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The paper presents an experimental analysis to determine the teeth failure of noncircular composite
chainring. A noncirculap,carbon/epoxyichainring with a specific stacking of 11 plies is studied. In
a first step, a quasi-static tensile test is realized on the chain and on the chainring to determine
their strength. As\the damage of composites is a major concern, as a second step the low-velocity/
low-energy dimpact drop tests are performed. Five levels of impact energy are investigated in order
to study.the energy effect on the teeth damage, and the damage localization is analyzed using
C-Scan. Quasisstatic results show that the metallic chain fails first. Experimental impact results
reveabithat teeth damage is presented only for an impact higher than 1.6 J. Finally, the total teeth
failure appears for an energy close to 2.5 .

KEY WORDS: noncircular chainring, CFRP, failure, experiments, low-velocity impact

1. INTRODUCTION

The usage of Carbon Fiber Reinforced Polymers (CFRP) within the aerospace,
structural engineering, land transports, and sport industries have increased signifi-
cantly over the past 40 years. Due to their high modulus and strength and their
low density, gain of mass is expected. Although CFRP present better mechanical
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properties than aluminum, impact (Bouvet and Rivallant, 2016; Rozylo et al., 2017)
and edge damage (Ostré et al., 2016; Li and Chen, 2016) are a major concern.
Indeed, a large damage inside the laminate of composite structure is created by
low-velocity/low-energy impact, while indentation is barely visible on its surface.
Actually, during the lifecycle of a composite structure, such impacts happen, gener-
ally, due to the maintenance tool drop or in-service debris impact. A large number
of researches proved that low-velocity/low-energy impact produces a complex in®
ternal damage, and it can be catalogued as: delamination, matrix cracking, and fi-
ber rupture (Abrate, 2005; Hongkarnjanakul and Bouvet, 2013). The €FRP strength
can be considerably reduced after a low-velocity impact, especially its compres-
sive strength (Cantwell and Morton, 1991). A decrease of about 25% in the ulti-
mate tensile strength was observed after an impact energy of 6.8 J (Mosallam et al.
2008). Therefore, the governing mechanisms related to the precipitate com-
posite structure failure need to be understood in order to)improve its residual
strength.

Many sports take advantage of composites to increase/therspecific strength of the
equipment. CFRP replace wood for tennis racquets, and baseball bats (Brody, 1997)
and replace steel for golf clubs to reduce the weight and to increase the ball exit
velocity (Slater et al. 2010). Boardsports as snowboarding, surfing or skateboarding
take advantage of composite material to increase the bending and torsion stiffness of
the board (Clifton et al., 2010). CERP are largely used in competition cycling espe-
cially for the frame to obtain a<high stiffness and strength structure at low weights
(Jin-Chee and Wu, 2010). Experiments show that the mountain bikes are impacted
by stones with an energy/lower than 3, mJ (Hochtl et al., 2012). Chainring can be
manufactured of either an aluminum alloy or CFRP (Fig. l1a) and can be circular
or not (Bini and Dageese, 2012)/ Indeed, the average crank power output can be
increased by using noncircular chainrings (Rankin and Neptune, 2008). B. Wiggins
won the Tour de,France in, 2011 with a metallic oval rings and C. Froome with
an osymetric chainrings since 2013[Q2]. However, the noncircular carbon compos-
ite chainfing is not yet habitually used. Indeed, a noncircular carbon woven/epoxy
chainring with ‘@ thickness of 2.5 mm had shown teeth failure during professional
cycling. Moreover, the teeth failure always appears in the same place (Fig. 1a). Two
types of failure were observed (Fig. 1b), teeth breaking through its cross section (1)
and ‘plies snatching (2).

To the best of our knowledge, teeth failure of composite chainring has not been
investigated in detail as yet. Therefore, in this paper, experimental analysis has been
performed in order to analyze the teeth failure mechanism of noncircular composite
chainring. Dedicated quasi-static and low-velocity impact experiments have been
firstly designed. Then, quasi-static tests of the chain and of the noncircular compos-
ite chainring are carried out to determine their strength. Finally, low-velocity impact
drop tests and Non Destructive Testing (NDT) are performed in order to study the
energy level necessary to damage the chainring teeth.

Composites: Mechanics, Computations, Applications: An International Journal
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a) b) *—(2) Plies snatching
Chainring bolts

*—7(1) Teeth breaking

Teeth failure
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Chainring bolts 15 mm | |
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FIG. 1: Typical shape (a) and teeth failure (b) of noncircular CFRP chainring

2. CASE STUDY AND EXPERIMENTAL STUDY.

2.1 Chainring and Chain

Noncircular composite chainfing with. 53 teeth are studied in this paper (Fig. 2). The
radius of the noncircular chainring depended on the angle 6 (Table 1). The teeth de-

s RO

FIG. 2: Geometry of noncircular chainring
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TABLE 1: Radius R of the noncircular chainring as a function of the angle 0

Angle, 0 [°]

R [mm]

0

93.97

10

95.23

20

96.77

30

98.59

40

100.54

50

102.50

60

70

80

90

100

110

120

130

140

150

160

170

180

sign proposed by Wangis
ed of rollers, inner an

QOuterplate

Innerplate

r plates (Fig. 3), and it is provided by SRAM (reference

FIG. 3: Chain geometry
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PC-991). Failure of the chain is noted for a force of 9000 N by the manufacturer
(SRAM, 2018). Rollers diameter is 7.77 mm (0.306 in) and the chain pitch is 12.7 mm
(0.5 in).

2.2 Materials and Manufacturing

The chain is made from steel (Table 2), while carbon 2/2 twill woven/epoxy is used
for the chainring (Table 3). The chainring consists of 11 plies of 0.23 mm each with
the following stacking: [30/60/0/60/30/0/30/60/0/60/30], given a chainring_thickness
of 2.53 mm after manufacturing. The chainring is manufactured through oven un-
der 1 bar of pressure with a curing cycle of 80°C for 1 h followed by a hold step at
120°C during 3 h. Finally, teeth are cut thanks to a CNC with a carbide end mills —
style 4 Flute (@ 4 mm) and with a rotational speed of 15,000 rpm and a cutting speed
of 5 mm/min (Fig. 4).

2.3 Tensile Test

The chain is firstly tested under tension in order to obtait its behavior and failure
load. Seven pitches of the chain are studied corfesponding,to a length of 88.9 mm
(Fig. 5). To determine the quasi-static mechafiical behavior of the noncircular com-
posite chairing, a specific bench is designed (Fig:?6). The chainring is clamped be-
tween two metallic plates thanks to 5 belts, and the bench is fixed to the lower table

TABLE 2: HSS steel (Azo Materials, 2012)

Material E [GPa] n 6, [MPa] p [kg/m3]
Steel AISI 4140 210 0.30 415 7900

TABLE 3: Carbon 2/2 twill woven/epoxy ply properties

Carbon 2/2 twill woven/epoxy ply (T300/EPOTEC YD 535 LV, TH 7253 — 8)

Longitudinal Young’s modulus, E; 35 GPa
Transverse Young’s modulus, E, 35 GPa
Shear modulus, Gy, 4.3 GPa

Poisson’s ratio 0.05

p [kg/m?] 1700

Failure

Longitudinal tensile strength, cl;t 800 MPa
Transverse tensile strength, G{’t 800 MPa
In-plane shear strength, ‘Cj;, 98 MPa
Out-of-plane shear strength, tf; 50 MPa
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FIG. 4: Teeth cutting process on typical carbon/epoxy chainring

FIG. 5: Chain tensile test

of the tensile machine. The noncircular chainring position is chosen in such a way
that the broken teeth observed on the part used in the bike were tested (Fig. 1). The
chain is then installed and the free extremity is pulled thanks to the upper grip of the
tensile machine. A pretension of 50 N is firstly applied in order to assure the position
of the chain with the chainring. For both chain and chainring, a constant velocity of
0.5 mm/min is used, and the force and displacement are tracked during the test with
an acquisition rate of 10 acq/s.

Composites: Mechanics, Computations, Applications: An International Journal
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Upper grip

Chainring

- RS

FIG. 6: Chainring tensile test

2.4 Low-Velocity/Low-Energy Impact Test

Composite chainring can be subjected to impact from two main origins. Firstly,
during off-road biking the chainring' can be hit by stones and the maximum ener-
gy of such impact was experimentally measured at 2.43 mJ (Hochtl et al., 2012).
Secondly, during the storage ormaintenance of the chainring, hand tool or oth-
er objects can be dropped, and the chainring can be impacted. To represent such
impacts, testsare performed on a drop weight testing rig with a hemispherical shape
indentor of ' 8-mm diameter (Fig. 6). A mass of 0.585 kg is attached to the impac-
tor. Thedimpact loecated on the teeth is the most dramatic location as the damage
could reduce. their strength and so decrease the composite chainring final failure
load. Therefore, a low-velocity impact test is performed at the centre of the teeth
and to avoid/influence of other impact tests, only one tooth of three is impacted
(Fig.. 7)[Q1]. Moreover, as quasi-isotropic stacking is used, the noncircular shape
has'no influence on the impact results. The chainring is clamped through 5 bolts on
a lower circular support to represent the bicycle sprocket. To study the effect of the
impact energy on the teeth damage, five levels of energy are used: 0.5 J, 1 J, 1.5 J,
2 J, and 3 J. The contact force is measured with a piezoelectric sensor during the
test. Moreover, the initial impact velocity is obtained from an optical sensor. After
impact, delamination is measured with a C-Scan system provided by the TESTIA
company.
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Guide tube

«——O0Optical sensor

Load sensor
Chainrin
Impactor 7 £
Teeth location Support

FIG. 7: Impact test design

3. EXPERIMENTAL RESULTS

3.1 Chain/Behavior

Firstlyy the chain has been tested in order to verify its failure load (Fig. 9). The force—
displacement curve consists in a first by the linear behavior until 4000 N (1)[Q3].
Then, the plasticity of the metallic chain starts and propagates (2) until the final fail at
a load of 9200 N (3), as given by the manufacturer (26) [Q4].

3.2, Quasi-Static Tensile of Noncircular Composite Chainring

Two noncircular composite chainrings are tested. The force—displacement curve con-
sists of three steps (Fig. 10). Firstly, linear behavior (1) is observed until a force of
4500 N (2) that corresponds to the beginning of the chain damage (Fig. 9). Then, the
damage of the chain propagates (3) until the failure of the chain that happens for a
load of 8100 N and 9100 N (4). Therefore, the observed failure of noncircular com-
posite chainring is certainly due to the impact damage.

Composites: Mechanics, Computations, Applications: An International Journal
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L
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FIG. 8: Chainring impact test design
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FIG. 9: Force—displacement of the chain
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FIG. 10: Force—displacement of the  composite noncircular chainring

3.3 Low-Velocity Impact Tooth Behavior

Figures 11 to 14 show the impact foree—displacement curves of the noncircular com-
posite chainring. Except forampacts'of 2 J and 3 J, three impact tests are performed,
and the results show that they are quite reproducible (Figs. 11-13). Two tests are car-
ried out for an impact of 2.J and only one for 3 J (Fig. 14). One of the 2 J tests shows
tooth break, while for the highest{impact energy, the tooth failure was observed. Fi-
nally, the tooth should totally fail for an impact energy close to 2.5 J.

The force-displacément curves of the five different impact energies are plotted in
Fig. 15 fof comparisen. Specimen’s curves are very similar to the respective cor-
responding impact energy. The impact phases, from the damage mechanism point of
view, are reflected.in the changes of the force—displacement curve. Three major phas-
es can be distinguished. Firstly, the force increases linearly with the same slope (1)
corresponding to the initial teeth stiffness. According to the force curves, the onset of
important-damage is at around 0.58 kN (2). Moreover, damage is only observed for
energy higher than 1.5 J. For specimens impacted with an energy of 1.5 J, 2 J, and
3'J, the second phase of the impact is characterized by the damage propagation, and it
is determined by a stable force (3). Finally, except for the impact of 3 J, which pres-
ents tooth failure (Fig. 14), the impactor rebounds, and so the force and displacement
decrease (4). For the impact energy 0.5 J and 1 J the displacement comes back to the
initial position, while for a higher energy residual displacement is observed (5). This
difference between the initial and final position corresponds to the residual indentation
characterizing teeth damage (Table 3).

Composites: Mechanics, Computations, Applications: An International Journal
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FIG. 12: Evolution of force—displacement curves for an impact of 1.0 J
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FIG. 13: Evolution of force—displacement curves for an impact of 1.5 J

0s
— Specimen 2.14 ]
. | Specimen 2.13 T
i P —
~—— Specimen 3.21 T Tooth failure
0.7
- 0.6
é 05 4
L7}
(4]
'a 0.4
o Tooth break

03

0.2

0l

00 = = L . =
0.0 100 2.00 .00 4.00 5.00 6.00

Digplacement [mm]

FIG. 14: Evolution of force—displacement curves for an impact of 2.0 and 3.0 J
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FIG. 15: For¢e—displacement of the composite noncircular chainring

A Non Destructive, Test (NDT) of an ultrasonic system is widely used for identify-
ing the impact damage in CFRP laminates. It can provide information regarding both
the damage area and thickness localization of material discontinuities like the debond-
ing of interfaces. C=Scan is performed from the impacted face of the noncircular com-
posite chainring thanks to Phased Array Probe 64 elements 5 MHz from TESTIA
(Fig.116). A summary of the impact results is presented in Table 4. For each test, data
is presented.dn terms of: the maximum filtered impact force during the test and the
residual indentation. Also provided is the projected delamination size area obtained.
Firstly, for an impact energy lower than 1.57 J no delaminations are noted that would
confirm observations made from the force—displacement curves (Figs. 11 and 12),
while first damages are observed for 1.61 J and 1.63 J. Thus, the first damage should
appear for an energy impact of about 1.6 J. Moreover, the C-Scan shows that the
delamination are located between the ply 4 and 6 (Fig. 17). As the energy increases,
larger delamination is observed, in particular, the length expanding largely until the
attainment of a maximum of 15 mm for an impact energy of 2.13 J. Contrariwise, the
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FIG. 16: C-Scan from the impacted side of noncircu ite chainring of specimen im-
pacted at 0.5J, 1J,1.5J,2J,and 3 J
TABLE 4: Summary of the impact
Impact Peak mage Dar.nage Through Thick{less
energy [J] | Force [KN] Length Width Damage Location
[mm] [mm] [mm]
0.51 0.42 — — —
0.51 0.46 — — —
0.53 — — —
0.91 — — — —
0.70 10 0.96-1.10
0.97 12 0.96-1.09
1.24 15 10 0.95-1.30
0.68 Tooth break 11 11 0.90-1.82
0.78 Tooth failure 15 11 > 0.94

width is less influenced by the impact energy. Moreover, higher is the impact energy,
deeper is the delamination location. For an impact energy of 2.13 J delaminations are
located between the ply 4 and 6 and for 2.14 J between the ply 4 and 9 (Fig. 17).

Composites: Mechanics, Computations, Applications: An International Journal
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FIG. 17: Details of delamination location of specimen impacted at 1.61 J, 2.13 J, and 3.21 J

4. CONCLUSIONS

Noncirculaf composite chainring exhibits teeth failure during professional cycling.
Moreovery failures appear always at the same location. In order to optimize the de-
sign, failure mechanisms has to be investigated. CFRP made of 11 plies with a qua-
si-1sotropic stacking, [30/60/0/60/30/0/30/60/0/60/30], of carbon woven/epoxy were
studied. Firstly, quasi-static tests were performed, and the results showed that the
composite chainring does not fail. Indeed, the metallic chain firstly broke at a load of
about 9000 N. However, CFRP damage is a major concern and therefore, low-velocity
impact drop tests were performed with 5 levels of energy. Results showed that for an
energy lower than 1.6 J laminate does not presented damage. This energy corresponds
to the fall from a workbench of 0.8 m height of an object of 200 g. For higher energy,
no damage were visible on both surfaces due to their location inside the chainring.
Indeed, C-Scan confirmed the presence of delamination between ply 4 and 8. Finally,
teeth failed for an impact close to 2.5 J.



16 Thanawarothon et al.

Teeth breaking and ply snatching observed on specimen are potentially due to the
impact of the chain on the chainring. Indeed, when a cyclist shifts the gear, the chain
can impact chainring teeth and, in the case of CFRP part, could damage it reducing
its strength. Consequently, in order to design the chainring in such a way that the
potential damage is taken into account a damage tolerance validation is necessary to
be determined by performing a tensile test on a impacted composite chainrings The
residual strength of damaged composite chainring is currently in progress to deter*
mine the influence of the delamination on the chainring strength. Moreover, numerical
simulation is also under investigation in order to optimize the tooth design.
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