plate. Most delamination was observed between plies 1–2 and 2–3 of the stacking
sequence. As stated in the literature, 0–45◦ interfaces showed a low fracture toughness that
contributed to joint delamination [19].

Independent of the w/D ratio, the rivet joint’s top view shows the elongation of the
tight-fit holes due to damage. At the top plies, elongation increased the hole’s diameter by
almost 60%. At the middle plane, the hole’s diameter increased by an average of 25%. For
the bottom plies, elongation of the hole’s diameter reached at least a 16% augmentation.
As reported by McCarthy et al. [6], the clearance influenced the stress state around the
hole and therefore led to a significant effect on the initial bearing failure for the fastened
joints. Observing the top view, the top ply presented material accumulation as well as
material detachment. The middle plane of the plate exhibited weave distortion as well as
accumulated damage. Latterly, the bottom ply presented delamination, with the main crack
perpendicular to the load and with a crack length at least two times the hole’s diameter.

Regardless of the w/D ratio, the rivet joint’s length view presented a combination
of bearing failure and rivet pull-through. Fiber matrix cracking due to the compressive
damage could be observed close to the composite–rivet interaction at the load side. The
fiber breakage and debonding at the top plies, as a consequence of the rivet’s rotation
and the rivet head crushing into the laminate, was also evident. The rotation of the
rivet axis varied from 20◦ to 50◦. Finally, at the edges of the hole where the contact area
began, the damage extension was also visible due to the presence of microcracks, with
a crack size range from 0.6 mm to 2.7 mm. These supplementary failure mechanisms
were strongly related to the elongation of the tight-fit holes, causing progressive rivet joint
damage [10,17,20,21].

Finally, and not depending on the w/D ratio, the width view illustrates the differences
in damage mechanisms between the clamp side and the rivet joint’s load side. At the clamp
side, the laminate’s bottom plies were delaminated due to the rivet’s rotation, resulting in
the rivet body crushing into the laminate. At the middle position of the hole, lateral cracking
was observed, with a crack length range from 0.5 mm to 2.5 mm. This lateral damage
could have originated from the drilling process and been magnified due to rivet–composite
sliding. Conclusively, at the load side, the damage extension was up to 7.8 mm. In this
zone, lateral delamination occurred at top plies (0◦/45◦) and (45◦/45◦), and extensive fiber
matrix cracking, material accumulation and material detachment was observed because of
the rivet head crushing into the laminate. The bearing failure mechanism at this zone was
most visible because this type of joint is designed to fail in this manner.

4. Conclusions

This paper has presented the mechanical response and failure mechanisms of riveted
woven carbon/epoxy composites fabricated by RTM. The study was focused on joint
performance by using a practical test case comparing three different rivet diameters: 1/8,
5/32 and 3/16 in. Most of the riveted composite study cases were UD-related. Here, the
study case dealt with woven composites, which was a novelty for the work.

A comparison of the three joints was performed. The 3/16 in rivet joint had the most
significant load-carrying capacity, followed by the 5/32 in and 1/8 in rivet joints. The
wider the diameter, the bigger the expected load carrying capacity. Even when the bearing
stress had the same trend, the difference between the bearing ultimate strengths was tighter
for each rivet diameter.

A proposal of this work is a residual bearing strength curve. This curve presents the
ultimate bearing strength as a function of the w/D ratio. The proposed curve shows that
the average ultimate bearing strength increases as the w/D ratio decreases.

The failure mode of the joint was a mixed failure mode. The rivet pull-through, rivet
failure, bearing damage and laminate shear-out were observed as the predominant failure
mechanisms per ASTM D5961.
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Detailed progressive damage was shown by means of a CT scan. At the load side
of the rivet joint, fiber buckling and fiber breakage were observed. Rotation of the rivet
caused fiber detachment and material accumulation in the composite–rivet contact area.
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