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Abstract

This paper describes the experimental and numerical studies on the radial tensile strength (RTS) of
composite rotor. Carbon/epoxy composite rotors were fabricated using a filament winding process and
their radial tensile strength was determined by diametric tensile testing of composite C-rings. The radial
tensile strength of the composite rotor was measured as ~ 22 MPa and the failure was found to occur
circumferentially symmetric about the horizontal plane of the C-ring. It also occurred at the same radial
positions on both the front and back axial faces of the sample. Unidirectional carbon/epoxy composite
panels were also fabricated using a flat mandrel in the filament winding process and their tensile
properties were determined. Based on the experimental results and by applying the Rule of Mixtures,
the inherent moduli of the composite rotor were determined. Then, numerical analysis was performed
to evaluate and verify the RTS of the composite rotor. The studies showed that the RTS from both the
experiments and numerical analysis matched well. Also, in numerical analysis, the interlaminar shear
stress was negligible and this implied that the C-ring failed purely by radial stress. It was also observed
that the maximum radial tensile stress occurred at the mid-region of the radial thickness, and this also
matched well with the experiments.

Keywords: Polymer composite rotor, mechanical properties, carbon fiber, epoxy, radial tensile
strength, c-ring test, finite element analysis

INTRODUCTION

A filament wound, fibre-reinforced composite rotors are used in several applications because of their
high specific properties. For example, thick composite rotors are used in flywheels due to their high
energy storage capacity. However, thick composite rotors are subjected to large radial tensile stresses
and the radial tensile strength becomes the critical design parameter in thick composite rotors. Different
test methods like diametric tension of a full ring [1]. diametric tension of a C-ring [2,3]. axial tension
of a full ring [2]. through-thickness tension of a thick laminated composite [4] and uni-axial tension of
coupon machined from thick rotor [5-7]. have been used to measure the RTS of thick composites. For
example, Wu et al [1]. measured the RTS using the diametric tension of the full ring. However, it was
noted that residual stresses must be accounted for
this type of test. Tensile coupons also presented a
few problems, wherein the measured radial strength
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was found to be not accurate because of stress
concentrations near the grips. Alternatively,
measurement of radial strength using a C-ring
sample has been found to be very effective as it
eliminates the above-mentioned  problems.
Researchers have also performed C-ring tests with
few modifications so as to ensure the failure of C-
rings only by radial stress [8-11].

The present study aimed to evaluate and verify
the RTS of filament-wound composite rotor
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fabricated using Tansome carbon fiber (H2550-6k) and epoxy resin. The composite rotors made using
Tansome carbon fiber (H2550-6k) will be used in future for designing composite flywheels and the
property data for this material system is currently not available in the literature. In the present study,
the RTS was measured using a diametrical tensile test of filament wound C-ring. Care was taken to
ensure that the interlaminar shear stresses were negligible. The basic composite laminate properties
were determined using coupons cut from filament-wound composite panels. Then, a numerical study
was performed to determine the RTS of the C-ring and compare it with experimental results.

EXPERIMENTS
Materials

Tansome carbon fiber (H2550-6k) from Hyosung Advanced Materials, Korea was used as a
continuous reinforcement for the fabrication of composite rotors and panels. The fibers were procured
from Jalark Carbon Products, Vadodara, India. A DGEBA based low-viscosity epoxy resin (Araldite
GY 257) together with an amine-based curing agent (Aradur 847) was used as the resin system. Both
the resin and hardener were procured from Javanthee Enterprises, Chennai, India. The epoxy equivalent
weight of resin was 182-192 g/Eq and the amine hydrogen equivalent weight of hardener (curing agent)
was 75 g/Eq. As such, a resinhardener mix ratio of 100 : 40 and a curing cycle of 24 hours at room
temperature was used in the fabrication of resin and composites.

Fabrication
Epoxy resin samples

Epoxy resin samples were fabricated to determine the tensile properties. Epoxy resin and hardener
were mixed homogeneously using a mechanical stirrer. The mixture was then degassed in a vacuum
chamber. After degassing, the mixture was poured into the mold, which was made according to ASTM
D 638 Type IV standard [12-14]. The resin samples were then de-molded after being allowed to cure
for a duration of 24 hours at room temperature.

Unidirectional composite panels

Unidirectional carbon/epoxy composite panels were fabricated to determine the longitudinal tensile
properties. Using Tansome carbon fiber (H2550-6k) and epoxy resin, the composite panels were
prepared using the filament winding technique. The process consisted of the deposition of continuous
filaments impregnated with resin onto a rotating flat mandrel. A constant tension in the filaments was
created by passing the filament through a suspending roller attached to a dry weight of 400 g. The
mandrel was rotated at a speed of 35 rpm. The entire carriage consisting of the resin bath and the guide
ring was moved parallel to the mandrel axis at a suitable speed to have continuous winding of filaments
along the axial direction. Using this procedure, composite panels of dimensions 250 x 60 x 1.5 mm
were fabricated. Filament winding using flat mandrel and the filament wound composite panel is shown
in Figure 1(a) and (b), respectively. The fiber volume fraction of the rotor was determined theoretically
as well as experimentally (by matrix burn-off method) [15]. It was measured to be 0.48 in both methods.

Figure 1. (a) Filament winding using flat mandrel and (b) filament wound composite panels.
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Composite C-rings

Carbon/epoxy composite C-rings were fabricated to determine the RTS. Composite rotors of inner
radius 47.7 mm, an outer radius of 57.7 mm and an axial height of 25 mm were fabricated using filament
winding technique. Then, a 30 mm cut was made on the rotor using waterjet cutting to get C-shaped
rings. The photograph of the filament wound composite rotor and the C-ring is shown in Figure 2(a)
and (b), respectively. The fiber volume fraction of the rotor was determined theoretically as well as
experimentally (by matrix burn-off method). It was measured to be 0.60 in both methods.

Mechanical Testing
Tensile testing of resin samples

Epoxy resin samples were tested according to ASTM D 638. The schematic of the epoxy sample for
the tensile test is shown in Figure 3(a). Tensile tests were performed at a displacement speed of 1
mm/min with a Universal testing machine (UTM) equipped with a 50 KN load cell. The tensile strain
was measured directly using an extensometer attached in the middle of the gauge length. Load-
displacement data were recorded continuously until the failure of the samples. In total, five number of
resin samples were tested.

Tensile testing of composite samples

Tensile testing of carbon composites was carried out as per the ASTM standard D 3039 [16,17]. The
schematic of the composite sample for the tensile test is shown in Figure 3(b). Tensile samples of
dimension 250 x 15 x 1.5 mm were cut from the fabricated composite panel. To ensure proper gripping
during the testing, tabs made of glass/epoxy insulation material were attached to the composite samples.
The tensile tests at a displacement speed of 1 mm/min were performed using UTM with a 400 kN load
cell. Load-displacement data were recorded until the failure of the samples. The tensile strain was
measured directly using an extensometer attached in the middle of the gauge length. In total, three
number of composite samples were tested.
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Figure 3. Schematic of tensile test samples of (a) resin and (b) composite.
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Diametric tensile testing of composite c-rings

Diametric tensile testing of C-rings was carried out to determine the RTS of the composite rotors.
The tests were performed using an Instron 3369 UTM with a 50 kN load cell. The C-ring samples were
loaded onto the test equipment using a specially designed fixture as shown in Figure 4. The tests were
conducted at a displacement speed of 1 mm/min and the load-displacement data were continuously
recorded until the failure of the samples. In total, four number of samples were tested. The radial
strength of the samples was calculated using the equation (1) given below.

_ _3PL (1)

0.
r,max 2ht,/TiTo

where, P is the maximum load in N, L is loading arm distance i.e, (ri + t/2) in mm, h is the axial height
of the C-ring in mm, t is the radial thickness in mm, r; is the inner radius of the C-ring in mm and r, is
the outer radius of the C-ring in mm [18].

NUMERICAL ANALYSIS

Numerical analysis was conducted to determine and verify the RTS of composite C-rings. Similar to
that used in experiments, the composite C-ring was modeled with the same dimensions and boundary
conditions using ANSYS 19R. The composite properties (Ex, Ey and En) as determined from the
experiments were used as the input material properties. A cylindrical coordinate system was used to
define the material properties and the C-ring model was discretized by quadrilateral finite elements with
an element size of 1 mm. The model of the C-ring, along with boundary conditions is shown in Figure
5. To simulate the experiments, the lower loading rod was fixed in all directions. The upper loading rod
was allowed to undergo displacement only in the positive Y-direction. The peak load corresponding to
the failure of the sample, as obtained from the C-ring test was given as the input tensile load. This tensile
load was applied as a line pressure along the axial length of the upper loading rod in the positive Y-
direction.

Figure 4. Diametric tensile test setup.
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Figure 5. C-ring model with boundary conditions.

N

RESULTS AND DISCUSSIONS

Figure 6 shows the stress-strain behaviour of all the epoxy resin samples. Table 1 lists the tensile
properties of all the epoxy resin samples along with average and standard deviation (SD). The average
tensile modulus and average tensile strength of epoxy resin was measured to be 2.7 GPa and 37 MPa,
respectively. Figure 7(a) shows the load-displacement behaviour of all the filament-wound
carbon/epoxy composite samples and Figure 7(b) shows the stress-strain behaviour of all the
carbon/epoxy composite samples. The stress-strain behaviour was shown only until around 0.25 to 0.4%
strain, beyond which the extensometer went off-scale. The tensile properties of all the composite
samples, along with the average and SD, were listed in Table 1. The average tensile modulus and
average tensile strength of the composite was measured to be 123 GPa and 1349 MPa, respectively. By
taking into account of fiber volume fraction (Vi= 0.48), the Young’s modulus and tensile strength of
Tansome carbon fiber (H2550-6k) was then calculated using the Rule of Mixtures (ROM) [19]. The
Young’s modulus and tensile strength of the carbon fiber was calculated to be 253 GPa and 2779 MPa,
respectively. The calculated Young’s modulus (253 GPa) of the carbon fiber matched closely with
Young’s modulus (250 GPa) in the datasheet [20]. However, the calculated fiber strength (2779 MPa)
of the carbon fiber did not match the strength of the fiber (5516 MPa) in the datasheet. This could be
attributed to the use of different lengths of carbon fibers to measure their properties. Shorter-length
single fibers are commonly used to measure the strength and the strength measured by this method has
been listed in the datasheet. However, in the present study, a cluster of longer-length fibers were used
to fabricate the composite and then the strength of the fiber was calculated using ROM. This measured
strength was lower than that reported in the datasheet. This could be attributed to the inherent statistical
distribution of flaws and more number of flaws along the longer length of fibers [21-23]. As mentioned
previously, the fiber volume fraction of filament wound composite rotors was 0.6. In order to calculate
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the composite properties corresponding to Vi = 0.6, the properties of carbon fiber (E: = 250 GPa) and
resin (Em = 2.7 GPa) were used in the ROM equations. As a result, corresponding to Vs = 0.6 for the
composite rotor, Young’s modulus was calculated to be 153.4 GPa and 6.64 GPa along and
perpendicular to the fiber direction, respectively.
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Figure 6. Tensile stress-strain behaviour of epoxy samples.

Table 1. Tensile Properties of Epoxy Resin and Carbon Composite.

Material Sample No. Young’s modulus (GPa) Failure stress Failure strain
(MPa) (%)
Epoxy Resin 1 2.4 342 0.024
2 2.7 384 0.020
3 29 442 0.028
4 3.5 39.7 0.018
5 2.6 32.8 0.015
Average (SD) 2.7 (0.33) 37 (4.1) 0.021 (0.005)
Carbon/Epoxy 1 120.8 1384.1 -
Composite 2 124.6 1253.5 -
3 124.4 1410.5 -
Average (SD) 123.3 (2.1) 1349.3 (84.1) -

Figure 8 shows the load-displacement behaviour of all the composite C-ring samples. Table 2 lists
the radial tensile strength (RTS) of all the composite C-ring samples determined using Eg. 1 along with
the average and SD. The average RTS of the filament wound composite rotor was found to be ~ 22
MPa. Figure 9 shows the failure of the C-ring sample under the diametrically opposite tension test. The
failure coincided with the emergence of the initial circumferential crack, usually appearing at the mid-
region of the radial thickness of the sample. Also, it occurred at the same radial region on the front and
back axial face of the sample. It was observed that the crack occurred symmetric about the horizontal
plane of the C-ring, but did not propagate to the complete length of the C-ring.

© STM Journals 2025. All Rights Reserved S990



Journal of Polymer & Composites
Volume 13, Special Issue 1
ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print)

60 Ll T T T
= Sample 1
50 P i Sample 2 i
o Sample 3
2 40 -
S
<
g 30f -
20 — —
10 -
0 1 1 1 - 1
0 5 10 15 20 25
Displacement (mm)
].400 ] ) ] ) ]
1200 b —=— Sample 1 -
~—&— Sample 2
1000 s Sample 3
<
S 800 .
2 600 A
A
400 .
200 -
O > 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
(b) Strain (%)

Figure 7. (a) Load-displacement and (b) stress-strain behaviour of composite samples under tensile test.
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Figure 8. Load-displacement behaviour of c-ring samples under diametric tensile test.

Table 2. Radial Tensile Strength of Composite Rotors.
Sample # Failure load (N) Radial tensile strength (MPa)
1 4651.2 274
2 2925.1 18.2
3 4032.4 22.1
4 3800.3 20.8
Average (SD) 22.0 (3.8)

Figure 9: Failure of c-ring under diametric tensile test.

Numerical Analysis

Table 3 lists the input properties used in the numerical analysis of the C-ring test. For the loading
rods, the structural steel property was assigned from the Ansys Material Library. The density of the
composite rotor was calculated by using the mass and volume of the rotor. Corresponding to Vi= 0.6
for the C-ring, the previously calculated Young’s modulus of 6.64 GPa (transverse), 153.4 GPa
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(longitudinal) and 6.64 GPa (transverse) was taken as Ex, Eyand Ez, respectively. As per the literature,
the Poisson’s ratio (vyz) Of the composite was taken as vyz = 0.295 [10]. Then, the other properties (vxv,
vxz, Gxy, Gvz and Gxz) were measured as per the equations available in the literature [19]. Corresponding
to sample no 3 listed in Table 2, failure load 4032 N was applied as a line pressure on the bottom of the
upper loading rod. This was equivalent to the line pressure of 161.28 N/mm. Fig. 10(a) shows the radial
stress developed in the C-ring and loading rods. Figure 10(b) shows the variation of radial tensile stress
and interlaminar shear stress along the radial thickness at 90° clockwise to the loading direction. The
maximum RTS developed on the C-ring was ~ 22 MPa. This matched very well with the RTS that was
measured using the experiment. The maximum radial stress was found to occur at 90° clockwise to the
loading direction. It can be observed that the interlaminar shear stress was negligible and this implied
that the C-ring failed purely by radial stress. It can also be observed that the maximum radial tensile
stress occurred at the mid-region of the radial thickness. This matched well with the experiments,
wherein the onset of circumferential failure occurred at the mid-region of the radial thickness.

Table 3. Material Properties For Numerical Analysis.

Properties of carbon/epoxy composite for (Vr=0.6)
Composite density (pc) 1565 kg/m?
Elastic modulus (Ex) 6.64 GPa
Elastic modulus (Ey) 153.40 GPa
Elastic modulus (Ez) 6.64 GPa
Poisson's Ratio XY (vxy) 0.0129
Poisson's Ratio YZ (vyz) 0.295[10]
Poisson's Ratio XZ (vxz) 0.4
Shear Modulus XY (Gxy) 3.1 GPa
Shear Modulus YZ (Gyz) 3.1 GPa
Shear Modulus XZ (Gxz) 2.3 GPa
X - circumferential, Y & Z — radial and axial directions

-168.35 Min
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Figure 10. (a) Radial stress developed in c-ring and loading rods and (b) variation of radial stress and
interlaminar shear stress along the radial thickness of c-ring.

CONCLUSIONS

Carbon/epoxy panels (with fiber volume fraction, Vi = 0.48) were fabricated using a flat mandrel in
filament winding process. Carbon/epoxy composite rotors (with fiber volume fraction, Vi = 0.60) were
fabricated using a cylindrical mandrel in filament winding process. Tensile testing of composite panels
were conducted to determine the Young’s modulus of composite along the fiber direction. Then, using
the rule of mixtures, the Young’s modulus of composite rotor was determined along and perpendicular
to the fiber direction. The RTS of composite rotor was evaluated experimentally using diametric tensile
testing of C-ring. Numerical analysis of composite C-ring test was also performed to determine and
verify the RTS. The RTS of composite rotor that was determined from the experiments as well as the
numerical analysis matched well. In the numerical analysis, the maximum radial stress occurred at the
mid-region of the radial thickness. This also matched well with the experiments, wherein the onset of
circumferential failure occurred at the mid-region of the radial thickness.
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