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1 INTRODUCTION

The application of filament-wound fiber-reinforced polymer composites (FRPC) to the construction of flywheel
rotors for energy storage has been a common practice for over 40 years and the study of composite material
properties independent of application goes back even further [1]. Measurement methods for quasi-static elasticity
are well documented [2-3], and well reported in literature [4-5], however documentation for viscoelastic material
properties is less comprehensive. Moreover, due to the existence of edge effects, measurement of transverse
viscoelastic compliance of unidirectional FRPC, such as those used in flywheel rotors, presents unique challenges for
traditional coupon testing. Further, accurately measuring the anisotropic viscoelastic compliance of composite
materials is critical to design and modeling of flywheel rotors [6-7]. Recognizing that FRPC that are filament-wound
in the hoop direction are transversely isotropic [8-9], axial testing of tubular specimen is postulated to accurately
represent the axial and radial transverse elasticity of thick-walled cylinders, such as those used in the construction
of multi-rim flywheel rotors [10].

Skinner and Mertiny [7] showed that accounting for viscoelastic compliance is critical for designing and modeling
composite flywheel rotors throughout their expected lifetime. The same is true for any application requiring
long-term prediction of composite material behavior. Specifically, it is necessary to determine the compliance
master curve of the material for its entire lifetime. ASTM D2990 [11] states the creep strain of a composite specimen
can be found by heating test specimens to an elevated temperature while applying a known load and measuring
creep strain. Then, viscoelastic compliance is calculated from creep strain using the known stress. Typically, the
compliance master curve is constructed using employing the time-temperature superposition (TTSP) approach
which relates short-term high temperature compliance with long-term low temperature compliance by shifting the
short-term compliance measurements along a log(time) abscissa [12]. The shifting factors are commonly
determined applying an Arrhenius equation using the empirically derived creep activation energy [13-14]. However,
this method requires an additional set of experiments, to determine the activation energy, and may not be feasible.
Other methods for determining shifting factors have been described in literature including the computational
algorithm discussed in [15].

This article presents a low-cost experimental platform capable of conducting viscoelastic testing on thin-walled
filament-wound FRPC tubular specimens with the goal of constructing the transverse compliance master curve. The
experimental platform and specimens are discussed in detail including the data acquisition system, sensors, and
testing procedure. Additionally, the validation of data processing and test platform is presented. The objective of
this paper is to document the method for determining the compliance master curve of filament-wound composite
specimens and reduce the barrier to entry for future researchers. The present study is conducted with glass fiber
reinforced polymer composites (GFRP); however, the experimental platform and methodology is appropriate for
any transversely isotropic material.
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2 EXPERIMENTAL SETUP AND METHODOLOGY

2.1 Specimens

As shown in Figure 1, specimens comprise a composite tube and two aluminum tabs machined from 6061 aluminum.
Tubes were filament-wound using glass fiber filament (Advantex Type 30, Owens Corning, Toledo, OH, USA) [16]
onto a steel mandrel with a diameter of 25.4 mm. The matrix was a two-part epoxy (EPON 826 resin and EPIKURE
9551 hardener, Hexion, Columbus, OH, USA) [17] with a mixing ratio of 100:36. Table 1 gives further information on
the composite material system and winding parameters. The winding angle was 88° to closely approximate a
circumferential fiber orientation.

After winding, the resulting tubular part was cured on the rotating mandrel in an oven at 80°C for 1 hour, followed
by 120°C for 2.5 hours. Tubes were then cut to length using a diamond saw. In preparation for adhesive bonding the
tabs, the tube extremities were abraded and cleaned to create a uniform bonding surface. Prior to bonding, tubes
and tabs were dried in an oven at 50°C, then the adhesive (DP460, 3M, Maplewood, MN, USA) was applied to bond
the tabs to the tubes. Tubes and tabs were kept in alignment during room temperature cure using an alignment jig.
As manufactured, the composite tubes have a thin resin-rich area on the outer surface of the specimen. This layer
contributes only marginally to the sample stiffness, so an effective wall thickness was used for analyses using the
method described in [18]. In this method the effective wall thickness is found from the volume of the deposited
fiber material and the fiber volume fraction, according to equations Eq.(1). The fiber volume fraction, 14, was found
by performing burn-out tests using five composite tube sections collected when cutting the specimens to length.
The fiber volume fraction was found to be 0.667, yielding an effective wall thickness of 2.88 mm, which agrees well
with the measured wall thickness of 3 mm, assuming a resin-rich surface layer of about 0.1 mm.

Figure 1. Cross-sectional diagram of test specimen assembly (dimensions in mm).

Table 1. Material system and winding parameters used to create composite tubes [16-17].

Property Value

Fiber density, o 2560 kg/m?

Matrix density, pm 1160 kg/m?3

Linear density of fiber tow, TEX 0.735 g/m
Number of fiber tows, TOW 2
Winding circuits, C 1

Winding angle, & 88°

Number of layers, N 5

Inner diameter of composite tube, ID  25.4 mm
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2.2 Testing Equipment

An experimental setup was designed to satisfy the requirements established by ASTM D2990-17 [11]. Figure 2
depicts a diagram of the setup, consisting of a base, a support frame, a load cell, a mounted specimen, and lever
arm with attached weight.

Lever Arm
Support
Frame
Specimen Weight
Load Cell

Base

Figure 2. Diagram of creep test setup with labeled components. Some horizontal spars in the support frame have been hidden
to provide an unobstructed view of the specimen and load cell.

2.2.1 Base and Support Frame

The steel base rests on four rubberized feet which prevent slipping and help insulate the platform from vibrations
from nearby equipment. The base is bolted rather than welded together, allowing it to be disassembled and
transported from the manufacturing to the testing location. A support frame is bolted to one end of the base,
providing mounting points for the lever arm, the load cell, and mounting a specimen. The frame is constructed from
T-slotted extruded aluminum bars, which provides the required strength and stiffness to support the forces required
for loading the specimen. All base and frame components are relatively inexpensive and easy to machine, both of
which reduces the costs for the platform. The lever arm is a thick-walled steel tube mounted to the top of the
support frame with a mounting block. The long arm of the lever is 1,220 mm while the short arm is 116 mm,
providing an as-manufactured mechanical advantage of 10.5:1. Load is applied by a weight suspended from the
lever arm with four steel cables (not shown). The weight and its lifting structure are raised and lowered using a
manual scissor jack (not shown).

2.2.2 Specimen Mounts

The specimen is affixed in the load train with 4.76 mm (3/16 inch) steel pins slip fit in the specimen tabs and tensile
machine fixtures. This allows the specimen to rotate freely in the machine and minimize off-axis loading.
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2.2.3 Heating Chamber

The specimen can be placed inside a heating chamber, which gently heats the specimen and maintains it at the
desired temperature. Figure 3a shows a schematic of the heating unit assembled with a specimen. Heat is supplied
by a custom silicone strip heater (Wattco Inc., LaSalle, QC, Canada) wrapped around a cylindrical steel housing. The
top, bottom, and outside of the cylinder is insulated with fiberglass insulation.

2.2.4 Instrumentation and Data Acquisition Equipment

Specimens are instrumented with three types of sensors: strain gauges, a load cell, and a thermocouple. Diagrams
for the data acquisition (DAQ) system and all sensors are provided in Figure 4. The load cell is an S-type load cell
(type LC103B-5k, Omega Engineering, Norwalk, CT, USA).

Heater

Specimen

Insulation

Figure 3. (a) Cross section of heating chamber and specimen, and (b) tensile machine showing specimen orientation (Inset:
top-down view on specimen with strain gauges set up approximately 120° apart for viscoelastic experiments).

The strain gauge setup was altered between initial quasi-static and later viscoelastic testing in response to issues
encountered during the former. Due to the possibility of off-axis loading creating bending stress in the sample,
multiple strain gauges were attached to each sample. For quasi-static testing two strain gauges were applied to the
surface of each sample approximately 90° apart. During quasi-static testing, off axis loading proved to be a
reasonable concern so three strain gauges applied approximately 120° apart were used for creep testing. Hence,
strain is collected from three independent gauges with the objective to assess whether the specimen is subjected
to bending. If bending occurs, the magnitude and direction of bending can be determined. Moreover, data from the
three gauges can be averaged to compensate for bending effects, similarly to [19]. A photograph of the specimen
and strain gauge setup is shown in Figure 3b.

Two different strain gauges have been used, i.e., a dual-grid gauge CEA-13-125WT-350 and a single-grid gauge CEA-
13-500UW-350 (both types by Vishay Precision Group Inc., Raleigh, NC, USA) [20-21]. Gauges are attached to the
specimen using M-Bond 200 strain gauge adhesive, and aligned transverse to the fiber direction. The dual-grid and
single-grid gauge are wired in a half-bridge and quarter bridge configuration, respectively. The gauges are connected
to a Vishay 2100 gauge conditioner [22], which is used to balance the gauges before testing and apply amplifier gain.
The specimen temperature is recorded with a custom-built PID controller that continuously monitors the sample
temperature with a thermocouple and regulates the heating power to control the temperature. Three K-type
thermocouples (BQLRZ, Shenzhen, China) are used to measure the ambient, heater, and specimen temperatures
throughout an experiment. The PID settings for the temperature controller are 0.1, 100, and 1.0 respectively.
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During testing, specimen strain and temperature, and applied load are collected continuously over time, t, at a
sample rate of 1 Hz, using the NI DAQExpress software in conjunction with a NI 6008-USB device (National
Instruments, Austin, TX, USA).
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Figure 4: Instrumentation diagrams: (a) Schematic of sensors and data acquisition system; (b) circuit diagram for LC103B-5k
load cell (color of leads corresponds to manufacturer setup); (c,d) circuit diagrams half- and quarter-bridge strain gauges; and
(d) pin labels for gauge conditioner connector.

2.3 Experimental Procedures

2.3.1 Quasi-Static Testing

Quasi-static testing was performed using a universal testing machine (MTS 810, MTS, Eden Prairie, MN, USA) to
determine the transverse tensile strength of GFRP specimens. Load was applied at 500 N/min until failure. Specimen
strain was acquired with the sensor setup described above. Applied load and strain data were recorded by the
control and DAQ computer of the testing machine.

2.3.2 Viscoelastic Testing

To determine the transverse compliance master curve of the material, a series of elevated temperature experiments
(30°C, 45°C, 60°C) were performed at two applied loads. Testing at 30°C, rather than room temperature, was
conducted to ensure a constant temperature can be maintained using the heater. The 45°C and 60°C settings were
selected based on ASTM D2990 which stipulates characterizing a material over the useful temperature range in
suitable increments that reflect creep variation with temperature and transitions of the material. The applied loads
were set at 40% and 60% of the tensile strength (TS). Testing at 40% TS fosters significant creep deformation while
minimizing the risk of crack initiation, as shown in [19] where limiting stress to below 50% TS was found improve
fatigue performance.

The technical literature diverges on the need for specimen conditioning. In [23], conditioning was deemed necessary
for measuring nonlinear viscoelasticity, while virgin specimens were used in [24] to directly measure linear
viscoelastic behavior. Recognizing that time-temperature superposition is only valid for linear viscoelastic behavior,
specimen conditioning was not performed.

After instrumenting and installing a specimen and starting the control and DAQ system, the testing procedure begins
by heating the sample at the required temperature until it reaches equilibrium (2 hours). Note that test data is
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recorded continuously during all stages of the experiment. Once at equilibrium, the first specified load is applied by
engaging the weight in a steady manner using the scissor jack. The ensuing creep test stage runs for 30 minutes.
Afterwards, the load is removed and the sample is heated to 75°C for 2 hours to allow for specimen recovery. This
step is followed by equilibrizing the sample at the next required temperature. Then, the load is applied for the
second creep test stage, again for 30 minutes. The recovery-heating-loading sequence is repeated in the same
manner for the final temperature. Notice that strains are noted after each heating stage and before applying the
load as this data is needed to separate thermo-mechanical from elastic and viscoelastic effects. A concern with the
above procedure is using a single specimen for multiple creep test stages. However, this concern is alleviated by
examining the recovery behavior. It has been shown that post-recovery strain of less than 5 pe indicated minimal
permanent damage, so the specimen could be used for the next treatment [19].

2.4 Data Reduction

Voltage signals recorded during the experiments were reduced to pertinent physical data. A linear voltage-force
response was ascertaining for the load cell, allowing force and thus applied tensile stress to be determined using
the specimen cross-sectional area. Recorded strain gauge data were isolated from the start to the end of each test
stage. Gauge data from the quarter-bridge or half-bridge arrangement was converted to strain, &, using Eqs.(2) and
(3). Strain were then combined with applied stress to determine the time-dependent transverse compliance at each
treatment temperature and load according to Eq.(4).
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where R, and Rg are correspondingly the lead wire and strain gauge resistance, GF is the gauge factor, V is the

measured voltage, and v is the Poisson’s ratio of the material (here, R.~ 0).
S22(t) = ? (4)

Employing TTSP the compliance master curve was constructed a employing shift factor, a:. While there is no
established convention for determining shift factors, it is common to calculate them using activation energy in an
Arrhenius equation [26-27] or the Williams-Landel-Ferry equation [28-29]. However, this approach requires
empirically determining the activation energy, which was not feasible in this study. Alternatively, the shift for each
curve was determined analytically using the closed-form shifting algorithm described in [15], which determines the
shift factor by minimizing the distance between the reference temperature compliance curve and the elevated
temperature compliance data. Figure 5 illustrates this shifting algorithm. Consider two datasets, Gx and Gi.1,
recorded at different temperatures, Tx and Tw1, where each set contains N elements. Notably, G may denote any
dataset, for example, creep strain data. The objective is to shift Gi.1 along the abscissa to create a smooth curve. To
accomplish this, the overlapping region from each data set is identified and used to define the boundaries of an
overlapping window. These overlapping regions are

1+ ﬁ) 2)

€quarter ) = Re

Ugs1 = {log Gk+1,n»10g tk+1n M= 1'2'--uk+1}' (5)

Ly = {log Gin,logty,,n= lk,lk+1,Nk}. (6)

The location of the last point Uk« is defined by an abscissa parallelpassing through the last point in Gk, and
intersecting G.1. Similarly, the first point in Ly is defined by an abscissa parallel containing the first point in Gi.1 and
intersecting Gk. With the overlapping window defined, a1 is found by minimizing the area of this window. Hence,
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Figure 5: Schematic of data shifting procedure for compliance master curve.

There are several factors that affect the goodness of the shift resulting from the algorithm. It is important to control
these factors to minimize shift errors. First, considering the size of the overlap window. Errors can be reduced by
increasing the number of elements in the two overlap regions and the duration of the reference time in the window,
both of which can be achieved by increasing the experiment duration. Second, considering the slope of the overlap
regions, the error is minimized for moderately sloped overlapping regions and increases as the slope decreases
toward zero and toward infinity. It has been shown in [15] that the ideal slope is approximately 0.05. The third and
fourth factor for reducing shift errors are the magnitude of the experimental error that is controlled by the
experimental setup, and the number of discrete data points per time unit in the reference frame, respectively.

The first step to applying the shift algorithm to the compliance data collected at the various temperatures is to select
the lowest temperature as the reference temperature, Tx. The compliance at the next temperature T, is shifted
onto the reference temperature. Then, the two datasets are combined into a larger combined compliance, yielding
the master curve at the reference temperature. Accordingly, the compliance at subsequent temperatures is shifted
onto the master curve and added to the combined dataset. The master curve is complete when all elevated
temperature compliance datasets have been shifted to the reference temperature. The final step is to determine a
best fit equation that can be used to reproduce the master curve for the life of the material. Findley’s power law is
a common empirical model used to predict time-dependent compliance and creep of fiber reinforced polymer
composites [30-31]. In terms of compliance, Findley’s power law is written as

522 = SO + Atn (12)

where S is the initial elastic compliance, and A and n are material constants. In the current study, curve fitting was
performed using the built-in fitting tools in the Matlab programming environment (MathWorks, Natick, MA, USA).



CANCOM2022 — CANADIAN INTERNATIONAL CONFERENCE ON COMPOSITE MATERIALS

3 Validation of Experimental Procedures

3.1 Applied Load and Temperature

Preliminary testing with a target load of 5,000 N was performed to validate the applied loading. A mass of 43.1 kg
was suspended 122 cm from the fulcrum. The steel lever, inclined at approximately 15° from horizontal, imposes a
mass of 2.52 kg at its half-length (66.5 cm). For the mechanical advantage of 10.5:1, the predicted force applied to
the specimen is 4,577 N compared to the load cell measurement 4,593 N £ 7 N, yielding an error of 0.3%. Figure 6a
confirms that the applied loading is constant without drift.

The controller for the heater measures the chamber temperature and the specimen surface temperature. The latter
is used for control purposes. The graph in Figure 6b depicts the surface and chamber temperatures for a 3-hour
experiment. Notably, the chamber temperature is 55°C for a target specimen surface temperature 45°C. The graph
confirms that the heater closely maintains the desired specimen temperature after about 2 hours of equilibrizing.
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Figure 6: Data for test equipment validation: (a) Specimen surface and chamber temperatures for a 3-hour experiment, and
(b) load cell readings for applied load.

3.2 Strain Measurements and Bending Effects

In some instances, during quasi-static testing, differences in strain readings were observed between the three gauge
locations along the specimen circumference, presumably due to bending effects. Example strain data is shown in
Figure 7a, where gauges 1 and 3 recorded the largest strain indicating these gauges are on the outside of the bend
radius while gauge 2 shows the least strain indicating it is on the inside of the bend radius. From a top-down
perspective, the specimen is bending as indicated by the inset in Figure 7a. Bending is thought to originate from
misalighment, either from imperfect mounting the specimen in the machine and/or a lack of cylindrical concentricity
between specimen tube and metallic end tabs. Misalignments effects can be corrected by changing the specimen,
or as mentioned above, by employing a procedure for compensating for bending effects as described in e.g. [19].
Figure 7b depicts sample creep strain data for a specimen subjected to the load described above. The strain
measurements from each strain gauge have been averaged together to compensate for off-axis loading as discussed.
The elastic strain caused by quasi-static loading and the recovery data have been removed from this graph to better
display the creep strain results. The small discontinuity seen at 6,000 s is possibly due to a material defect or failure.
The data in Figure 7b confirms the capability of the developed test setup and procedure to yield the transverse
compliance master curve for FRPC specimen:s.
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Figure 7: (a) Difference between strain data from strain gauges (SG) due to bending stress (Inset: Arrow indicating specimen
bending direction from off axis loading), and (b) sample creep strain data.

4 Conclusion

Determining the transverse viscoelastic compliance master curve for FRPC presents unique challenges for traditional
coupon testing due the existence of edge effects. Additionally, testing requirements, specimen preparation, and
data collection and processing are significant challenges to overcome. This article presented an experimental test
platform and process capable of conducting elevated temperature testing employing tubular filament-wound FRPC
specimens. Specimen discussed herein were made from glass-fiber/epoxy composites with circumferential fiber
orientation. The specimen fabrication parameters and experimental methods for viscoelastic material
characterization were discussed in detail. The process for constructing the compliance master curve from collected
creep strain data was described. Finally, the performance of the experimental setup was validated, confirming its
ability to apply the desired loads and temperatures while recording pertinent data for computing stress and strain.
It was observed that off-axis loading (bending) may be a concern, however, its effects can be accounted for during
data processing. In closing, the experimental platform along with the methodology for conducting viscoelastic
material testing was ascertained to successfully yield the data required for constructing the transverse compliance
master curve for FRPC specimens.
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