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ABSTRACT

MECHANICAL CHARACTERIZATION AND CONSTITUTIVE MODELING OF

HIGH-TEMPERATURE FLUOROELASTOMERS

Name: Johnson, Brent Matthew
University of Dayton

Advisor: Dr. Robert L. Lowe

Fluoroelastomers can maintain their stretchability and elasticity at high temperatures, making
them well-suited for applications that require extreme thermal resistance. Presently, there is signifi-
cant interest in casting compounded fluoroelastomers to create high-temperature seals with intricate
geometric features. It is not well understood, however, how these materials will perform mechan-
ically in service as they undergo repeated heat cycling and are subjected to complex, multi-axial
stress states. To address this research opportunity, a suite of commercially available compounded
fluoroelastomers were thermally aged (10, 20, 50 cycles at 200 °C for 8 hours) and mechanically
tested in uniaxial tension and uniaxial compression. Preliminary room-temperature uniaxial tension
results displayed increases in strength and elastic modulus with modest heat cycling (20 cycles),
followed by a subsequent decrease in strength at large amounts of heat cycling (50 cycles). Even at
50 cycles, however, the heat-conditioned materials still exhibited greater strength than the uncon-
ditioned materials. This mechanical response is likely due to a competition between the chemical
mechanisms of polymer cross-linking and chain scission, with strength degradation at large amounts

of heat cycling reflective of chain scission dominating cross-linking.

From this suite of candidate materials, the compounded commercial fluoroelastomer FKM Viton
A-500 RB75A5 was downselected for the desired sealant application and subsequently tested at ele-

vated temperatures (85, 140, 200 °C) in uniaxial tension to better understand its behavior in extreme
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environments. Lower mechanical strength and reduced elongation were observed in the material’s
elevated temperature response. This is likely because the higher temperatures result in shorter poly-
mer chains, which corresponds to a higher entropy state and a weaker, lower-elongation material.
Additional room-temperature tests were performed on Viton RB75A5 to facilitate the calibration
of hyperelastic constitutive models, both parameterized (e.g., Ogden) and tabulated. Coupon-level
validation tests involving inhomogeneous planar deformations were used to verify the accuracy of
the constitutive models. Comparisons of principal surface strains from digital image correlation
to LS-DYNA finite element simulations of the tests indicate that the tabulated (MAT_181) and pa-
rameterized Ogden models capture the inhomogeneous deformation well. These validated material
models for unconditioned Viton RB75A5 can be used for simulation-aided design and optimization

of seals and other elastomeric components.
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CHAPTER I

INTRODUCTION

1.1 Background and Applications

High-temperature fluoroelastomers have gained significant attention recently, encompassing a
class of polymers capable of withstanding extreme thermal environments. Fluoroelastomer blends
(FKM) possess attractive mechanical properties, chemical resistance, and extreme thermal stability
[1]. As a result, high-temperature fluoroelastomers have emerged as a compelling solution to the

demand for high-performance elastomers in aggressive chemical and thermal environments.

Fluoroelastomers are polymers that contain fluorine atoms within their chemical structures, ei-
ther as perfluoropolymers or partially fluorinated polymers [2]. The highly electronegative fluorine
bond is very difficult to break, contributing to the overall strength and durability of fluoropolymers.
Fluoropolymers have exceptional chemical resistance, thermal stability, and low surface energy,
due to their unique molecular interactions in fluorinated polymer segments and main chains [2].
The fluoropolymer’s chemistry was derived from fluorocarbon compounds initially developed for
refrigerants [3]. The creation of polytetrafluoroethylene (PTFE; 1.1) in the 1930s sparked the de-
velopment of fluorinated thermoplastics and elastomeric fluorine-containing polymers [3].

Initiator
F,C=CF, ————= +{-CF;—CFy]—

Figure 1.1: Polymerization of TFE [2]

A variety of fluoropolymers such as polychlorotrifluoroethylene (PCTFE), fluorinated ethylene
propylene (FEP), and polyvinylfluoride (PVF) were later developed in the 1950s and 1960s [2].
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Dyneon THV (Figure 1.2) was developed in the 1990s, which has excellent permeation resistance
and chemical resistance and is well-suited for applications that demand significant stretchability and

flexibility [2].

E F H F Initiator E F

FC=CF, + X 4 »=— " T I, W
TR CF, H>—<|: ——= w6 Chrlm ¢—%
E @G

Figure 1.2: Polymerization of THV [2]

There is a significant need for synthetic, rubber-like materials capable of surviving extreme en-
vironments in the oil and gas industry [4]. Elastomeric materials in this industry are frequently used
for static and dynamic sealing between mechanical components, but high temperatures frequently
reduce the elongation and bulk modulus of rubbers [4]. Fluoroelastomers retain their mechanical
properties at high temperatures and thus have also found widespread use in the aerospace, auto-
motive, and semiconductor manufacturing sectors. Thread sealant tape, for example, leverages the
exceptional properties of fluoroelastomers to enable highly durable and reliable performance in
sealed joints [3]. These high-temperature materials are also commonly used for O-rings or bulb
seals (Figure 1.3), aiding the performance of manufacturing equipment, chemical processing plants,

and engines. These seals can outperform silicone elastomers, which cannot be used in extreme

environments.
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Figure 1.3: Finite element simulation of a bulb seal in compression

Fluoroelastomers can even be used for the fabrication of Viton-based microfluidics by micro-
moulding, bonding, and metal patterning [5]. Fluoroelastomers often provide manufacturing solu-
tions to the automotive and aerospace industries because they provide excellent thermal stability
for equipment subjected to extreme temperatures and pressure changes [3]. While there are risks
to the fluoropolymer industry at the moment, due to increasing regulations on manufacturing and
emissions, there is also room for growth as they are utilized in a variety of emerging industries such

as the electric vehicle industry.

To predict the deformation of elastomers in complex stress states and extreme environments,
accurate material models (i.e., constitutive models) are needed to capture how the material responds
under various loading conditions. To indeed be accurate and truly predictive, these constitutive
models must be calibrated using high-quality experimental data. This experimental data is typically
generated through coupon-level testing across diverse stress states (e.g., uniaxial tension, uniaxial
compression, simple shear, and pure shear). These tests provide insight into the material behavior

under complex stress states before failure and enable the calculation of key mechanical properties
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such as elastic modulus, ultimate tensile strength, elongation at break, and toughness. Additional
testing is often performed to assess the importance of viscoelastic effects (e.g., stress relaxation,
creep, cyclic, and rate sensitivity) and thermal sensitivity (e.g., low/high-temperature tests). With
this data, nonlinear least squares curve fitting can be performed to calibrate constitutive models.
These constitutive models can then be used in finite element software (e.g., Ansys LS-DYNA)
for predictive stress analysis on three-dimensional parts and components. Accurate material mod-
els thus enable simulation-aided prototyping, design, and optimization, thereby reducing material
waste, time for physical testing, and equipment costs. Within this investigation, LS-DYNA is chosen

as the finite-element solver for all stress analysis.

1.2 Literature Review

1.2.1 Mechanical characterization of elastomers

Elastomers exhibit complex nonlinear response that depends on their intrinsic polymer chem-
istry, composition, and processing. As such, each material must be tested individually to understand
its unique mechanical performance. The response of elastomers can also be impacted by extrinsic

factors such as stress state, temperature, humidity, loading rate, and thermal aging.

Numerous experimental efforts have been undertaken that attempt to fundamentally understand
the influence of these factors on mechanical response. In the seminal work of Treloar [6], the quasi-
static response of a vulcanized rubber was investigated under uniaxial tension, equi-biaxial tension,
and pure shear. The influence of stress state on mechanical response was also explored by Meunier
et al. [7], who characterized a silicone rubber in uniaxial tension, uniaxial compression, pure shear,
and plane strain compression. Simple (lap) shear testing has been performed on PDMS [8, 9],
silane-modified elastomers [10], and self-healing elastomers [11], for example. A useful collation
of experimental methods for elastomers is presented in the book by Brown [12]. The methods within
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this thesis are inspired by previous research done in references [6—12], where elastomers are tested

in a variety of stress states, often for the purpose of constitutive model calibration.

In recent years, non-contact optical strain measurement methods such as digital image cor-
relation (DIC) have been developed. This technique captures the motion of a randomly applied,
high-contrast speckle pattern applied to a specimen. Specialized DIC software is then used to corre-
late the camera images and calculate full-field measurements of the surface strains (often visualized
using contour plots) throughout the test. Virtual extensometers (VE) and virtual strain gages (VSG)
are placed using built-in tools in the software, which allow for strain to be interrogated at specified
areas within the test coupon. DIC has been used in previous research for both calibration exper-
iments (e.g., uniaxial tension testing) and validation experiments (e.g., component-level tests, or
tension tests on specimens with through-holes) [7]. During uniaxial tensile testing, the strain field
in the gage section is nearly homogeneous until fracture. Near the onset of fracture, there is a slight
localization, where the VSG can be utilized to measure the strain at the point of fracture. The same
strategy can be used in validation testing, as the localized strains within the validation coupon can
be compared in parallel to finite element simulation to validate the constitutive model. DIC meth-
ods allow for strain calculations at these localized areas, which are not obtainable through optical

or clip-on extensometers.

1.2.2 Constitutive modeling of elastomers

Numerous hyperelastic constitutive models have been proposed in the literature to describe the
nonlinear elastic response of rubbers, elastomers, and soft materials. Common examples include the
neo-Hookean model [13], the Mooney-Rivlin model [14], the Gent model [15], the Yeoh model [16],
the Arruda-Boyce model [17], and the Ogden model [18, 19]. Recent reviews of hyper-elastic ma-

terial models are provided by Steinmann and Hossain [20,21]. Among these, the incompressible
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Ogden model [18,19] is a popular hyperelastic constitutive model. In uniaxial tension, the engineer-
ing stress-stretch relationship for the Ogden model is described by the following equation, where

Ty is the engineering stress, A is the stretch, and u and « are material constants:
(To)11 = w1 (ﬂ‘”‘l - ﬂ‘%““l) + o (ﬂ“z‘l - A‘%“H) + 13 (%’3‘1 - A‘%aﬁ‘l) (1.1)

The material constants are calibrated by fitting 1.1 to uniaxial tension test data.

Three constitutive models, all natively built into the LS-DYNA hyper-elastic material library,
were chosen for this investigation — two parameterized (Mooney-Rivlin, MAT_027 and Ogden,
MAT_077) and one tabulated (MAT_181). It is well known that the Mooney-Rivlin model overesti-
mates the stress response to stretch [20]. A disadvantage of the Ogden model is that it cannot repro-
duce an exact fit of the test data due to the least-squares method requiring monotonically increasing
smooth data. A tabulated approach to hyper-elastic constitutive modeling in LS-DYNA (MAT_181)
has been used to simulate the mechanical behavior of rubber [22,23]. This model requires uni-
axial response only, whereas testing across multiple stress states is recommended for the Ogden
model. The MAT_181 model allows direct importation of load curves into the software [22,23], and
has built-in options for incorporating visco-hyperelastic effects [22]. As a result, with the MAT_181
model, strain-rate dependence and Mullins effect (damage parameter) can be modeled. Other consti-
tutive developments also include these advanced physics, including viscoelasticity [24], the Mullins

effect [25-27,40], temperature dependence [38], and thermal aging [28].
1.2.3 Characterization and constitutive modeling of fluoroelastomers

When experimentally characterizing fluoroelastomers, it is important to consider intrinsic (chem-
istry, composition, and processing) and extrinsic (stress state, temperature, humidity, loading rate,
and thermal aging) factors that can impact mechanical performance. For instance, the effect of

oven post-cure (thermal aging) Viton materials is explained by the formation of crosslinks accom-
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panied by the elimination of hydrogen fluoride (HF) from the polymer [29]. Kalfayan discusses the
effects of chain scission and cross-linking in vulcanized fluorocarbon rubbers exposed to thermal
aging [30]. More recent studies have explored volume resistivity measurements of fluoroelastomers
after thermal aging [31]. SEM micrographs of a virgin sample (c1) and a sample submerged in
water and thermally aged for 100 hr at 225 °C (c2) are shown in Figure 1.4. This work shows large
cracks on aged samples resulting in decreased resistivity initially, but proposes that as temperature
increases, more moisture evaporates leading to less moisture in the cracks. As a result, the difference
in resistivity between new and aged samples is reduced. This thesis expands on this previous work,
further exploring the competing effects of chain scission and cross-linking as fluoroelastomers are

thermally aged.

Figure 1.4: SEM micrographs of a virgin and aged Viton sample at x500 magnification (c1) aged
sample (c2) virgin sample [31]

Wang and Chester [24] investigated the viscoelastic and stress-softening behavior of similar
Viton materials, as seen in Figure 1.5. In these results, there is a visible Mullins effect and rate-

dependent behavior (Figure 1.5a), as well as inelasticity and asymmetry in the loading/unloading
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profiles (Figure 1.5b). This thesis expands on [24], incorporating findings from [30] to investigate

the competition in viscoelastic and thermal effects.
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Figure 1.5: Uniaxial tensile tests on independent specimens of virgin Viton. (a) Load/unload/reload
test results at two different stretch rates, and (b) multi-step stress relaxation test results [24]

1.3 Research Opportunity, Objectives, Scope, and Novelty

There are well-known pros and cons in the capabilities and convenience of the constitutive mod-
els to be used herein. However, there are only limited investigations exploring how parameterized
(e.g., Ogden, MAT_077) and tabulated (e.g., MAT_181) constitutive models compare in predicting
complex stress states. This research expands on previous literature by comparing the accuracy of
the Mooney-Rivlin, Ogden, and LS-DYNA’s tabulated MAT_181 constitutive models in replicating

complex deformations.

Understanding and characterizing the mechanical properties of fluoroelastomers is essential in
understanding how they will endure mechanical stress, resist deformation, and maintain their func-
tionality over time within complex designs and in harsh environments. There is limited research,

however, on how compounded fluoropolymer materials behave after thermal aging or in diverse
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stress states. There is a need for a deeper understanding and characterization of fluoroelastomers
to anticipate how they will endure stress, resist deformation, and maintain their functionality over
time with complex designs and in harsh environments. There is a need to understand how these
harsh environments affect the mechanics of these materials. Trustworthy mechanical test data can
provide insight into the deformation of these materials in different loading conditions in different

environments.

Chapter 2 details the mechanical characterization of a set of thermally aged flouroelastomers, to
anticipate how they will perform in the desired application’s extreme thermal environment. From
Chapter 2, a single material will be selected (based on optimal properties) for the sealant applica-
tion and for further characterization in Chapter 3. Chapter 3 delves into viscoelasticity, strain-rate
dependence, and response under multiple stress states (uniaxial tension, uniaxial compression, pure
shear, simple shear). Chapter 3 also involves constitutive modeling and finite-element validation
for the selected material. The significance of material processing conditions is stressed throughout
both chapters, as the material performance is sensitive to a variety of processing conditions. The
resulting mechanical test data and constitutive models can be utilized in predictive computational

models.
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CHAPTER II

DOWNSELECTION OF PROSPECTIVE FLUOROELASTOMERS

2.1 Introduction

Mechanical testing in quasi-static uniaxial tension and uniaxial compression was used to eval-
uate potential fluoroelastomer sealant materials. To best represent the operating environment of a
seal that is used in service in the target application, materials were heat cycled (thermally aged) for

8 hours at 200 °C with a varying number of cycles prior to tension and compression testing.

2.2 Materials, Specimen Preparation, and Experimental Methods

Six fluoroelastomers were investigated as potential sealant materials. Three were derivatives of
the commercial fluoroelastomer Dyneon FPO 3600 ULV (3M) with 10, 20, and 30 phr carbon black
(Thermax N990, Cancarb), compounded by 3M. The Dyneon-based compounds were prepared us-
ing a two-roll lab mill and contained raw Dyneon gum rubber, carbon black filler, crosslinker (tri-
allyl isocyanurate), and a peroxide-based accelerator. The other three materials were derivatives of
the commercial fluoroelastomer Viton (Chemours), a copolymer of hexafluoropropylene and vinyli-
dene fluoride. Three custom Viton-based compounds were prepared by the supplier using varying
amounts of carbon black filler, curing agents, and other processing aids (formulations RB65AS5,

RB75A5, and RB75GF5; Rainbow Master Mixing).

The Dyneon tension specimens used for material evaluation were die cut from a 3-mm-thick
sheet that was compression molded (152.4 x 152.4 x 3 mm mold) at 160 °C for 8 min. No post-
curing was done with the Dyneon (prior to thermal aging). The Viton sheets were compression
molded at 176.7 °C for 10 min into 2-mm-thick rectangular sheets and post-cured for 16 hr at

232 °C (prior to any thermal aging). The tension specimens for all materials were cut using an
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ASTM D412 type C die, and the compression specimens were provided by the supplier (Rainbow
Master Mixing) following similar processing and fabrication methods. The test specimens were
then thermally aged under various numbers of heat cycles (Tables 2.1 and 2.2), where each heat

cycle consisted of ramping up to 200 °C, holding at 200 °C for 8 hr, and ramping down to 25 °C.

The test matrices created and executed for initial material downselection for tension (Table 2.1)
and compression (Table 2.2) are shown below, displaying the number of specimens tested for each
material and heat cycle combination. Quasi-static tension and compression results of the material
variations were used to assess suitability for the intended application and to aid in selecting the top

candidate(s) for full characterization.

Table 2.1: Initial material evaluation — Tension testing

Material Virgin 10 Cycles 20 Cycles 50 Cycles
Dyneon 10 phr - - 3 -
Dyneon 20 phr - - 6 -
Dyneon 30 phr 4 - 4 3
Viton RB65AS 5 5 5 5
Viton RB75A5 5 5 5 5

Viton RB75GF5 5 5 5 5

Table 2.2: Initial material evaluation — Compression testing

Material Virgin 10 Cycles 20 Cycles 50 Cycles
Viton RB65A5 5 5 5 5
Viton RB75A5 5 5 5 4
Viton RB75GF5 5 5 5 5
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All quasi-static tension tests were conducted under ambient conditions in accordance with
ASTM D412 (Standard Test Methods for Vulcanized Rubber and Thermoplastic Elastomers — Ten-
sion) [32]. Cross-sectional measurements of all original, undeformed specimens were made with
a digital Mitoyo caliper. An Instron 3365 extended-height, screw-driven universal testing machine
with pneumatic side-action tensile grips was used to load the specimens (Figure 3.3). The crosshead
was actuated at 50 mm/min to ensure nearly quasi-static loading conditions. The load frame was
equipped with a 2-kN load cell and recorded engineering strain using a clip-on extensometer. The
extensometer measures the length change AL during testing between two points in the gage section
initially separated by a distance Ly = 25.4 mm. The instantaneous length change AL is normal-
ized by the characteristic length Ly to provide the axial engineering strain &.,, = AL/Lj. Within
this length-averaged measurement is the deformation in the gage section (within the extensometer

window), which is nearly homogeneous to fracture.

r
]
LO=115mm
)
: Y

Figure 2.1: Uniaxial tension testing
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Quasi-static compression tests were conducted in accordance with ASTM D575-91 (Standard
Test Methods for Rubber Properties in Compression) [33] on an Instron 3365 universal testing
machine under ambient conditions using custom compression platens. Tests were performed with
the crosshead moving at a constant rate of 12.5 mm/min. Compression samples differed from the
standard, measuring only 6-7 mm in height. Cross-sectional measurements of all original, unde-
formed specimens were made with a digital Mitoyo caliper. The test machine was equipped with
a 5-kN load cell for force measurement. Engineering strain was calculated using the crosshead
displacement (measured by the built-in LVDT) divided by the original height of the test specimen.

Engineering stress was calculated as force divided by the original cross-sectional area.

[

| h0=12.5mm

Figure 2.2: Uniaxial compression testing

2.3 Experimental Results

Heat-cycled Dyneon FPO 3600 ULV (20 cycles) with varying concentrations of carbon black
was evaluated in uniaxial tension (Figure 2.3). The 10 phr Dyneon had the lowest UTS and a high
elongation (12.6 MPa, 258.9%). The 20 phr Dyneon had both the highest UTS and elongation (16.7
MPa, 260%). The 30 phr Dyneon had the lowest elongation and the second-highest UTS (15.9

MPa, 213%). Overall, increased carbon black content led to a stiffer stress-strain response, with the
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20 phr Dyneon having optimum mechanical properties in strength and elongation for the desired

application.
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Figure 2.3: Uniaxial tension response of Dyneon with varying carbon black filler content (10, 20,
30 phr) subjected to 20 heat cycles

Figure 2.4 displays Viton RB65AS, RB75A5, RB75GFS, and Dyneon 30 phr across all tested
levels of thermal conditioning in uniaxial tension. Itis seen in Figure 2.4d that there was a significant
increase in strength when the material was conditioned for 20 cycles. When the thermal conditioning
increased to 50 cycles, there was a decrease in strength. Although there was a decrease at 50 cycles,
the material was still significantly stronger than the virgin material. This mechanical response was
likely due to a competition between the chemical mechanisms of polymer cross-linking and chain
scission, with strength degradation at large amounts of heat cycling reflective of chain scission
dominating cross-linking. The same trends were observed for the thermally aged Viton variants

(Figure 2.4), although the changes in mechanical properties were less notable. This indicates that
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the heat treatment had a less significant impact on the Viton, but the same underlying chemical

processes were still occurring and driving the macro response.

12
10
8l
©
o
£
o 6
w
i) Unconditioned
7]
4l
oL
0 . . . . . L . . .
0 50 100 150 200 250 300 0 50 100 150 200 250
Strain (%) Strain (%)
(a) (b)
25 18
161 20 cycles
20
14+ 1
e
12r
w151 ©
s Sof
o [}
8 g sl
101 ] 50 cycles
6l
5 ar Unconditioned
ol
0 \ . . . . . 0 . . , .
0 50 100 150 200 250 300 350 0 50 100 150 200 250
(c) Strain (%) (d) Strain (%)

Figure 2.4: Uniaxial tension response of (a) Viton RB65A5, (b) Viton RB75A5 (c¢) Viton RB75GFS5,
and (d) Dyneon 30 phr after 0, 10, 20, and 50 heat cycles.

Viton materials were compared to 10, 20, and 30 phr Dyneon after all materials were thermally
aged for 20 cycles (Figure 2.5). The ultimate tensile strength of the RB75A5 (14.9 MPa) compared
most closely to the 30 phr Dyneon (15.9 MPa) and 20 phr Dyneon (16.7 MPa). These quantities,
however, are not fully indicative of the mechanical behavior of the materials. For instance, as

shown in Figure 2.5b, the early mechanical behavior, i.e., the first 100% strain window, is most
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similar between the RB65A5 (one-percent Young’s modulus of 6.3 MPa), 30 phr Dyneon (two-
percent Young’s modulus of 5.5 MPa), and the 20 phr Dyneon (one-percent Young’s modulus of
5.6 MPa). In this early portion of the stress-strain curve, the RB75A5 responds more stiffly than the

Dyneon materials.
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Figure 2.5: (a) Uniaxial tension response of all six material candidates after 20 heat cycles (a) until
fracture and (b) up to 100% strain.

In addition to tension testing, compression testing was performed to aid in material selection.
Due to limited material availability, only the three Viton derivatives were evaluated. Figure 2.6
shows the effect of heat cycling on the compressive response of each Viton-based material. Note
that the maximum stress in these tests does not correlate with specimen fracture, but rather the stress
at which the load cell reached its upper limit of 5 kN. Similar to the tension results, the material

responds more stiffly after 20-50 cycles of thermal aging.
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Figure 2.6: Uniaxial compression response of Viton (a) RB65AS, (b) RB75A5, and (c) RB75GF5
after 0, 10, 20, and 50 heat cycles.

Figure 2.7 shows the compressive response of each Viton derivative after various levels of ther-
mal aging. The virgin RB65A5 compressive results displayed a greater elongation (55.3%) at a 5 kN
load and a lower compressive modulus (5.0 MPa). The unconditioned RB75A5 showed the same
compressive modulus (5.0 MPa) and lower elongation (46.0%) at a 5 kN load. The unconditioned
RB75GFS5 also resulted in a greater compressive modulus (6.7 MPa) and lower elongation (48.3%)
at a 5 kN load. Similar trends are seen in the virgin, 10 cycle, 20 cycle, and 50 cycle tests. Overall,
these results suggest that the RB75A5 and RB75GF behave more stiffly and are thus more resistant

to compressive deformation than the RB65AS.
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Figure 2.7: Uniaxial compression response of Viton RB65AS5, RB75A5, and RB75GFS5 after (a) 0,
(b) 10, (c) 20, and (d) 50 heat cycles.

2.4 Conclusions

Among the Dyneon variants (10, 20, and 30 phr) subjected to 20 heat cycles, the 10 phr had the
lowest UTS and high elongation, whereas the 20 phr had both the highest UTS and elongation. The
30 phr Dyneon had the lowest elongation and second highest UTS. Increased carbon black content
led to a stiffer stress-strain response. Overall, the 20 phr Dyneon had the most desirable trade-offs

among mechanical properties for the targeted application.
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Tensile strength increased (across all materials investigated) after 20 heat cycles. When the
thermal conditioning increased to 50 cycles, however, there was a decrease in strength. Although
there was a decrease at 50 cycles, the material was still significantly stronger than the virgin material.
This mechanical response was likely due to a competition between the chemical mechanisms of
polymer cross-linking and chain scission, with strength degradation at large amounts of heat cycling
reflective of chain scission dominating cross-linking. In compression testing, there was a similar

trend of stiffer behavior after thermal aging.

The Viton RB65A5 was deemed most compatible with Dyneon materials for small strains, and
the Viton RB75A5 was deemed most compatible with Dyneon materials at large strains. The Viton
RB75A5 was ultimately selected due to the ease of processability for the sealant material. As a

result, the RB75AS5 was selected for full experimental characterization in Chapter 3.
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CHAPTER III

CHARACTERIZATION, CONSTITUTIVE MODELING, AND FEA

3.1 Introduction

In this chapter, data from additional coupon testing in uniaxial tension, uniaxial compression,
simple shear, and pure shear will be performed to fully characterize the downselected fluoroelas-
tomer under a wide range of practically important stress states. The results of this additional testing
will be used to calibrate hyper-elastic constitutive models for use in component-level finite element
analysis (FEA) simulations of fluoroelastomer seals operating in service. The fidelity of the consti-
tutive models will be validated through parallel experimental testing and FEA simulation of tension

coupons with through-holes, which undergo complex inhomogeneous deformations.

3.2 Materials and Experimental Methods

3.2.1 Materials and specimen preparation

The material used in this investigation is a commercially available fluoroelastomer, Viton A-
500 (Chemours), referred to as Viton RB75A5. Raw gum rubber, containing 66 wt% fluorine with a
bisphenol-based curing agent, was custom compounded with carbon black filler and additional pro-
cessing aids (formulation RB75A5, Rainbow Master Mixing). The resulting slab was compression
molded at 176.7 °C for 10 min into 2-mm-thick rectangular sheets. No post-cure was performed

after pressing.

Tension and pure shear samples (Figure 3.1a and Figure 3.1d) were cut from the sheet using
tolerance-certified dies (Fremont Cutting Dies). Lap shear specimens (Figure 3.1c) were cut di-

rectly from the sheet using an ISDIR paper cutter. The compression specimens (Figure 3.1b) were
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provided directly by the supplier (Rainbow Master Mixing) following similar processing and fab-
rication methods. The dimensions of all original, undeformed specimens were measured using a

digital Mitoyo caliper.

(b) (d)

Figure 3.1: Test coupons: (a) tension, (b) simple shear, (c) compression, and (d) pure shear

In addition to samples that lead to simple homogeneous deformations (for constitutive model
calibration), samples intended to elicit complex inhomogeneous deformations were prepared (for
constitutive model validation). A custom tolerance-certified 25.4 mm X 50.8 mm (1 in. X 2 in.)
die (Fremont Cutting Dies) was used to cut the footprint of the validation samples (Figure 3.2)
from the sheet. After the outer geometry was cut, 7.9375 mm (0.3125 in.) and 3.9675 mm (0.1562
in.) diameter dies (from the same vendor) were used to punch the through-holes. The remaining
specimen geometry dimensions are detailed in Table 3.1. As with the calibration coupons, the
dimensions of all original, undeformed validation specimens were measured using a digital Mitoyo

caliper.
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Table 3.1: Validation coupon critical dimensions

Dimension Measurement (mm)
W 25.4
L 50.8
D1 7.938
D2 3.967
t 2.0

Figure 3.2: Validation coupons: (a) four-hole punch (4-HP) and (b) six-hole punch (6-HP)
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3.2.2 Mechanical testing

The test matrix in Table 3.2 summarizes the full experimental program to characterize Viton
RB75A5, in which a minimum of three tests were performed for each test type (quantity of tests
performed is indicated by the numbers in the table). The material was tested at multiple strain rates
to evaluate strain-rate dependency in uniaxial tension (UT) and uniaxial compression (UC). Cyclic
loading/unloading was performed to evaluate the significance of viscoelastic hysteresis and/or the
Mullins softening effect. Creep testing was done to further quantify viscoelastic effects. High-
temperature tests were performed to explore temperature sensitivity. Finally, the material was tested
in two additional stress states (pure shear (PS) and simple shear (SS)) to enhance the predictive
fidelity of the constitutive models. Validation experiments involving tension coupons with through-
holes (Figure 3.2) were performed to validate the predictive capabilities of the calibrated constitutive
models under a complex, three-dimensional, multi-axial stress state (that differs from the simple

stress states they were calibrated to).

Table 3.2: Material characterization test matrix

Test UT ucC PS SS Validation

Low Rate

Quasi-Static 3 3 -

High Rate

W[ W] W W
1
1

Cyclic/Mullins

Creep

HT (85, 140, 200 °C)

W W[ W[ W W] W] W

DIC

All quasi-static tension tests were conducted in accordance with the ASTM D412 test standard

[32]. AnInstron 3365 extended-height, screw-driven universal testing machine with pneumatic side-
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action tensile grips was used to load the specimens (Figure 3.3). The crosshead was actuated at 50
mm/min to ensure nearly quasi-static loading conditions. For all tension testing (strain rate, cyclic,
creep), the load frame was equipped with a 2-kN load cell, and recorded engineering strain using a
clip-on extensometer. The extensometer measures the length change AL during testing between two
points in the gage section initially separated by a distance Ly = 25.4 mm. The instantaneous length
change AL is normalized by the characteristic length Ly to provide the axial engineering strain
€ng = AL/Ly. Within this length-averaged measurement is the deformation in the gage section
(within the extensometer window), which is nearly homogeneous to fracture. The digital image
correlation experimental results in Section 3.3.3 provide insight into the local strain at fracture,

which cannot be captured with an extensometer.

r
]
LO=115mm
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Figure 3.3: Uniaxial tension testing

Quasi-static compression tests were conducted in accordance with ASTM D575 [33] on an In-
stron 3365 universal testing machine under ambient conditions using custom compression platens.

Tests were performed with the crosshead moving at a rate of 12.5 mm/min. For all compression
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testing (quasi-static, cyclic), the test machine was equipped with a 5-kN load cell for force mea-
surement. Engineering strain was calculated using the crosshead displacement (measured by the
built-in LVDT) divided by the original height of the test specimen. Engineering stress was calcu-

lated as force divided by the original cross-sectional area.

Figure 3.4: Uniaxial compression testing

To investigate strain-rate dependence, uniaxial tension and compression testing was performed
at crosshead displacement rates of 5 and 500 mm/min, and compared to the quasi-static tests per-

formed at 50 mm/min.

A set of tests involved loading/unloading to 80% strain three times, and heat cycling the sam-
ple (ramping up to and holding at 200 °C for 8 hr) before repeating the test. This test (three
load/unloads) was repeated five times on the same sample. Another set of tests consisted of load-
ing/unloading in uniaxial tension to 40% strain three times, heat cycling, loading/unloading to 80%
strain three times, heat cycling again, and finally loading/unloading to 120% strain three times,
all on the same sample. In addition, samples were tested in cyclic compression by loading to an

engineering strain of 32% and unloading to a resultant force of 0.1 kN.
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Creep testing was performed, and was initialized by 50 mm/min displacement control until
a load of 48.5 N was reached (approximately 50% of the UTS). The test proceeded under force
control, holding the applied load fixed at 48.5 N for greater than 19 hrs and measuring the resulting

evolution of displacement with time.

Viton RB75AS5 was also tested in uniaxial tension at elevated temperatures to understand the
impact of real-time, in situ temperature effects on mechanical behavior (in contrast to thermal condi-
tioning, i.e., thermally cycling/aging prior to mechanical testing). High-temperature uniaxial tension
tests were conducted using an Instron 68TM axial load frame system (Model 2525-818) equipped
with an environmental chamber and mechanical wedge action tensile grips. A 2-kN load cell was
used for force measurement, and strain was measured using an AVE2 2663-902 video extensometer
equipped with a 9 mm lens. Tests were performed at controlled temperatures of 85, 140, and 200
°C. The loading rate was 50 mm/min, with each sample soaked at its respective testing temperature

for 10 minutes prior to testing.

Pure shear testing was performed following methods similar to Meunier [7]. The 150 x 70 X 2
mm specimen 3.1d was gripped using a custom mechanical fixture (26 mm on each end of its 70 mm
width; Figure 3.5). The specimen was actuated under displacement control at a constant crosshead
speed of 50 mm/min. Engineering strain was calculated optically, tracking the displacement of two
marked dots using ImagelJ, and dividing by the original distance between the two marked dots (5
mm). Engineering stress was calculated as force (measured by a 5-kN load cell) divided by the

original cross-sectional area (nominally 150 mm wide and 2 mm thick).
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Figure 3.5: Pure shear testing

Simple shear testing was conducted following methods similar to the ASTM D1002 test stan-
dard (Standard Test Method for Apparent Shear Strength of Single-Lap-Joint Adhesively Bonded
Metal Specimens by Tension Loading) [34]. The Instron universal testing machine was equipped
with a 2-kN load cell for force measurement. Multiple adhesives were evaluated (pel-seal, VHB
adhesive, structural caulk sealant, and various double-sided tapes), but only an epoxy structural
adhesive (McMaster-Carr, item 7524A14) worked well in obtaining meaningful simple shear defor-
mation of the specimen prior to delamination from the laps. The epoxy was applied to each face of
the specimen, and the specimen was bonded to aluminum or stainless steel laps, resting flat for 72
hr at room temperature with no external pressure, as recommended by the manufacturer. PLA shims
were FDM 3D printed to function as “spacers” to align the load train. Spacers were printed individ-
ually to account for specimen thickness differences to ensure each test was properly aligned, as seen
in Figure 3.6. Tests were conducted at a crosshead displacement rate of 50 mm/min. Strain was cal-
culated using the crosshead displacement of the load frame (measured by a built-in LVDT) divided

by the specimen thickness, and stress was calculated using the force divided by the cross-sectional
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area of the binding face of the specimen. Too thin epoxy application led to debonding, where the
specimen slid off the lap without significant internal deformation. Epoxy applied too thick led to
obstructed motion of the frame, which impacted the sample’s deformation. After several iterations,

three proper tests with optimal epoxy application and limited test obstruction were obtained.

Lap Rotated Cross Section View
N I— - Ay
; Jr—
Adhesive Pd
Binding ™ Pd
Flueropolymer
]
h0=25.4 mm
t0=2mm

Figure 3.6: Simple shear testing

Quasi-static DIC tensile tests and validation tests were performed under displacement control
to get localized principal strain data in real-time and full-field deformation contours. Testing was
done with a constant speed of 50 mm/min to match the same conditions used to calibrate the consti-
tutive model and to ensure quasi-static conditions. An Instron 3365 extended-height, screw-driven
universal testing machine with pneumatic side-action tensile grips was used to load the specimens.
A 2-kN load cell was used to detect force, and displacement was measured by the LVTD. The Good

Practices Guide for Digital Image Correlation was consulted for experimental methods [35].
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3.2.3 Digital image correlation

A high-contrast (white) speckle pattern was applied to all specimens using a gravity-fed airbrush
(G222 Pro Set, Master Airbrush) and white paint. Examples of speckled tension and validation

samples are displayed in Figures 3.7 and 3.8.

Figure 3.7: High-contrast speckle pattern applied to a tension specimen
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(@ (b)

Figure 3.8: High-contrast speckle pattern applied to (a) four-hole and (b) six-hole validation speci-
mens

A 2D camera setup with a high-performance machine vision camera (Blackfly USB3, FLIR)
and a 35-mm focal length lens (HP series, Edmund Optics) was used to capture images during
testing. The resulting images were processed using commercial DIC software (VIC-2D, Correlated
Solutions). References [35] and [36] were followed for post-processing procedures. A Gaussian
low-pass logarithmic filter was applied during correlation, which averages the strain value at each
pixel to reduce noise and present a clear and uniform strain measurement. For the tension testing,
incremental correlation was used to achieve correlation to fracture. The incremental correlation was
not necessary for validation testing. A virtual extensometer (VE) and virtual strain gauge (VSG)
were used to track the principal strain at selected “hot spots” in the tension and validation coupons
where strain localizations emerged during the tests. The VSG size reported in Tables 3.4 and 3.3 is
calculated using Eq. (3.1) below (from reference [35]), then converted from pixels to mm using the
image scale (in mm/pixel).

Lysc = (Lyindow — DiLstep + Lsubser 3.1)
The DIC setup and processing parameters for tension and validation testing are summarized in Table

3.3 and Table 3.4:
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Table 3.3: DIC settings — tension tests

Test || Subset || Step Filter Size || mm/pixel V(ES(GSISC Vs(gnsl;ze
R3-3 19 3 5 0.0750 31 2.326
R3-4 17 2 5 0.0751 25 1.877
R4-1 15 2 5 0.0809 23 1.862

Table 3.4: DIC settings — validation tests

Test Subset || Step Filter Size || mm/pixel V(f)i(j(eslge V?I(;ri;ze

4-HP 23 2 5 0.0339 31 1.052
6-HP1 29 2 15 0.0332 57 1.894
6-HP2 19 3 5 0.0337 31 1.046
6-HP3 25 1 5 .0331 29 0.950

(b)

Figure 3.9: Virtual strain gage (VSG) locations (a) in undeformed coupon and (b) in deformed
coupon just prior to fracture
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3.3 Experimental Results

3.3.1 Viscoelasticity and Mullins effect

Figure 3.10 shows the response of Viton RB75A5 in uniaxial tension and uniaxial compression

at three different loading rates (5, 50, and 500 mm/min). The material shows weak rate dependence

in tension and only modest rate dependence in compression, suggesting that neglecting viscoelastic

physics in the constitutive model is likely reasonable for many practical applications. A 50 mm/min

loading rate was used throughout the rest of the tests. It is worth noting that the uncured RB75A5

is significantly softer than the post-cured material previously tested (refer to Chapter 2), as the

post-cure fundamentally alters the material chemistry (facilitates cross-linking), leading to a stiffer

stress-strain response.
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g 0
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Stress (MPa)

s

500 mm/min

50 mm/min

10 15 20 25 30 35 40
Strain (%)

Figure 3.10: Variable strain rate testing in (a) uniaxial tension and (b) uniaxial compression

Figure 3.11 displays the response of a single sample that was tested in cyclic tension to 80%

strain. Each test consisted of an initial loading (labeled “initial stretch’), unloading, and then sub-

sequent loading twice more (labeled “secondary stretches™). This process was repeated five times

with the same sample. Between each test, the sample was thermally aged by ramping to 200 °C,
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holding at isothermal conditions for 8 hr, and ramping down to room temperature. The material
was weakly viscoelastic (indicated by the modest hysteresis loops), with an essentially negligible
permanent set. The unloading curves in Figure 3.11 show the material does not elastically relax at
the same rate that it is unloaded during testing. In addition, there is a Mullins softening effect: if
the material is repeatedly stretched, the initial stretch is notably stiffer than subsequent (secondary)
stretches. The cross-linking due to thermal aging tends to compete with the Mullins softening ef-
fect, as the initial stretch on the same sample nearly returned to its initial stiffer state for Tests 2-5.
These results are important to consider in the desired sealant application, as the material will often

be repeatedly deformed while being exposed to extreme thermal conditions.

Same Sample each

test, 8 hour 200C
3 repetitions of load unload each Test
heat cycle

| between each \

51| —— 4 A
P s
s 4 Initial Stretches S /
0 5 —
2 3 Secondary Stretches / 7

2 =
-'% — Unloading
c
21

0

0 10 20 30 40 50 60 70 80

Tensile strain (Displacement) [%]

Figure 3.11: Cyclic tension to 80% strain, with thermal aging between cycles
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Figure 3.12 displays the response of a single sample tested in cyclic tension three times (three
cycles each time). The sample is thermally aged between tests (ramp to 200 °C and hold for 8 hr.),
and the elongation is increased with each subsequent test. These results demonstrate the significance
of the Mullins softening effect at varying levels of elongation, where there is a greater effect at higher
elongations. The softening effect is only apparent, however, prior to heat-cycling. For instance, Test
2 was performed after the sample was cycled three times to 40% strain (during Test 1); in its first
cycle to 80% strain (during Test 2), the material response returned to its original path in the 40-80%
elongation window. Test 3 exhibits the same response, with a softened stress-strain response up to

80% strain, and then returns to its original path from 80-120% strain.

Tensile stress [MPa]
O = N W & OO O ~N

Unloading

60 80 100 120
Tensile strain (Displacement) [%)]

Figure 3.12: Cyclic tension to 40%, 80%, and 120% strain (three cycles each), with thermal aging
between stretch increases
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Figure 3.13 displays a creep test. In each of the three tests, the material reached 350% strain
within seconds and 400% strain within several hours. The strain only increases modestly over tens
of hours, suggesting that this material is only weakly viscoelastic, consistent with the results of
the strain rate series and cyclic series. As a result, viscoelastic physics was withheld from our

constitutive modeling in the present work.
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Figure 3.13: Creep test: (a) step increase in force (controlled) and (b) time-dependent strain re-
sponse (measured)
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Figure 3.14 displays a cyclic compression test with three load-unload cycles to a maximum
displacement of 4 mm and a minimum force of 0.1 kN. Three tests were performed and showed
good repeatability, but for ease of visualization, only one test is shown here. A prominent Mullins
effect signature is visible, indicated by the softened response during the second loading cycle. The
material was weakly viscoelastic (indicated by the modest hysteresis loops), with an essentially

negligible permanent set.

Stress (MPa)

Load/unload 1 |
Load/unload 2
Load/unload 3

0 5 10 15 20 25 30 35
Strain (%)

Figure 3.14: Cyclic compression stress-strain response

3.3.2 High-temperature response

Viton RB75A5 was also tested at elevated temperatures of 85, 140, and 200 °C (Figure 3.15).
As expected, higher temperatures led to softer behavior and earlier fractures. The tests at 85 °C
resulted in an average UTS of 3.9 MPa, with an elongation of 133% and a one-percent modulus of
9.6 MPa. The 140 °C tests resulted in an average UTS of 2.5 MPa, with an elongation of 73.6%
and a one-percent modulus of 7.6 MPa. The 200 °C tests resulted in an average UTS of 1.9 MPa,

with an elongation of 48.6% and a one-percent modulus of 4.7 MPa. Higher temperatures softened
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the material behavior (lower modulus) and resulted in fracture at lower elongations (and thus lower

ultimate tensile stresses).

4.5

Stress (MPa)
= N w
[62] N o w o =

[

0.5

0 50 100 150
Strain (%)

Figure 3.15: Uniaxial tension tests at elevated temperatures: 85, 140, 200 °C

3.3.3 Quasi-static response

Quasi-static tension and compression results are embedded in Figure 3.10, wherein the 50

mm/min tests were used for quasi-static analysis.

Figure 3.16 displays the frame prior to fracture for a tensile test with DIC. This provides insight
as to the principal strain for homogeneous deformation of the RB75AS5 in tension but is not nec-
essary for the model calibration because quasi-static tests were done with an extensometer and the
models were calibrated using engineering strain as inputs. 3.3 and Table 3.4. Figure 3.17 displays
the principal strain measured from virtual strain gauges both in the middle and point of fracture of
the tensile specimen. The “middle” label within the legend describes placement in the middle of the

specimen, while the “fracture” was the VSG placed at the point of fracture. The three tests resulted
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Figure 3.16: Maximum principal strain contour from a tensile test with DIC

in a successful correlation to fracture, fracturing at a maximum principal strain of 1.40 mm/mm

(140%) on average.
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Figure 3.17: Tension DIC Results

Pure shear testing was done to give insight into how the material behaves in a non-uniaxial stress

state. Figure 3.18a shows the discrete, raw data obtained from testing, which exhibited some noise.

Because the stress-strain curve needs to start at (0,0) for constitutive model calibration, the raw data

was zeroed. To reduce the noise, a built-in curve fitting/interpolation subroutine in Matlab was used
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Stress (MPa)

to smooth the discrete, raw stress-strain data (Figure 3.18b). Test 3 was the only test to fracture

in-test (at the grip), with an elongation of 81% and UTS of 3.2 MPa.

35T

Strain (%)

10 20 30 40 50 &0 70 a0
Strain (%)

Figure 3.18: Pure shear (a) discrete raw data and (b) smoothed data

Simple (lap) shear testing results are displayed in Figure 3.19. It is worth noting that the tests

terminated due to adhesive failure, indicating the shear fracture strength of the material is larger

than the bond strength at the material-lap interface. Up to adhesive failure, however, the samples

underwent simple shear deformation (i.e., changed shape from a rectangle into a parallelogram).
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Figure 3.19: Results from lap shear testing

3.4 Constitutive Model Calibration

In this section, two popular parameterized hyper-elastic constitutive models, Mooney-Rivlin
and Ogden, were calibrated. In addition, one tabulated model was used (MAT_181 in LS-DYNA’s

hyper-elastic material library).

The stress-stretch relation in uniaxial tension for the Mooney-Rivlin model is displayed in Eq.
(3.2) below, where T is the engineering stress, A is the stretch, and ¢; and ¢; are the optimized,
material-specific parameters:

(To) =2(A = A7) (c1 + 17%¢)) (3.2)

The stress-stretch relation in uniaxial tension and uniaxial compression for the Ogden model is

displayed in Eq. (3.3) below:

(T()) - /11 (/ldl—l _ /l—%al—l) +/12 (/10’2—1 _ /l_%az_l) +/13 (/1(13—1 _ A—%Q}—l) (33)
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where a1, az, @3, 41, 12, and u3 are material-specific constants to be calibrated to the test data. The

pure shear Ogden constitutive equation is displayed in Eq. (3.4) below:

(To) = i1 (/lal_l _ /l_al_l) + 0 (/la/z—l _ /l—afz—l) + 113 (/la3_1 _ /l_a3_1) (3.4)

The poly-convexity constraint, ensuring the energy function is convex with respect to the defor-

mation gradient tensor and its spatial gradient, is enforced through the requirement:
M X Q@ > 0 (3.5
where k=[1, 2, 3].

Non-least squares optimization (NLS) techniques were used for the development of constitutive
models. This optimization program finds the global minimum error for model-to-data compari-
son. The mathematical constants determined from the curve-fitting program were imported directly
into LS-DYNA to incorporate the hyper-elastic models. The tabulated MAT181 involved a direct

compressive and tensile engineering strain-stress curve import into LS-DYNA.

Mooney-Rivlin incorporates only tension testing, and Ogden incorporates additional stress states.
Only tests to failure were used in calibration, so the simple shear tests were excluded. In the val-
idation, the following varieties of curves were used for Ogden: uniaxial tension only (UT), uniax-
ial tension and uniaxial compression (UT+UC), and the combination of uniaxial tension, uniaxial
compression, and pure shear (UT+UC+PS). Figure 3.20 displays the NLS curve fitting on tension,

compression, and pure shear with the Ogden constitutive equation.
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Figure 3.20: Ogden hyper-elastic constitutive model calibration: (a) uniaxial tension, (b) uniaxial
compression and pure shear

A similar process was used for all other constitutive models. Table 3.5 displays the rounded

constants utilized in each material card. For Ogden, c1, c2, and c3 represent the u variables, and c4,

c5, and c6 represent the a variables.

Table 3.5: Hyper-elastic constitutive model constants

Constants
Constitutive Equation cl c2 c3 c4 c5 c6
Mooney-Rivlin 1.376 2.757 - - - -
Ogden (UT) 1.33E-5 23.034 1.06E-12 3.557 0.309 5.102
Ogden (UT+UC) 0.0562 0.0561 -6.331 3.858 3.858 -0.923
Ogden (UT+UC+PS) || -1.53E-8 -7.125 0.0575 14.013 -0.761 4474

The MAT181 tabulated constitutive model was calibrated directly within LS-Prepost. The ten-
sile and compressive data were combined into a singular load curve with negative compressive

stress-strain data and positive tensile stress-strain data, passing through the origin at (0,0). To aid
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the simulation time and performance, the number of data points was downsampled from 19557 to

125 seen in Figure 3.21 below:

Stress (MPa)
o

Raw Data 4
Interpolated Points

Figure 3.21: Interpolated Compressive and Tensile Curves for MAT 181 Material Card Import

3.5 Finite Element Analysis

3.5.1 Pre-processing: 3D solid modeling and meshing

For finite-element analysis (FEA) pre-processing, 3D CAD models of the validation coupons
were created in SolidWorks (Dassault Systemes, 2023 Student Edition). It is important to model
each test specimen using its exact dimensions (not the nominal dimensions in Figures 3.1 and 3.2)
to best match the simulation to its respective test. Each 3D solid model was then imported into
HyperMesh (HyperWorks, v. 2022, Altair, Troy, MI) for finite element meshing. The mesh size
selected was 0.2 mm, determined through a mesh convergence study. The meshed models contained
291,310 and 225,730 elements for the four-hole and six-hole coupons, respectively. A representative

mesh for each of the validation tests is shown in Figures 3.22 and 3.23:
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Figure 3.22: Representative mesh for four-hole validation coupon

Figure 3.23: Representative mesh for six-hole validation coupon

3.5.2 Finite element simulations and post-processing

Numerical simulations were performed using an explicit solver in the commercial finite-element
code LS-DYNA® (version R12.1.0, Ansys/LST, Livermore, CA). Three-dimensional, constant-
stress 8-node solid hex elements (ELFORM=1) were used in the simulations. Stiffness-based hour-

glass control (IHQ=4) was employed with an hourglass coefficient QH=0.1 to account for the ten-

60 Distribution A: Approved for public release;
distribution unlimited.



dency of under-integrated elements to hourglass. Hourglass energies imposed by the hourglass

control algorithm were found to be acceptably low in all simulations.

The specimen grip sections (denoted by blue and red shading in Figure 3.22 and Figure 3.23)
were modeled as measured in the experiment (7 mm). One of the grip sections was held fixed
(with all translational and rotational degrees of freedom constrained), while the other was pre-
scribed an “artificial” constant velocity of 8.3 m/s. This “artificial” actuation speed is sufficiently
high to meaningfully reduce the computational cost of explicitly simulating a quasi-static test, but
sufficiently low to not introduce inertial effects, often observed as transient oscillations in material
response (e.g., force vs. displacement) near simulation startup. Checking that the kinetic energy
is an insignificant ratio of the internal energy also ensures minimized dynamic effects. A rigid
material model (MAT_020) was assigned to both grip sections. The motion of the rigid gripped
sections of the specimen was restricted using a center of mass constraint (CMO = 1) in MAT_020.
For the fixed grip section, the constraint parameters were set to CON1 = CON2 = 7 to constrain all
translational and rotational degrees of freedom. The gripped section driven by the uniaxial actuator
was constrained using CON1 = 5, and CON2 = 7 so that only axial translation was permitted. The
ungripped section of the specimen was modeled using the variety of constitutive models discussed
in Section 3.4 (MAT_027 Mooney-Rivlin, MAT_077, MAT_181). For all material models, a density
of 1.21E-9 tonne/mm?, a modulus of 12.4 MPa (from average experimental values), and a Pois-
son’s ratio of 0.495 weres used. Running in shared-memory parallel on eight CPUs, the simulations
took anywhere from 12 to 48 hours, depending on available computational availability. VSG data
was analyzed by selecting FEA elements matching the location and size of the VSG from DIC and
comparing force-displacement, longitudinal principal strain, and transverse principal strain. The

force-displacement was pulled from FEA using the *DATABASE_SECFORC card, and the dis-
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placement was tracked from the nodal displacement of the rigid grip. This force-displacement was

compared to that of the Instron.

3.6 Constitutive Model Validation

For constitutive model validation, inhomogeneous coupon tests were performed to create a com-
plex, three-dimensional, multi-axial deformation that differed from those the model had been cal-
ibrated to. Two validation tests were used: one with a 4-hole punch pattern (4-HP) and one with
a 6-hole punch pattern (6-HP), as shown in Figure 3.8. One representative test for each coupon
type was numerically simulated using FEA (see Section 3.5). FEA and DIC contour plots for max-
imum principal strain were compared at multiple different “global” strain levels, with the reported
“global” strain as the crosshead displacement divided by the initial length of the coupon. To com-
pare full-field strain measurement visually, the validation test’s maximum (longitudinal) principal
strains (right) were compared to the finite-element simulations (left) at 25% strain increments. With
the 4-HP validation test, there is visual and numerical validation up to 50% relative strain. For the
6-HP validation test, there is visual and numerical validation up to higher strains, extending to 120%

relative strain.
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Figure 3.24 shows a full field comparison at 25% strain. Overall, each constitutive model pro-

vides excellent replication of the validation test’s longitudinal principal strain at early strain levels.
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Figure 3.24: 4-HP 25% strain contour comparison

Figure 3.25 shows a full field comparison at 50% strain. Overall, each constitutive model pro-
vides a very good replication of the validation test (right) at this strain level. There are some dif-
ferences in the area within the four holes, but overall the contour comparison matches extremely

well.
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Figure 3.25: 4-HP 50% strain contour comparison

Force and principal strain histories were also used to benchmark the performance of the con-
stitutive models. To accomplish this, virtual strain gauges (VSGs) were placed in three locations
deemed as areas of interest (Figure 3.26). The displacements used in these history plots were corre-

lated to the crosshead displacements in the experiment.

Figure 3.26: VSG locations in 4-HP (denoted “left,” “middle,” and “right”)
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Figure 3.27 shows the “left VSG” from Figure 3.26. The longitudinal principal strain is cap-
tured well by all models at this level of strain. The transverse principal strain is captured well by all
models, but it does not correlate quite as well as the longitudinal principal strain. For both the lon-
gitudinal and transverse strain, there is no visible difference between the “UTUC” and “UTUCPS”
models, meaning the pure shear data does not add value to the Ogden model calibration at this
early-strain level for replicating the experimental principal strains. The force-displacement curves
were also compared, where the Mooney-Rivlin significantly overestimates the force response. Un-
like before, the pure shear data adds value in accuracy when comparing the Ogden models. The
MAT_181, however, is excellent in matching the force-displacement curve and is the best model at
this level. Table 3.6 identifies numerical differences between the experiment and simulation through
normalized root-mean-squared error (NRMSE). The Ogden and MAT_181 correlate very closely in
the longitudinal direction, and the Ogden (UT+UC+PS) is the best numerically at the VSG location

and up to the displayed strain level.
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Figure 3.27: 4-HP validation (left VSG)

As anticipated from the contour comparisons, the maximum principal strain is not as well cap-
tured in the “middle VSG” results in Figure 3.28. The longitudinal and transverse principal strains,
however, are captured reasonably well. The Ogden hyperelastic models coincide closely and match
better than the MAT_181 in this location (Table 3.6). Note that the force-displacement shown here

is the same as in Figure 3.27, which is independent of the VSG.
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Figure 3.28: 4-HP validation (middle VSG)

Results from the “right VSG” plotted in Figure 3.29 show a close correlation between experi-
ment and simulation, with minimal differences between constitutive models. Table 3.6 shows the
Ogden constitutive models are the top performers, and there is minimal difference in adding the

pure shear data when calibrating.
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Figure 3.29: 4-HP validation (right VSG)
Table 3.6: 4-HP NRMSE
MAT181 M-R Ogden (UT+UC) Ogden (UT+UC+PS)
Force 0.0155 0.4534 0.1028 0.0525
Left VSG
Longitudinal 0.0189 0.0143 0.0184 0.0183
Transverse 0.1094 0.0940 0.0802 0.0793
Middle VSG
Longitudinal 0.1386 0.1172 0.1030 0.1029
Transverse 0.4337 0.3534 0.3413 0.3398
Right VSG
Longitudinal 0.0236 0.326 00176 0.0175
Transverse 0.0903 0.0737 0.0700 0.0693
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To provide more proof of validation and to give more insight at higher strain levels, the 6-HP
validation coupon is presented as well. The VSG for this validation coupon was placed at the
location of maximum strain (and where fracture occurs). The DIC correlation carries nearly to
fracture here (121% global strain), reaching 109% strain with complete correlation. Contour plot
comparisons of the longitudinal principal strain are shown in 25% increments. Force-displacement

comparison is also made in the VSG plot.

Figure 3.30 shows a full field longitudinal principal strain comparison at 25% global strain.

Overall, each constitutive model provides excellent replication of the validation test at early strain

levels.
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Figure 3.30: 6-HP 25% strain contour comparison
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Overall, the Mooney-Rivlin, MAT_181, and Ogden models all capture the deformation well. We
can see slight differences in Figure 3.31 in the circled area, where the Mooney-Rivlin and Ogden

models over-predict the longitudinal principal strain.
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Figure 3.31: 6-HP 25% strain contour comparison
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Contour plot comparisons of longitudinal principal strain were also made at a global strain of
50% (Figure 3.32). Again, the models other than the MAT _181 slightly over-predict the principal
strain, most notably at the “hotspot” in the bottom right corner of the test sample. At this point,
we see some separation between the accuracy of the Mooney-Rivlin and Ogden models, where the
bottom right corner is slightly more red (higher principal strain) than the other tests. The MAT_181

does exceptionally well at replicating the validation test at this global strain.
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Figure 3.32: 6-HP 50% strain contour comparison
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At the 75% strain level (Figure 3.33), we can see where the pure shear testing aids in the consti-
tutive modeling development, where the “UTUC” over-calibrated the longitudinal principal strain
more than the “UTUCPS” Ogden model does. The MAT _181 still best captures the maximum prin-

cipal strain in all areas.
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Figure 3.33: 6-HP 75% strain contour comparison
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At the 100% strain level (Figure 3.34), we can see the expected continual increase in strain
estimation, and where some error starts to form in the MAT_181. This model, however, still captures
the strain contour very well. At this point in the simulation strains in each of the models start to
exceed the legend of the validation test (maximized at 1.14 principal strain). As a result, further

validation justification requires numerical comparison rather than visual.
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0.9975
0.92625
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0.78375
0.7125

0.64125

021375

0.1425
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Mooney-Rivlin MAT_181 Ogden (T+C) Ogden (T+C+PS)

0

Figure 3.34: 6-HP 100% strain contour comparison

To numerically compare the constitutive models to the validation test, and further validate these
material models, a virtual strain gauge was used, as described in Section 3.2.3. The virtual strain
gauge was placed specifically in the “hotspot” in the bottom right of the contour plots, as this was
an area where significant strain occurred, and where the test eventually fractured. To fully validate
the models, data for transverse strain and force data were compared as well in Figure 3.35. We
can see here that the Mooney-Rivlin drastically over-calculates a stiff stress-strain response for the

force-displacement curve.
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Figure 3.35: 6-HP validation

To better visualize the accuracy of the force-displacement plots in the other material models,
another plot without the Mooney-Rivlin was produced in Figure 3.36. We can see that the MAT_181
best captures the shape of the experimental data in the principal strain plots. The MAT_181 nearly
perfectly captures the longitudinal principal strain. The Ogden models are slightly worse, and it
is worth noting the addition of pure shear testing in the constitutive model aided in replicating the
strain softening seen in the experimental data. At early strains, the Ogden (UT+UC+PS) matches
the force-displacement data the best but separates from the experimental data around the 20 mm
mark. The MAT_181 is less effective in replicating the force response. There is some more error
in the transverse principal strain direction (Table 3.7). The lack of implementation of simple shear

testing into the constitutive models may have an impact on the ability of the model’s ability to

replicate the transverse strain in the experimental data.
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Figure 3.36: 6-HP validation

Table 3.7: 6-HP NRMSE

MAT181 M-R Ogden (UT+UC) Ogden (UT+UC+PS)

Force 0.0380 0.0.4395 0.0345 0.0290

Longitudinal 0.0236 0.1222 0.0764 0.0602

Transverse 0.1450 0.2292 0.1862 0.1708
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CHAPTER IV

CONCLUSIONS

4.1 Conclusions

Testing of potential sealant materials in Chapter II indicated that the Viton RB75A5 had the most
desirable characteristics for this sealant application. Heat cycling resulted in increases in strength
and decreases in elongation with modest heat cycling (20 cycles). Subsequent decreases in strength
and increases in elongation were present with more extensive heat cycling (50 cycles). After 50

cycles, however, the material remains stronger than the unprocessed, virgin material.

The unconditioned Viton RB75A5 exhibited minimal viscoelastic effects in tension, with weak
strain-rate sensitivity and only modest hysteresis in cyclic loading. A notable Mullins softening
effect was observed during cyclic testing. The Mullins softening effect and thermal aging competed,
causing simultaneous strain softening and stiffening. These viscoelastic and softening behaviors are
important to consider in the desired sealant application as the material will often be repeatedly
deformed at extreme temperatures. The validation tests confirm the fidelity of the coupon-level
test data and the robustness of the calibrated constitutive models. The constitutive models for the
unconditioned RB75A5 are validated and can be utilized in finite-element analysis to aid component

design, optimization, and virtual testing.

4.2 Recommendations for Future Work

4.2.1 Materials

There are ever-changing versions of fluoroelastomers as they often come in compounds, as

within this work, or they are often processed or manufactured in new ways, which can alter the
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material on a micro-structural level, leading to differences in the macro-mechanical properties. As

a result, the work in this thesis could be repeated with other fluoroelastomer materials.

4.2.2 Experimental

Experimentally, I wished to perform stereo DIC on Viton seal compression tests. While the
constitutive models are already validated and the simulation fulfills this need now, it would have
added more brevity to the validation and would have been an interesting experiment to carry out.
In addition, I think more development could be done on the experimental side. For example, if
wide pneumatic grips are obtained, I think they would function well for a planar tension test, which
may provide more repeatable and reliable results than the current mechanical test fixture, which
was prone to specimen slippage. Due to the large specimen size and limited material, DIC was
not attempted on pure shear testing, but this would be a great test to implement DIC to better ob-
tain full-field strain measurements, not just length-averaged measurements between pairs of dots.
Simple shear methods could be more repeatable, and would ideally induce cohesive failure (not
adhesive). This could potentially provide better stress-stretch data for implementation into the Og-
den constitutive model, which may help reduce the higher error in the transverse principal strain.
Equi-biaxial tension is another experiment that would enhance the predictive capabilities of the
constitutive model, but it would require custom fixtures that we do not currently have access to.
Dynamic mechanical analysis (DMA) could be used to quantify mechanical properties as a func-
tion of time, temperature, frequency, or other external stimuli. Using scanning electron microscope
(SEM) imaging could provide insight into fracture mechanics. In addition, only tension testing was
performed at high-temperature, but all other tests could be performed at elevated temperatures with

the appropriate equipment and environmental chamber.

77 Distribution A: Approved for public release;
distribution unlimited.



4.2.3 Constitutive modeling

In this thesis, quasi-static tests were performed in uniaxial tension, uniaxial compression, pure
shear, and simple shear. This data was used to calibrate three hyper-elastic constitutive mod-
els in the LS-DYNA material library: two parameterized (Mooney-Rivlin (MAT_027) and Ogden
(MAT_077_0)), and one tabulated (MAT_181). This is a very limited set of the vast array of hyper-
elastic constitutive models available in the literature [20,21], many of which are more modern and
offer attractive features. For instance, the Lopez-Pamies constitutive model was shown to reliably
predict multi-axial stress states when calibrated to uniaxial tension data alone [37]. Implementing
constitutive models not native to the LS-DYNA material library would require custom user material

subroutines (e.g., UHYPER) written externally in Python or Fortran.

Uniaxial tension data at elevated temperatures was reported in this thesis for Viton RB75A5,
however, this data was not incorporated into a thermo-hyperelastic constitutive model. The work
of Alkhoury et al. [38], and references therein, are suggested as a template for an effort of this
nature. In addition, fracture modeling can be implemented into the finite-element analysis of these

materials, utilizing insight from Volokh [39].

In addition, cyclic load/unload testing was performed in both uniaxial tension and uniaxial
compression. In both cases, the Mullins softening effect was prominent. For future work, it is
recommended to incorporate this physics into the hyper-elastic constitutive models, which is often
accomplished through the inclusion of a damage parameter [40]. From cyclic test data, the damage
parameter can be derived and implemented into the Ogden and MAT181/MAT183 models [22]. A
cyclic validation test was performed and achieved great correlation, which can be utilized as a base-
line for validating the damage effects. Alongside this, it would have been interesting to delve into

using the softened material (from the re-stretch portion of the cyclic test data) and fit hyper-elastic
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models to it (Ogden, Simplified Rubber), and do the same with a validation coupon (pre-stretch
to the same strain), and see if the Ogden models better describe the softened material. We see the
Ogden fit in Figure 3.20 has an N-like curvature similar to the re-stretch portion of the cyclic tension

curve, indicating the curve-fitting optimization may effectively describe the softened material.

The validated constitutive models presented in this thesis have been implemented into seal com-
pression simulations to analyze the mechanics of existing seal designs currently used in industrial
manufacturing (Figure 1.3). These validated constitutive models can be used to simulate seal de-
signs containing these fluoroelastomer materials at room temperature, and after further constitutive
model development, thermally aged seals undergoing repeated loading and in high-temperature en-

vironments can be simulated.
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APPENDIX A

LS-DYNA Material Cards

1 MID RO PR A B REF

3 1.210e-09  0.4950000  1.3763170 27570458 QO >
2 56L SW =18 LCID »

0.0 0.0 0.0 0

Figure A.1: Mooney (MAT_027)) material card for uncured RB75A5

MID RO ER N Ny G SIGF REF
3 1210608  0.4950000 @ ~| 8 41333299 0.0 00 w
MUl Mu2 MU3 Mu4 MUS ue MUz mua
0.0561534  0.0561308  -6.3308131 0.0 0.0 0.0 0.0 0.0
ALPHAL ALPHAZ ALPHAZ ALPHA4 ALPHAS ALPHAB ALPHAT ALPHAS
3.8579508  3.8578521  -0.8234627 0.0 0.0 0.0 0.0 0.0

Figure A.2: Ogden UT+UC (MAT_077)) material card for uncured RB75A5

1 MDD RO FR N NV G SIGE REF
3 1.210e-09  0.4950000 ¢ v B 41333299 0.0 0.0 v

2 MuL MUZ Mu3 Mu4 MUS MUG MU7 Mug
-1533e-08  -7.1249890  0.0575334 0.0 0 0.0 0.0 0.0

3 ALPHA1  AIPHAZ  AIPHAS ~ ALPHA4  AIPHAS ~ ALPHA6  ALPHA7  ALPHAS
14012870 -0.7E10189 44737492 0.0 0.0 0.0 0.0 0.0

Figure A.3: Ogden

UT+UC+PS (MAT_077)) material card for uncured RB75A5
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Note that “LC” below refers to a load curve defining the engineering stress (ordinate) vs. en-

gineering strain (abscissa) in both tension in compression, provided in a single user-defined data

set.

1 MID RO KM MU G SIGE REF PRTEN
3 1.210e-09 41329888  0.1000000 0.0 0.0 0.0 | 0.0
2 sGL sw ST LC/TBID ®| TENSIOM RTYPE AVGOPT  PRA
1.0000000  1.0000000  1.0000000 2 10 |10 | 00 0.0
3 LCUNLD ® HU SHAPE STOL = VISCO HISOUT
0 1.0000000 0.0 0 0.0 ~ |00 ~

Figure A.4: MAT181 for uncured RB75A5 - ch3

84 Distribution A: Approved for public release;
distribution unlimited.



	ABSTRACT
	ACKNOWLEDGMENTS
	VITA
	LIST OF FIGURES
	LIST OF TABLES
	LIST OF VARIABLES AND CONSTANTS
	LIST OF ACRONYMS
	INTRODUCTION
	Background and Applications
	Literature Review
	Mechanical characterization of elastomers
	Constitutive modeling of elastomers
	Characterization and constitutive modeling of fluoroelastomers

	Research Opportunity, Objectives, Scope, and Novelty

	DOWNSELECTION OF PROSPECTIVE FLUOROELASTOMERS
	Introduction
	Materials, Specimen Preparation, and Experimental Methods
	Experimental Results
	Conclusions

	CHARACTERIZATION, CONSTITUTIVE MODELING, AND FEA
	Introduction
	Materials and Experimental Methods
	Materials and specimen preparation
	Mechanical testing
	Digital image correlation

	Experimental Results
	Viscoelasticity and Mullins effect
	High-temperature response
	Quasi-static response

	Constitutive Model Calibration
	Finite Element Analysis
	Pre-processing: 3D solid modeling and meshing
	Finite element simulations and post-processing

	Constitutive Model Validation

	CONCLUSIONS
	Conclusions
	Recommendations for Future Work
	Materials
	Experimental
	Constitutive modeling


	BIBLIOGRAPHY
	LS-DYNA Material Cards




Accessibility Report





		Filename:

		BJOHNSON_MSThesis_FINALCHECKED.pdf







		Report created by:

		



		Organization:

		





[Enter personal and organization information through the Preferences > Identity dialog.]

Summary

The checker found problems which may prevent the document from being fully accessible.





		 Needs manual check:2



		 Passed manually:0



		 Failed manually:0



		 Skipped:4



		 Passed:25



		 Failed:1





Detailed Report





		Document





		Rule Name		Status		Description



		Accessibility permission flag		 Passed		Accessibility permission flag is set



		Image-only PDF		 Passed		Document is not image-only PDF



		Tagged PDF		 Passed		Document is tagged PDF



		Logical Reading Order		 Needs manual check		Document structure provides a logical reading order



		Primary language		 Passed		Text language is specified



		Title		 Passed		Document title is showing in title bar



		Bookmarks		 Passed		Bookmarks are present in large documents



		Color contrast		 Needs manual check		Document has appropriate color contrast



		Page Content





		Rule Name		Status		Description



		Tagged content		 Failed		All page content is tagged



		Tagged annotations		 Passed		All annotations are tagged



		Tab order		 Passed		Tab order is consistent with structure order



		Character encoding		 Skipped		Reliable character encoding is provided



		Tagged multimedia		 Passed		All multimedia objects are tagged



		Screen flicker		 Passed		Page will not cause screen flicker



		Scripts		 Passed		No inaccessible scripts



		Timed responses		 Passed		Page does not require timed responses



		Navigation links		 Passed		Navigation links are not repetitive



		Forms





		Rule Name		Status		Description



		Tagged form fields		 Passed		All form fields are tagged



		Field descriptions		 Passed		All form fields have description



		Alternate Text





		Rule Name		Status		Description



		Figures alternate text		 Passed		Figures require alternate text



		Nested alternate text		 Passed		Alternate text that will never be read



		Associated with content		 Passed		Alternate text must be associated with some content



		Hides annotation		 Passed		Alternate text should not hide annotation



		Other elements alternate text		 Skipped		Elements require alternate text



		Tables





		Rule Name		Status		Description



		Rows		 Passed		TR must be a child of Table, THead, TBody, or TFoot



		TH and TD		 Passed		TH and TD must be children of TR



		Headers		 Skipped		Tables must have headers



		Regularity		 Passed		Tables must contain the same number of columns in each row and rows in each column



		Summary		 Skipped		Tables must have a summary



		Lists





		Rule Name		Status		Description



		List items		 Passed		LI must be a child of L



		Lbl and LBody		 Passed		Lbl and LBody must be children of LI



		Headings





		Rule Name		Status		Description



		Appropriate nesting		 Passed		Appropriate heading nesting







Back to top



		2023-12-12T14:30:45-0500
	Linda Wallace




